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Abstract: The earliest archaeological evidence of wine came from ceramic vessels of the Tran-
scaucasian ‘Shulaveri-Shomutepe’ or ‘Aratashen-Shulaveri-Shomutepe culture’ (SSC/AShSh: c.
6000-5200 BC). Western European ‘Bell Beaker culture’ (BB: c. 2500-2000 BC) is characterized by bell-
shaped pottery vessels but has so far not been found with residues consistent with wine. Knowing
that wild grapes populated both habitats, the absence of wine during the Bell Beaker period remains
to be explained. The main goal of this work was to investigate whether the shape of the vessels could
influence the performance of spontaneous fermentation, specifically regarding the production of
volatile acidity. Crushed grapes or juices from various grape cultivars were fermented in two types
of vessels: (i) borosilicate glass beakers (4-5 L) to imitate bell beakers and (ii) Erlenmeyer flasks (5 L)
to imitate SSC/AShSh vessels. Fermentations occurred spontaneously, and the wines were analyzed
for their conventional physical-chemical parameters (e.g., ethanol content, total acidity, volatile
acidity, pH), chromatic characteristics (e.g., wine color intensity, wine hue), and volatile composition
by gas-chromatography-flame ionization detection (GC-FID). At the end of fermentation, the yeast
species were identified by molecular methods. In addition, wine yields and phenolic composition
(e.g., total phenols, anthocyanins, total pigments) were determined for wild grapes in comparison
with six red varieties Vitis vinifera L. subsp. sativa (Vinhao, Marufo, Branjo, Melhorio, Castelao and
Tempranillo Tinto), chosen as a function of their genetic relatedness with the wild counterpart. Wines
produced from V. sylvestris grapes showed higher total acidity and color intensity when compared
to the cultivated varieties. Saccharomyces cerevisine dominated at the end of all spontaneous fermen-
tations in all types of vessels and conditions. Wines fermented in Erlenmeyers showed ethanol
concentrations as high as 14.30% (v/v), while the highest ethanol level was 12.30% (v/v) in beakers.
Volatile acidity increased to a maximum of 4.33 g/L (acetic acid) in Erlenmeyers and 8.89 g/L in
beakers. Therefore, the shape of the vessels influenced the performance of fermentation, probably
due to the different exposures to air, leading to vinegary ferments more frequently in open mouths
than in conical-shaped flasks. These results provide a hypothesis based on fermentation performance
for the absence of wine produced in the Iberian Peninsula until the arrival of Phoenician settlers.

Keywords: experimental archaeology; pottery vessels; vessel’s shape; prehistoric winemaking;
Shulaveri-Shomutepe / Aratashen-Shulaveri-Shomutepe culture; Bell Beaker culture; Vitis sylvestris;
spontaneous fermentation; vinegar; wine yields; phenolic composition; volatiles
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1. Introduction

Until quite recently, biomolecular archaeological and archaeobotanical evidence, proto-
historical sources, and genomic analysis placed the birth of winemaking in the South
Caucasus (former “Transcaucasia”) some 8000 years ago [1]. However, new genetic evi-
dence shows the origin of wine grapes in this region during the Pleistocene epoch about
11,000 years ago. At roughly the same time, table grapevines were domesticated by prehis-
toric humans in Western Asia [2].

In Transcaucasia, the transition from the Neolithic to the Chalcolithic period was
marked by remarkable archaeological discoveries. The first large vessels with wine chemical
residues, as well as other evidence of agricultural activities, were unearthed in a region
inhabited by the Late Neolithic (6000-5200 Cal BC) people of the so-called ‘Shulaveri-
Shomutepe’ (hereafter SSC) [3-5] or ‘Aratashen-Shulaveri-Shomutepe culture’ (hereafter
AShSh). The SSC/ AshSh culture is represented by vessels of various shapes (e.g., cylindrical,
conical, spherical, etc.) that appear suitable for vinification and wine storage [6]. Next,
dated to the period 5400-5000 BC, wine residues were recovered from partially buried
narrow-mouthed pottery jars (approximately 9 L each) found at the archaeological site
of Hajji Firuz Tepe, northwestern Iran [1]. The earliest winery belonging to the so-called
“Areni” tradition of the Late Chalcolithic age (c. 4100 BC) with fully buried earthenware
cylindrical vessels (known as upwu (English: karas) in the local language), characterized
by a wide mouth, 1 m tall and a capacity of about 50 L, was discovered in the territory of
present-day Armenia [7,8]. Across the Mediterranean basin, different shapes of clay vessels
to store foods or beverages have been described [9-11]. In Western Europe, a civilization
known as the “Bell Beaker culture” (hereafter BB) developed during the Copper Age (c.
2500-2000 BC) and its complex and distinctive material culture spread widely all over
the Northwestern Mediterranean basin, including the Iberian Peninsula. As the name
implies, their most relevant ceramic vessels had the shape of inverted bells without narrow
mouths, unlike their South Caucasian counterparts [12-17]. These thin-walled, handleless
beaker-shaped vessels (4-5 mm thick, from 5 to 21 L), beaker bowls, small receptacles, and
carinated bowls (of around 1.5-3 L) were used for cooking, storage, serving solid foods, and
consumption of alcoholic beverages (especially different types of beer) [12,18-22]. These
authors describe the remains assemblages recovered from funerary ritual sites associated
with ceremonial commensality occasions. Interestingly, powerful psychotropic potions
such as ‘hallucinogenic beer” were prepared and consumed during the ritual ceremonies
of prehistoric societies in Iberia, fulfilling important societal and cultural functions [17].
Overall, these findings show that vessel shapes differed in the geographical areas located
to the east (the Armenian Highland) and west of the Mediterranean basin, which might
have influenced the performance of the fermentation process.

The first wines from the SSC/AshSh sites of the South Caucasus (present-day Armenia,
Georgia, and Azerbaijan) in the sixth millennium would have been obtained by spontaneous
fermentation of wild grapes (Vitis vinifera L. subsp. sylvestris) (hereafter V. sylvestris) in
handmade porous clay vessels [1]. Nowadays, V. sylvestris populations can still be found in
mountainous areas, climbing rocks, embracing trees, and in forests along riverbanks [23].
Iberian peoples appear to have consumed alcoholic beverages obtained from a mix of honey,
cereals, fermented berries, and fruits [24], including wild grapes [25], but did not consume
a beverage similar to contemporary Eastern Mediterranean wines. Indeed, the chemical
quest for wine residues preserved in ceramic vessels, as well as grapevine botanical remains
associated with human activities in the Iberian Peninsula from the Neolithic to the Bronze
Age periods, has yet to be fully explored and proven [26]. By the beginning of the 1st
millennium BC, oriental traders of Phoenician or Greek origin settled along the Iberian
shores, making their wines available through airtight amphorae, establishing the basis for
future successful wine production [1].

Saccharomyces cerevisiae populations spontaneously carry out grape must fermentations
into wine. One report describes the isolation of its DNA from ancient Egyptian wine
containers (tomb U-j of King Scorpion I: 3150 BC) [27]. This yeast species dominates when
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proliferating in juices kept in stoppered flasks, as the seminal experience of Louis Pasteur
demonstrated by the end of the 19th century. However, this predominance does not occur
when juice is made available in rotten berries that are freely exposed to the atmosphere [28].
In this case, acetic acid bacteria (AAB) metabolizing sugar, or ethanol produced by a wide
diversity of fermenting non-Saccharomyces yeasts, ultimately dominate the spontaneous
fermentations leading to sour rot [28]. Indeed, the limitation of contact with air through
the maintenance of a CO, blanket over the fermenting juice is a prerequisite for successful
fermentation, as it is empirically well-known by winemakers.

Knowing that Vitis sylvestris was available across the Mediterranean basin [29-32],
the apparent absence of wine in the BB should not be attributed to a shortage of raw
materials. The low-volume open-mouth vessels, if used for fermentation, would not be
efficient in protecting juices from air exposure and would soon turn wine into vinegar.
Indeed, vinegar has been posited as one of the beverages made with wild grapes in the
Iberian Peninsula since prehistoric times [25]. Therefore, given the common availability of
wild grapes (V. sylvestris) in both regions and the dominance of Saccharomyces cerevisiae in
fermentation, the main factor that seems to differentiate the regions is the distinctive vessel
shape with its proper function. Thus, it could be posited that the bell beaker shape would
not have been adequate for obtaining drinkable wine.

To the best of our knowledge, limited research has been conducted to determine
the impact of the type of container (e.g., cylindrical stainless steel tanks, oval-shaped
concrete vessels, oval-shaped polyethylene vessels, clay jars, and traditional earthenware
amphorae) on the final chemical composition of wine. Gil i Cortiella et al. [33] found that
the wines fermented in the oval-shaped vessels showed lower volatile acidity (about 25%
reduction of volatile acidity when compared with wines fermented in non-oval-shaped
vessels), higher residual sugars (wines fermented in the oval-shaped vessels contained
about 1.7 g/L of residual sugars, while wines fermented in the non-oval-shaped vessels
contained about 1.4 g/L of residual sugars). A study by Di Renzo et al. [34] found a greater
concentration of higher alcohols and esters in wines obtained from Fiano grapes in amphora
and wooden barrels. Furthermore, it was observed that stainless steel fermentation yielded
lower residual sugar levels, resulting in a higher alcohol content. In both stainless steel
and amphora fermentations, lower volatile acidity values were found [34]. Egafia-Juricic
et al. [35] studied the volatile compounds of Carignan wines and found that the contents of
1-hexanol, 2,3-butanediol, and «-terpinol were higher in wines vinified in stainless steel
tanks and aged in Pafiul’s pottery vessels, while the contents of 1-heptanol, butanoic acid,
hexanoic acid, and -damascenone were higher in wines vinified and aged in Pafiul’s
pottery vessels. Overall, from a technical perspective, different vessel shapes can play a
role in the fermenting output since they have different exposures to air. However, these
reports used high-volume vessels, and it remains to be seen whether there are differences
in volumes similar to the earliest fermenting vessels. The main objective of the present
work was, therefore, to ascertain if the shape of the fermentation vessel could influence
the qualitative performance of fermentation. In order to answer this question, several
spontaneous fermentations were carried out in borosilicate beakers and Erlenmeyer flasks,
simulating the different shapes of the early pottery vessels. In addition, this work also aims
to compare the physicochemical composition of wild grapes with that of closely related
domesticated varieties to mimic the conditions of early fermentation with and without
sulfite addition or starter inoculation.

2. Materials and Methods
2.1. Grape Variety Selection and Harvest

Grape samples were selected from several varieties of V. sylvestris and cultivated grapes
(Vitis vinifera L. subsp. vinifera) during the 2020 and 2021 harvests from mid-September to
early October (Table 1). The varieties Vinhao, Marufo, Branjo, and Melhorio were chosen
because of their genetic proximity to the wild ancestor [36]. Castelao and Tempranillo
Tinto were used as examples of the present commercial Iberian varieties. The V. sylvestris,
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Vinhao, Branjo, and Melhorio grapes were grown in the ampelographic collection of
National Wine Research Station (EVN, Dois Portos, Portugal). Marufo, Castelao, and
Tempranillo Tinto were provided by local wine companies (Vinilourengo in Douro region:
“https:/ /vinilourenco.com/ (accessed on 15 July 2023)” and Casa Santos Lima in Lisbon
region: “https://www.casasantoslima.com/ (accessed on 15 July 2023)”. The hand-picked
grape bunches were transported to the ISA experimental winery in 20 kg plastic boxes.

Table 1. Grape varieties and sample characterization.

Prime Name and Variety Number ? Sample Code P Red and Teinturier Grapes

V. sylvestris SB, SE Wild red grape

Vinhao, € #13100 VB, VE Teinturier variety

Marufo, #8086 MB, ME Dioecious red variety with female flowers
Melhorio, #17255 MB, ME Low-colored red variety

Branjo, #17661 BB, BE Red variety

Castelao, #2324 CB, CE, WCB, WCE, WCES Common Portuguese red variety
Tempranillo Tinto, d #12350 AB, AE, ACB, WAB, WAE, WAES Common Iberian red variety

2 Vitis International Variety Catalogue (VIVC) database (https://www.vivc.de/, accessed on 2 June 2024).
b B, beaker; E, Erlenmeyer flask; C, clay beaker; W, white wine type fermentation; S, addition of potassium
metabisulfite. ¢ In Portugal and Spain, it is also known as ‘Sousdo’ and ‘Sousén’ of Galicia. 4 Portuguese
synonym: Aragonez.

2.2. Juice Extraction and Fermentation Conditions

Upon arrival at the winery, freshly picked clusters were weighed and visually sorted
to remove unripe grapes, rotten grapes, and materials-other-than-grapes (MOG). Bunches
were hand-destemmed, weighed, gently crushed with bare feet, mimicking the ancient
technique of grape stomping/treading [37—40], and separated from the juice to obtain the
weight or volume of different fractions. The pomace and the resulting juice were equally
divided into (i) flat-bottomed borosilicate glass beakers (1.1 kg weight and 19 cm mouth
diameter, with a 4 to 5 L capacity); and (ii) unstoppered Erlenmeyer flasks (1.3 kg weight,
6 cm mouth diameter, with a volume of 5 L), mimicking red wine maceration in bell beakers
and SSC/AShSh cylindrical/ conical /spherical-shaped pottery vessels, respectively. Locally
produced open-mouth clay vases (weight 1.9 kg, diameter of mouth 17 cm, and capacity of
4 L) with a flat bottom were used in the harvest of 2021 to ferment Tempranillo Tinto grapes.
In addition, juices without skin maceration (white type fermentation) were also fermented
with and without the addition of 100 mg/L potassium metabisulfite (K;S,05, Merck,
Darmstadt, Germany). All juices were left to spontaneously ferment at room temperature
(27 £ 2 °C). Fermentation was monitored daily by Brix (°Bx) readings and temperature
(°C) measurements until completion. All experiments were performed in duplicate.

The basic steps of the winemaking process are shown in Figures 1 and 2.

Grape bunch

l Unripe,

i
leaves and tendrils
White grapes Red grapes
[ v
o
Stalks L v
-
’
i Fermentation
with and without SO, Y
¢ -z o
Seeds
G ¥

G - =
CLEAR WINE J

Figure 1. Flowchart of the white and red winemaking processes.
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Figure 2. Illustration of the different winemaking processes performed in beakers and Erlenmeyer
flasks: (a) skin-contact macerated red wines; (b) no skin-contact fermented white wines with and
without the addition of sulfur dioxide. For sample descriptions, see Table 1.

2.3. Physicochemical Standard Analysis

When the degree Brix (°Bx) of fermented juices was constant over 3 daily measure-
ments, the pomace was hand-pressed through white sterilized double-layer gauze filters.
The obtained wines were kept at 4 °C for 48 h and separated from the gross lees. Decanted
wines were kept in filled green glass bottles with a capacity of 0.375 or 0.75 L and sealed
with plastic-topped cork stoppers (T-corks) at 4 °C for two weeks before further chemical
analysis. The standard oenological parameters of alcohol content (%, v/v), pH, total acidity
(TA, expressed as g/L tartaric acid), and volatile acidity (VA, expressed as g/L acetic acid)
were performed according to the Official Methods established by the European Commu-
nity [41]. The concentration of ethanol by volume %(v/v) in the wine samples of 2020 and
2021 was determined by ebulliometry (Anadil, Anadia, Portugal). The pH values were
obtained using a digital calibrated pH-meter (Thermo Scientific'™, Orion Star™ A211, Bev-
erly, MA, USA). The determination of both total and free sulfur dioxide in wines was made
by using the Sulfilyser semi-automatic apparatus (Laboratoires Dujardin-Salleron, Noizay,
France) with the appropriate reagents and accessories, following the Ripper method [42].
Organic acids (malic and lactic acids) were determined by equipment OenoFoss™ (FOSS
Iberia, Barcelona, Spain) using Fourier transform infrared spectroscopy (FTIR). Residual
sugar (glucose and fructose) contents were measured with the Y25 enzymatic autoanalyser
(Biosystems, Barcelona, Spain) [43]. All determinations were performed in duplicate.



Fermentation 2024, 10, 401

6 of 26

2.4. Color and Phenolic Indexes

The chromatic characteristics of the wine samples were assessed following the spec-
trophotometric OIV-MA-AS2-07B method [44], where the intensity of color is given by the
sum of optical densities 420, 520, and 620 nm using a 10 mm optical path and the shade (N)
is the ratio between absorbencies 420 and 520 nm. The values of the CIELAB color space
(or simply CIE L*a*b* space) parameters were obtained according to the official method
established by the International Organization of Vine and Wine [45]. The total polyphe-
nol index (TPI) was determined by measuring the absorbance at 280 nm after dilution in
water (1:100), according to Ribéreau-Gayon et al. [46]. The determination of anthocyanins
was performed according to Ribéreau-Gayon et al. [46] and Somers and Evans [47]. The
degree of ionization of anthocyanins (e) (%), ionized anthocyanins (mg L.~! malvidin-3-
O-glucoside), total pigments, polymerization index (%), and polymerized pigments were
also determined, as described by Somers and Evans [47]. All spectrophotometric readings
were carried out using the Cary 100 UV-Vis Spectrophotometer from Agilent Technologies
(Mulgrave, Victoria, Australia).

2.5. Analysis of Aroma Composition by GC-FID

The determination of volatile compounds was analyzed in the laboratory using gas
chromatography coupled with a flame ionization detector (GC-FID) method (6850 Se-
ries GC system, Agilent Technologies, Santa Clara, CA, USA), as described by Vaquero
et al. [43]. Briefly, samples were injected after filtration through 0.45 pum cellulose methyl
ester membrane filters (Phenomenex, Madrid, Spain). The column used was a DB-624
column. The total run time for each sample was 40 min. The carrier gas used was hydrogen
and the internal standard (4-methyl-2-pentanol, 500 mg/L) (Fluka Chemie GmbH, Buchs,
Switzerland). The detection limit was 0.1 mg/L. The volatile compounds analyzed with
this technique were pre-calibrated with five-point calibration curves (r?). The concentration
of volatile compounds in the samples is expressed as milligrams per liter (mg/L).

2.6. Microbiological Analysis of Ferments

After the end of fermentation, lees samples were kept in the refrigerator at 4 °C until
further analysis. Five milliliters of the lees suspension was first mixed with 45 mL of Ringer
Solution (Biokar Diagnostics, Pantin, France) and then serially diluted at a 9:1 dilution
ratio. Each dilution was spread directly onto the surface of a GYP agar medium (20.0 g/L
glucose (Merck, Darmstadt, Germany), 5.0 g/L yeast extract (Difco Laboratories, Detroit,
MI, USA), 10.0 g/L peptone (Difco) and 20.0 g/L agar, pH 6.0). To avoid the growth
of bacteria, chloramphenicol (Sigma, St. Louis, MO, USA) was added to the media at
100 mg L. The plates were incubated at 25.0 °C for seven days. After incubation, yeast
colonies were purified and transferred to cycloheximide (100 mg L’l)—containing GYP
agar plates. Yeast isolates showing growth on cycloheximide media are considered as
non-Saccharomyces yeasts.

Identification at the genus and species levels was performed for the isolates following
the protocol described by rDNA polymorphism of the 5.8s-1TS region [48]. Genomic DNA
was isolated from cultures freshly grown on GYP agar medium according to standard
procedures described by Chandra et al. [49]. Identification of the isolates was confirmed
by sequencing the D1/D2 variable domains of the large subunit rRNA gene [50]. They
were amplified using the external primers NL-1 (5'-GCATATCAATAAGCGGAGGAAAAG-
3') and NL-4 (5'-GGTCCGTGTTTCAAGACGG-3'). Polymerase Chain Reaction (PCR)
products were purified and then sequenced directly (StabVida, Caparica, Portugal). A
BLAST analysis “https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 30 June 2023)” was
performed for the sequences obtained. Identification was considered valid when the
identity was at least 98% [49]. The reported sequences have been deposited in the GenBank
database, and their accession numbers are listed in Supplementary Table S1.
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2.7. Statistical Analysis and Primary Data
2.7.1. Nonparametric Statistics

All statistical analyses were performed using R statistical software (v4.1.2) [51]. The
data was originally recorded in Microsoft ® Excel Worksheets for Microsoft 365 MSO (Ver-
sion 2406 Build 16.0.17726.20078) 64-bit and then imported into R. Prior to the ANOVA
test (analysis of variance), the normality of data and the assumption of homogeneity of
variances were tested statistically using the Shapiro-Wilk and Levene tests at 5% proba-
bility. When Levene’s test was significant (p < 0.05), nonparametric test procedures such
as Kruskal-Wallis [52,53] and Conover-Iman tests [54] came up as alternative solutions
to deal with heterogeneous variances. The R package “PMCMRplus” [55] was used to
conduct the Conover-Iman post-hoc test and the “multcompView” package [56] was used
to carry out the mean differences of all pairwise multiple comparisons with letter-based
representations in alphabetical order, respectively. The nonparametric Kruskal-Wallis test
and the subsequent Conover-Iman test for contingency tables were conducted at a 95%
confidence interval with a significance level of 5% (p < 0.05).

A nonparametric Spearman’s rank-order correlation coefficient test (rs) [53] for the 2020
and 2021 wine parameters (physicochemical and CIELAB data, chromatic characteristics,
and volatile compounds) was conducted to examine the possible relationships between the
parameter mean values. Spearman’s correlation coefficient (rs) was defined from + 1 (perfect
positive correlation) to —1 (perfect negative correlation), as described by Harutyunyan
et al. [57]. The levels of statistical significance were as follows: 5% (p < 0.05), 1% (p < 0.01),
0.1% (p < 0.001), and 0.01% (p < 0.0001).

2.7.2. Principal Component Analysis (PCA) and Agglomerative Hierarchical
Clustering (AHC)

Principal Component Analysis, or PCA, as a multivariate data statistical technique,
was applied to assess the relationships between the average physical-chemical composition
chromatic and phenolic characteristics of wines from two vintages (2020 and 2021). PCA
was also carried out based on the 16 volatile compounds detected in the 2020 and 2021
wine samples. The base R function “prcomp” from the stats package [51] was used to
compute PCA on the scaling data (known as standardizing data). The bi-plot was plotted
with the package ggbiplot [58], and the R package ggplot2 [59] was employed for data visual-
izations. An eigenvalue greater than one (the Kaiser-Guttman criterion) was considered for
estimating the number of relevant principal components [60]. The factor loadings, either
positive or negative, were categorized according to the magnitude of their absolute values:
‘strong’—the absolute value of the coefficient is greater than half of the maximum absolute
value of the coefficient associated with the component; ‘moderate’—the absolute value of
the coefficient lies between a quarter and a half of the largest absolute value, and finally
‘weak’—the absolute value is below a quarter of the largest absolute value. Negatively
correlated contributions are displayed in parentheses [60]. The above categorization of
PCA loadings is shown in the Supplemental Data File (Supplementary Tables S2-57).

As a next step, agglomerative hierarchical clustering (AHC) analysis (Ward method
of linkage and the Euclidean distances) [61] was performed to cluster the 2020 and 2021
wine samples based on the similarity (closeness in terms of distance) of their chemical
constituents. Before proceeding to clustering, it is essential to scale the data for better
performance. The hierarchical tree, also known as a dendrogram, was analyzed and
visualized using the “dendextend” R package [62].

3. Results and Discussion
3.1. Grape Juice Yield and Chemical Composition

The berry weight, juice yields, and chemical composition of each grape variety for 2020
and 2021 are shown in Table 2. The juice yield obtained by hand pressing of V. sylvestris
varied between 43 and 48% (v/w), lower than the yields of cultivated varieties and higher
than the 15.4-16.3% and 16-17%, as reported by Loureiro et al. [32] and Maghradze et al. [63],
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respectively. This resulted from the higher proportion of skins due to the smaller berry
size of V. sylvestris. Compared to the wild variety, it is interesting to note that Vinhao as
a teinturier grape (i.e., accumulates anthocyanins both in the berry skin and in the pulp)
attained higher anthocyanin concentration, while Marufo, Melhorio, and Castelao showed
the lowest contents. Melhorio showed remarkably high total acidity (g/L tartaric acid)
comparable to that of V. sylvestris. The other non-teinturier cultivated varieties showed
intermediate values for all the parameters assessed.

Table 2. Chemical composition of juices of wild grapevines and several red grape cultivars (Vitis
vinifera L.) during 2020 and 2021.

Grapes Berry Weight Juice Yield °Brix H Total Acidity Anthocyanins Total
P (g/Berry) (% vlw) P (G/L Tartaric Acid) (mg/L) Phenol Index
2020
V. sylvestris 1.36 48 253 2.84 13.10 1575.4 92.04
Vinhao 1.79 62 242 3.34 7.80 2290.8 91.92
Marufo 2.63 64 233+202 4.07 £ 0.00 1.95 £ 0.00 116.2 + 44.6 24.06 + 3.66
Castelao 2.88 71 182+1.0 3.954+0.14 3.23+0.53 202.0+35.3 19.25 £5.29
2021
V. sylvestris 0.73 43 228 £0.3 2.91 £ 0.04 15.90 £ 0.8 2296.5 £ 303.0 143.0 = 10.6
Vinhao 2.08 67 24.0 +0.4 3.26 4 0.06 8.85 +0.85 2678.3 £219.5 121.4 £2.0
Branjo 2.73 65 21.7+£0.2 348 +0.04 6.55 + 0.21 14479 +£9.0 65.7 + 1.4
Melhorio 1.80 67 189 £ 0.1 2.88 4+ 0.03 14.90 + 0.4 249.6 + 28.8 162 +2.7
Tempranillo Tinto 2.30 69 220403 342 4+0.01 6.35 £+ 0.07 667.1 +£192.3 25.0+74

2 The mean and standard deviation of two determinations.

In comparable reports, Maghradze et al. [64] described a similar concentration of sugar
(25.1 °Bx/15.7% probable alcohol) and pH 3.4 in Georgian wild grapes with a lower total
acidity (7.8 g/L). Another autochthonous Georgian cultivar ‘Saperavi’ with dark skins and
flesh (teinturier variety), yielded 22.1 °Bx and pH 3.2 but a high total acidity (tartaric acid)
of 9.2 g/L [64]. On the other hand, Loureiro et al. [32] reported a very low sugar content in
Spanish wild grapevine populations (12.7 to 13.9 °Bx).

3.2. Yeast Isolation and Identification

A total of 82 isolates were subjected to molecular identification, showing that all strains
belonged to S. cerevisiae, except for one strain of Zygosaccharomyces bailii in Castelao red
wine (Supplementary Table S1). The presence of S. cerevisiae was expected since it is the
main agent of wine alcoholic fermentation, irrespective of the vessel shape. The presence
of Z. bailii is also common at the end of fermentation and may originate from grapes or
soil [49].

3.3. Physicochemical Analysis

The spontaneous fermentation led to the obtention of wines with different volatile
acidities and ethanol. Most of the fermentation performed in beakers yielded higher volatile
acidity and low ethanol, consistent with a lower fermentation performance (Table 3). This
may be explained by the different microbial activities present in spontaneous grape juice
fermentation [65]. The variability in these fermenting volatile patterns might have been
reduced by the addition of sulfite and the use of S. cerevisiae as starter cultures. Indeed,
Harutyunyan et al. [66] performed controlled inoculated fermentations in open vessels,
and the final wines had low volatile acidity levels (0.21 to 0.50 g/L expressed in acetic
acid). However, this would not mimic the conditions of the earliest fermentations, where
acetic acid bacteria may have begun to produce acetic acid in a process similar to sour rot
in grapes [28]. In addition, non-Saccharomyces strains present at the onset of fermentation
diverted carbon away from ethanol production [67]. In combination, S. cerevisize may
also have produced higher volatile acidity due to increased oxygen exposure [68]. Thus,
acetic acid spoilage was more likely to occur in these types of vessels with wide surface
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contact with air. Interestingly, fruit flies, which are known vectors of acetic bacteria [28],
were numerous over beaker ferments but were seldom observed inside the Erlenmeyer
flasks, indicating that the CO, released did not efficiently protect the juices. The remaining
chemical parameters did not show any dependence on the shape of the vessel (Tables S8
and S9 of the Supplementary Materials).

Table 3. Volatile acidity and ethanol content at the end of juice spontaneous fermentation in beakers
and Erlenmeyer flasks during the harvests of 2020 and 2021.

Volatile Acidity Ethanol at 20 °C
Grape Variety (g/L Acetic Acid) (% vlv)
Beaker Erlenmeyer Flask Beaker Erlenmeyer Flask
2020
V. sylvestris 0.51 £0.01 0.55 £ 0.02 8.50 £ 0.00 12.35 +0.07
Vinhao 2.68 = 0.11 1.71 £0.01 10.80 £ 0.00 12.60 £ 0.00
Marufo 2.59 +0.06 0.99 +0.01 11.50 £ 0.00 14.30 £ 0.00
Castelao 6.40 = 0.28 0.64 £ 0.06 10.75 +0.21 12.10 + 0.00
Castelao ® 8.89 & 0.64 3.74 +£0.17 12.30 £ 0.14 12.60 £ 0.00
Castelao P - 3.05£0.16 - 12.20 £ 0.00
2021
V. sylvestris 479 £1.23 0.92 £0.04 8.60 £ 0.00 12.10 + 0.00
Vinhao 4.16 £+ 0.04 433 +£0.57 10.2 +0.00 12.20 + 0.00
Melhorio 3.91 4+ 0.02 1.88 £0.08 8.40 4 0.00 9.80 4 0.00
Branjo 487 £1.12 0.55 £ 0.06 8.40 £ 0.00 11.70 + 0.00
Tempranillo Tinto 6.16 £ 0.15 1.74 +0.08 10.00 % 0.00 11.20 + 0.00
Tempranillo Tinto ? 21.13 £ 6.26 8.11 +0.87 2.30 4 0.00 6.50 & 0.00
Tempranillo Tinto - 0.41 +0.08 - 11.50 £ 0.00
Tempranillo Tinto © 13.12 £ 0.66 - 6.90 = 0.00 -

2 White wine-style fermentation. ® White wine-style fermentation with sulfur dioxide added. ¢ Red wine-style

“_n

fermentation in clay beakers. “~” indicates not tested.

A recent study by Loureiro et al. [32] reported a low alcoholic degree in Spanish
wild grapevine wines, varying between 6.2% and 7.1% (v/v). Another study carried out
by Maghradze et al. [63] showed low concentrations of ethanol in wild grapevine wines
from the Southern Caucasus region, ranging from 3.63% to 10.15%. Analysis of volatile
acidity was not carried out, and it might have provided an explanation for the high total
acidity when tartaric acid and malic acid were low, even though lactic acid production may
occur [63]. This author and colleagues showed higher ethanol content (14.2%) and low
volatile acidity (0.5 g/L) in wines produced from wild grapes [64]. Ocete et al. [69] also
reported a low concentration of ethanol, not exceeding 11%. In addition, Drori et al. [70]
reported moderate to high ethanol concentrations ranging from 11.2% to 14.4%. The current
study also revealed low to moderate contents of ethanol (8.50% and 12.35%) in V. sylvestris
wines (Tables S8 and S9). Regarding domesticated wines, Goulioti et al. [71] showed that
the alcohol strength in Greek Xinomavro wines ranged from 12.9 to 13.9% (v/v), consistent
with those of Vinhao and Marufo with small variations (Table S8).

The mean values from the standard physical-chemical, and CIELAB parameters of
the 2020 and 2021 wines, followed by the results of multiple comparisons (via Kruskal-
Wallis test) between the groups and pairwise comparisons (via Conover-Iman test) for all
possible pairwise multiple comparisons between samples are presented in Supplementary
Tables S8 and S9. Statistically significant differences were detected between the groups
by the Kruskal-Wallis test (p < 0.05). In addition, the Conover-Iman post-hoc test showed
significant pairwise differences (p < 0.05) (Tables S8 and S9).

After performing nonparametric tests for group and pairwise comparisons, Spear-
man'’s rho correlation coefficients were simultaneously calculated between all parameters.
The correlation matrix is shown in Table 4. Although the correlation does not imply causa-
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tion, predictable high correlations were found among the values of volatile acidity (VA),
total acidity (TA), and pH in 2021. For instance, total acidity was highly and positively
correlated with volatile acidity (r = +0.79, p < 0.01) and negatively correlated with pH
(r=—0.75, p < 0.01), both induced by acetic acid overproduction. With ethanol, TA showed
a very high relationship, where the coefficient was negative (r = —0.89) at the 0.01 level.
Next, a strong negative correlation was also observed between ethanol and volatile acidity
(r = —0.75, p < 0.01) in 2021, reflecting lower ethanol production because of the afore-
mentioned shift in carbon metabolism. The above-mentioned parameters did not show
any relationship with each other in 2020, reflecting the performance unpredictability of
spontaneous fermentation. Inoculated fermentation showed naturally high production
of sulfur dioxide up to 60 mg/L, as observed by Harutyunyan et al. [66] in white juices.
In 2020, total sulfite showed a high inverse association with volatile acidity (r = —0.78,
p < 0.01), indicating that the sulfur dioxide produced during fermentation might have an
action against acetic acid bacteria or non-Saccharomyces yeasts in combination with grape
phenolics [72]. Aside to be added, Cuijvers et al. [73] reported that in spontaneous wine
fermentation, the concentration of SO; below 40 mg/L and concentrations between 60 and
100 mg/L inhibit the growth of unwanted non-Saccharomyces yeast species. Accordingly,
white-style fermentation of Tempranillo Tinto juice yielded higher volatile acidity. In the
case of 2021, besides total, also free sulfite was moderately and inversely associated with
volatile acidity (ranging from 0.65 to 0.58) at p < 0.05 level. In 2020 and 2021, there were
high and very high positive associations of total and free sulfite with chroma (C*) (p < 0.01
and p < 0.0001), which is in accordance with the sulfite antioxidant properties [73,74]. The
latter was moderately and negatively correlated with volatile acidity and hue (H*), yielding
coefficients that fell below 0.70 (Table 4). As for organic acid and sugar contents, sam-
ples showed unfinished fermentation when sugar was higher than 2 g/L (Supplementary
Table 510), probably due to the combined inhibitory effect of initial high sugar and acetic
acid production [75]. In 2020, malolactic fermentation was practically absent, whereas
in 2021, the conversion of malic acid into lactic acid had already begun at the end of the
experiments (Table S10), confirming the above-mentioned performance unpredictability of
spontaneous fermentations.

Table 4. Pairwise Spearman’s rank-order correlation matrix of standard physical-chemical, and
CIELAB parameters of all wines.

Volatile Acidity ~ Ethanol at 20 °C " T;;EITI:S::B Free SO, Total SO, co
(g/L Acetic Acid) (% vlv) P Acid) (mg/L) (mg/L)
Vintage 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Volatile acidity _ B
(g/L acetic acid)
Ethanol at 20 °C 001 —0.75 B _
(% v/v) ’ **
pH 016 025 030  057* - -
Total acidity
(g/L tartaric 046  079* o4 089 —068 075 - -
acid)
Free SO, —060 %65 010 05 043 018 007 -052 - -
(mg/L)
T?r;agl/sgz 078 058 43 oes*  —053 041 002 064 ggpe 092 - -
c* —064 036  _045 065* —059 047 020 —052 080* oy3+ 0% 0.89 - -
H* 0.36 003 044 020 019 017 000 011 007 034 027 05 035 %

Correlation matrix without the 2020 “WCES” and 2021 “WAES” samples because of sulfite addition. Correlation
analysis. * Statistically significant at p < 0.05 level; ** significant at p < 0.01 level; **** significant at p < 0.0001 level.
Bold values are statistically significant. Values without a superscript asterisk (*) are not significant (p > 0.05).

For better visualization of the data from both years (2020-2021), principal component
analysis (PCA) was performed to identify the relationships among the mean values of
the eight measured variables (Figures 3 and 4). As displayed in Figure 3, the first two
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PCs explained 76.5% of the total variance of the entire dataset. This is an acceptably large
percentage of variation. With the addition of the third component (PC3) system, it increased
up to 89.8%. The first principal component (PC1) yielded the highest variation (49.4%)
and had a strong positive loading for pH and strong negative loadings for free SO,, total
S50O;, and chroma (C*). The second principal component (PC2) yielded the lowest variation
(27.1%) and had strong negative loadings for volatile acidity and total acidity. Finally, the
third principal component (PC3) made a small contribution (13.3%) to the total variation
in the data and was dominated by a large negative loading for hue (H*) (Table S2). The
correlation between the variables was also described. Ethanol and pH were positively
correlated to each other. A positive correlation was also found between parameters such
as C*, total SO,, and free SO;. Volatile acidity and free SO, were negatively correlated to
each other.

0.8
Ethanol at 20°C

0.6 pH

0.4 Free SO,

.

0:2 SE Total SO,

0 C* € — N "

PC2 (27.1%)

VB

Volatile acidity

Total acidity 'J'

2 -18-16-14-12 -1 —08 0.6 0402 0 02 04 06 08 1 12 14
PC1 (49.4%)

Figure 3. Bi-plot of the Principal Component Analysis (PCA) with the main physicochemical pa-
rameters of the 2020 wines (sample description in Table 1). The small and large angles between
the corresponding variables represent the degree of relationships. The vector lengths indicate the
strength of the correlation (closeness) of the corresponding parameter with the experimental sam-
ples. The percentage values (in parentheses) represent the proportion of explained variance for each
principal component.
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PC1 (47.8%)

Figure 4. Bi-plot of the Principal Component Analysis (PCA) with the main physicochemical pa-
rameters of the 2021 wines (sample description in Table 1). The small and large angles between
corresponding variables represent the degree of relationships. The vector lengths indicate the strength
of the correlation (the closeness) of the corresponding parameter with the experimental samples.
The percentage values (in parentheses) represent the proportion of explained variance for each
principal component.

The chemical similarity of different samples was further illustrated by cluster analysis
(AHC), and the resulting tree-like dendrogram is shown in Supplementary Figure S1 (cf.,
Table S8). Three clusters of their measured attributes have been obtained. The first cluster
combined SB, SE, VB, and VE, the second cluster CB and WCB, and the third WCE, MB,
WCES, ME, and CE, respectively. It can be seen that VB and VE, as well as MB and WCES,
are the most similar objects, as they are joined by the shortest height link.

As shown in Figure 4, the first two principal components explained 68.3% of the total
variability in the entire dataset. With the addition of the third component (PC3), it increased
up to 83.3%. The first axis (PC1) yielded the highest variation (47.8%) and had strong
positive loadings for volatile acidity and total acidity and strong negative loadings for
ethanol, free SO,, and chroma (C*). The second axis (PC2) yielded the lowest variation
(20.5%) and had strong positive loadings for chroma (C*), hue (H*), and free SO,. Finally,
the third axis (PC3) made a small contribution (15.0%) to the total variation of the data and
was dominated by a large positive loading for total SO, and a large negative loading for pH
(Table S3). The PCA bi-plot showed that total acidity and volatile acidity were positively
correlated with each other and negatively correlated with ethanol. Similarly, a positive
correlation was also observed between total SO, and pH. The correlations among other
parameters, such as free SO,, chroma, and hue were found to be positive.

The results of the cluster analysis in the form of a dendrogram are presented in
Supplementary Figure S2 (cf., Table S9). Similarity-based four clusters were obtained. The
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first cluster combined WAB, ACB, and WAE, the second cluster combined WAES, the third
cluster combined SB and SE, and the fourth cluster combined MB, ME, AB, AE, VB, VE, BB,
and BE. It can be seen that MB and ME, as well as VB and VE, are the most similar objects,
as they are joined by the shortest height link.

Overall, the cluster analysis of both vintages showed an unexpected correspondence
with the grape variety, given the heterogeneity of spontaneous fermentation.

3.4. Spectrophotometric Determinations

The average values from the color and phenolic indexes of the 2020 and 2021 wines,
followed by multiple comparisons (by Kruskal-Wallis test) between the treatment groups,
and pairwise comparisons (by Conover-Iman test) for all possible pairwise multiple com-
parisons between samples are presented in Supplementary Tables S11 and S12. In the
Kruskal-Wallis test, significant differences between all groups in the observed variables
were found at the 5% significance level. Additionally, the Conover-Iman post-hoc test for
pairwise comparisons revealed significant differences (p < 0.05) (Tables 511 and 512).

As shown in Tables S11 and S12, the V. sylvestris wines are characterized by high values
of color intensity varying between 27.33 AU and 64.46 AU. Similarly, previously published
research has also shown high color intensity in wines made from wild grapes [32,63,69,70].

For comparison with V. vinifera wines, Vinhao (teinturier grapes) presented remarkably
high color intensity values ranging from 70.22 AU to 144.56 AU. Giacosa et al. [76] reported
average wine color intensities obtained from Italian cultivated varieties in the range from
4.02 AU (‘Corvina’) to 14.82 AU (‘Teroldego’). The present study also revealed the same
range of values for wines from Marufo, Castelao, Melhorio, and Tempranillo Tinto. In
this most recent study, Goulioti et al. [71] reported low values of color intensity in Greek
Xinomavro wines between 2.3 AU and 5.9 AU, which are in agreement with the values of
Marufo and Melhorio (Tables S11 and 512).

Next, the pairwise relationships between all variables were determined by Spearman’s
correlation coefficient. The correlation matrix is presented in Table 5. Most of the correlation
coefficients were statistically significant. Spearman correlation test revealed a very high
positive correlation between color intensity and anthocyanins (r = +0.92), total anthocyanins
(r =+0.95 and +0.91), ionized anthocyanins (r = +0.98 and +0.99), total pigments (r = +0.97
and +0.93), and polymerized pigments (r = +0.99 and +0.93) at the 0.01 significance level.
On the contrary, relatively low correlations were found between the color intensity and
the degree of ionization of anthocyanins and the polymerization index. Probably, because
anthocyanins are not stable, breakdown reactions are possible under uncontrolled sponta-
neous fermentation, as observed by Pfahl et al. [77] under the influence of oxygen during
barrel aging.

Another color-defining parameter, the shade (N), showed very strong negative correla-
tions with total anthocyanins (r = —0.95), ionized anthocyanins (r = —0.94), total pigments
(r = —0.95), and polymerized pigments (r = —0.91) at the 0.1 and 0.01 significance lev-
els. This parameter also showed a very strong correlation with color intensity (r = —0.92,
p <0.0001). The latter was moderately and positively correlated with the degree of ioniza-
tion of anthocyanins, yielding a coefficient below 0.70 (p < 0.05).

In 2021, the highest degree of positive correlation was observed between the total
phenol index and polymerized pigments (r = +0.96, p < 0.0001). For all other parameters,
the total phenol index showed statistically significant but moderate and strong positive
relationships. Similar to the total phenol index, the highest degrees of positive relation-
ships were also found between the values of anthocyanins, total anthocyanins, ionized
anthocyanins, total pigments, and polymerized pigments at the 0.01 significance level.



Fermentation 2024, 10, 401

14 of 26

Table 5. Pairwise Spearman’s rank-order correlation matrix of the 2020 and 2021 wines’ chro-
matic characteristics.

Degree of
. Total Phenol . Total Antho- Ionization Ionized An- Total Polymerization
Intensity (O Shade (N) Index Anthocyanins cyanins of Antho- thocyanins Pigments Index
cyanins
Vintage 2020 2021 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Intensity (I) - -
—0.92 —0.75
Shade (N) EAEE % -
Total phenol 0.88 0.85 —0.78
index *AE XY —048 - -
Anthocyanins Oﬁl ,?,33 082 :*0*'80 0.60 2*7*8 - -
Total 0.95 0.91 —0.92 —-0.82 0.83 0.72 0.79 0.98
anthocyanins FHER EAEE *EE £ ES % ERER - -
Degree of
ionizationof 060 %80 _os2 041 %05 0T 43¢ om1 037 031 - -
anthocyanins
Ionized 0.98 0.99 —0.94 —0.78 0.88 0.85 0.77 0.92 0.93 0.90 0.62 0.63
anthOCyanlnS N L L L L *¥ Lt N e * * - -
Total 0.97 0.93 —0.95 —0.78 0.87 0.79 0.82 0.99 0.95 0.99 051 0.40 0.95 0.92
pigments F KN LR Lt L Ll *3% EE LR L - N LR L - -
Folymerization 15 052 000 000 %7 016 027 032 o019 %85 08 415 o5 016 028 - -
Polymerized 0.99 0.93 —091 —0.54 0.87 0.96 0.80 0.80 0.94 0.77 0.75 0.97 0.91 0.98 0.82 0.75
pigments N HHNF * L NN ¥ NN N el 0'57 *% N HHNN Lt ke _011 %

Correlation analysis. * Statistically significant at p < 0.05 level; ** significant at p < 0.01 level; *** significant
at p < 0.001 level; **** significant at p < 0.0001 level. Bold values are statistically significant. Values without a
superscript asterisk (*) are not significant (p > 0.05).

Overall, the positive correlations of most spectrophotometric indexes in both vintages
were expected [77,78].

Principal component analysis (PCA) was carried out to characterize the 2020 and
2021 wines in relation to their color and phenolic characteristics (Figures 5 and 6). As
can be seen from Figure 5, the PC1 and PC2 captured 73.5% and 14.2% of the variations
in the dataset. The corresponding cumulative amount of explained variance by the first
two principal components is 87.7%, determined by ten variables, and by three PCs is
99% if it is also added. The first axis (PC1) yielded the highest variation (73.5%) and
had strong positive loadings for intensity, total phenol index, total anthocyanins, ionized
anthocyanins, total pigments, and polymerized pigments. The second axis (PC2) yielded
the lowest variation (14.2%) and had strong positive loadings for shade and polymerization
index but large negative loadings for anthocyanins. Finally, the contribution of the third
axis (PC3) to the total variation was small (11.3%) compared with those of PC1 and PC2
and was dominated by a large positive loading for the polymerization index (Table S4).
Several positive associations were observed between intensity, total anthocyanins, ionized
anthocyanins, total pigments, and polymerized pigments. A negative association was
found between the polymerization index and anthocyanins.

Agglomerative hierarchical clustering (AHC), without sulfite (WCES), revealed that
the 2020 wines were grouped according to their varietal origin, regardless of the fermenta-
tion vessel (Supplementary Figure S3) (cf., Table S11). Three clusters were obtained. The
first cluster combined VB and VE, the second cluster combined SB and SE, and the third
cluster combined WCB, WCE, CB, CE, MB, and ME. The wine samples (VB and VE) in the
first cluster were more similar to each other than those in the other clusters. The next two
most similar samples are CB and CE, as they are joined by the shortest height link.

The PC1 and PC2 captured 77.6% and 14.5% of the variations in the dataset, shown
in Figure 6. Approximately two-thirds of the data are represented by the first (main)
component. The corresponding cumulative amount of explained variance by two PCs is
92.1%, which is enough to accurately represent the data. Color intensity, anthocyanins,
total anthocyanins, ionized anthocyanins, total pigments, and polymerized pigments
have strong negative loadings on component 1. All of these parameters showed positive
correlations with each other. Shade had a strong positive loading on component 1 and was
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negatively correlated with total anthocyanins. The degree of ionization of anthocyanins
and polymerization index had large negative loadings on component 2 (Table S5).

In 2021, the dendrogram tree produced from the AHC-based method for clustering
was drawn without the sample (WAES) to which sulfite was added, given that it would
not be a full spontaneous fermentation (Supplementary Figure S4) (cf., Table S12). Four
clusters were obtained. The first cluster combines MB and ME; the second cluster combines
BB, BE, WAB, WAE, ACB, AB, and AE; the third combines VB; and the fourth combines VE,
SB, and SE. The wine samples (AB and AE) in the second cluster were more similar to each
other than those in the other clusters, as they were joined by the smallest height link.

Overall, the results of both vintages showed the stability of phenolic spectrophotomet-
ric indexes even under different spontaneous fermentation heterogeneities. For instance,
Tempranillo Tinto and Castelao wines were similarly clustered even when fermented with
skins or without skins. Then, the results are in accordance with the suitability of using
phenolic composition to discriminate wines from different grape varieties [79]. Sen and
Tokatli [80] and Basalekou et al. [81] also showed that wines can be distinguished from
grape varieties according to their phenolic composition and color characteristics. Recently,
Maghradze et al. [63] found that high color intensity (CI) and total polyphenol index (TPI)
are characteristic of wines from wild grapevines growing in the South Caucasus.

1.4
12
1
0.8
A Polymerization index LR
0.6 Shade :
0.4 . Ionised anthocyanins
MB Intensity
. Pollymerized pigments
0.2 ME Total"pigments
— Total anthocyanins
E
E Total phenol index
& 0.2 Degree of ionisation of anthocyanins
=
-0.4
0.6
-0.8
=]
Anthocyanins
=12 "
SE
-1.4
-1.6 SB
-1 -08 -06 04 -02 0 02 04 06 08 1 1.2 14 16 18 2

PC1 (73.5%)

Figure 5. Bi-plot of the Principal Component Analysis (PCA) of chromatic analysis for the 2020 wines
without WCES (sample description in Table 1). The small and large angles between corresponding
variables represent the degree of relationships. The vector lengths indicate the strength of the correla-
tion (the closeness) of the corresponding parameter with the experimental samples. The percentage
values (in parentheses) represent the proportion of explained variance for each principal component.
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Figure 6. Bi-plot of the Principal Component Analysis of chromatic analysis (PCA) for the 2021 wines
without WAES (sample description in Table 1). The small and large angles between corresponding
variables represent the degree of relationships. The vector lengths indicate the strength of the correla-
tion (the closeness) of the corresponding parameter with the experimental samples. The percentage
values (in parentheses) represent the proportion of explained variance for each principal component.

3.5. Volatile Compounds Production

For 2020 volatiles, nonparametric tests (the Kruskal-Wallis test and the Conover-Iman
post-hoc test) were not performed as samples were reported without repetitions (Supple-
mentary Table S13). The average data of estimated volatile compounds (VOCs) of the
2021 wines, followed by multiple comparisons (Kruskal-Wallis test) between the treatment
groups, and pairwise comparisons (Conover-Iman test) for all possible pairwise multiple
comparisons between samples are presented in Supplementary Table S14. Statistically
significant differences were found between treatments (p < 0.05, Kruskal-Wallis test), and
the subsequent post-hoc analysis using the Conover-Iman test revealed significant pairwise
differences (p < 0.05) (Table S14). Nevertheless, the volatile composition of the wines from
both vintages was comparable to that reported in different wines by Stoj et al. [82], Martins
et al. [83], and Vaquero et al. [84].

After group and pairwise comparisons, nonparametric Spearman’s rho correlation
coefficients were used to assess the relationships between all paired variables. The corre-
lation matrixes of wine-derived volatile compounds from the 2020 and 2021 vintages are
shown in Tables 6 and 7, illustrating the variability of volatile production in spontaneous
fermentations. Indeed, most of the correlation coefficients were not statistically significant
(Tables 6 and 7).
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Table 6. Pairwise Spearman’s rank-order correlation matrix of volatile contents in the 2020 wine samples.
1- . Ethyl . 2-Methyl-1-  3-Methyl-1- Isobutyl Ethyl 2,3- Isoamyl 2-
Acetaldehyde  Methanol Propanol Diacetyl acet;’te Isobutanol  Acetoin butan);l butan}:)l acetaz lacta);e Butanediol acetat}e, Hexanol Phenylethanol
Acetaldehyde -
Methanol 0.39 -
1-Propanol 0.20 0.54 -
Diacetyl —0.28 0.09 0.34 -
Ethyl acetate —0.22 —0.81 ** —0.45 0.00 -
Isobutanol —0.16 0.14 0.28 0.44 0.17 -
Acetoin 0.20 0.42 0.42 —0.32 —0.49 0.25 -
2-Methyl-1-butanol 0.28 0.91 *** 0.54 0.16 —0.73 * 0.32 0.64 * -
3-Methyl-1-butanol 0.37 0.86 *** 0.28 0.20 —0.55 0.44 0.24 0.79 ** -
Isobutyl acetate 0.50 0.08 -0.29 -0.17 0.00 —0.26 -0.19 —0.03 0.16 -
Ethyl lactate 0.43 0.30 0.61* —0.23 —0.29 0.21 0.78 ** 0.41 0.09 —0.25 -
2,3-Butanediol 0.25 0.80 ** 0.40 0.08 —0.52 —0.06 0.11 0.65 * 0.60 —0.09 0.21 -
Isoamyl acetate —0.33 —0.37 —0.56 0.05 0.07 —0.54 —0.67 * —0.56 —0.34 0.30 —0.75 ** —0.28 -
Hexanol 0.13 0.27 0.16 —0.11 0.11 —0.06 —0.11 0.13 0.13 —0.03 0.19 0.72* —0.24 -
2-Phenylethanol 0.33 0.92 *x** 0.39 0.03 —0.66 * 0.07 0.38 0.87 *** 0.77 ** —0.08 0.29 0.91 *** —0.45 0.46 -
2-Phenylethyl acetate 0.05 —0.11 —0.69 * 0.19 0.16 —0.15 —0.50 —0.11 0.17 0.49 —0.72* —0.14 0.46 —0.27 —0.05

Correlation analysis. * Statistically significant at p < 0.05 level; ** significant at p < 0.01 level; *** significant at p < 0.001 level; **** significant at p < 0.0001 level. Bold values are statistically
significant. Values without a superscript asterisk (*) are not significant (p > 0.05).

Table 7. Pairwise Spearman’s rank-order correlation matrix of volatile contents in the 2021 wine samples.

1- . Ethyl . 2-Methyl-1-  3-Methyl-1- Isobutyl Ethyl 2,3- Isoamyl 2-
Acetaldehyde  Methanol Propanol Diacetyl acetZte Isobutanol  Acetoin butan}:ﬂ butan};l acetatz lacta};e Butanediol acetat}e, Hexanol Phenylethanol
Acetaldehyde -
Methanol —0.63 * -
1-Propanol —0.23 0.56 *
Diacetyl 0.14 0.25 0.54 * -
Ethyl acetate —0.07 —0.16 —0.47 —0.33 -
Isobutanol 0.28 0.05 048 0.31 —0.50 -
Acetoin —0.45 0.24 -0.22 —0.43 0.38 —0.43 -
2-Methyl-1-butanol -0.23 0.34 0.51 0.18 —0.53 0.67 ** —0.05 -
3-Methyl-1-butanol —0.02 0.33 0.58* 0.39 —0.78 0.78 ** —042 0.82 %%+ -
Isobutyl acetate 0.31 -0.22 0.15 —-0.02 0.26 —0.06 0.02 —0.46 —-0.33 -
Ethyl lactate -0.17 0.57 * 0.09 0.23 —0.18 -0.18 0.00 0.08 0.17 —0.34 -
2,3-Butanediol —0.42 0.58 * 0.05 0.09 0.36 —0.51 0.21 —0.08 -0.22 -0.13 0.70 ** -
Isoamyl acetate 0.34 —0.32 —0.50 —-0.35 047 0.14 0.26 —0.08 —0.16 0.19 —0.19 —-0.19 -
Hexanol —0.48 045 0.19 —0.09 0.34 0.03 0.48 0.15 —0.20 0.11 0.14 0.37 0.02 -
2-Phenylethanol 0.10 0.14 —0.12 —0.04 —0.30 0.16 0.10 0.48 0.33 —0.42 0.48 0.19 0.26 —-0.02 -
2-Phenylethyl acetate -0.12 —0.06 -0.20 0.00 0.62 * -0.35 0.55 * -0.11 —0.48 —0.14 -0.11 0.20 0.32 0.17 0.00

Correlation analysis. * Statistically significant at p < 0.05 level; ** significant at p < 0.01 level; *** significant at p < 0.001 level
superscript asterisk (*) are not significant (p > 0.05).

. Bold values are statistically significant. Values without a
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In 2020, the Spearman correlation test revealed a strong positive relationship between
methanol and secondary alcohols, such as 3-methyl-1-butanol (r = +0.86, p < 0.001) and
2,3-butanediol (r = +0.80, p < 0.01). With 2-methyl-1-butanol (r = +0.91, p < 0.001) and
2-phenylethanol (r = +0.92, p < 0.0001), methanol showed very strong positive relation-
ships. In addition to these positive relationships, methanol also showed a strong negative
correlation with ethyl acetate (r = —0.81, p < 0.01). In the case of the primary alcohol
2-phenylethanol, we observed a very strong and positive correlation with 2,3-butanediol
(r=+0.91, p < 0.001). 2-phenyl ethanol was highly and positively correlated with pentanol
isomers 2-methyl-1-butanol (r = +0.87, p < 0.001) and 3-methyl-1-butanol (r = +0.77, p < 0.01)
and moderately negatively correlated with ethyl acetate (r = —0.66, p < 0.05), while the
latter was found to be highly negatively correlated with 2-methyl-1-butanol (r = —0.73,
p <0.05).

Accordingly, in the 2021 correlation matrix (Table 7), only a few pairs of volatile
compounds turned out to be statistically significant at different levels. For instance, the
methanol content was moderately and positively associated with 1-propanol (r = +0.56),
ethyl lactate content (r = +0.57), and 2,3-butanediol content (r = +0.58) at the 5% significance
level (p < 0.05). A moderate negative association was found between methanol and acetalde-
hyde content (r = —0.63, p < 0.05). Another aroma compound, 3-methyl-1-butanol, was
highly and positively correlated with isobutanol (r = +0.78, p < 0.01) and 2-methyl-1-butanol
(r = +0.82, p < 0.001) and negatively correlated with ethyl acetate (r = —0.78, p < 0.001).
There was a moderate positive correlation between isobutanol and 2-methyl-1-butanol
content (r = +0.67, p < 0.01). Interestingly, we did not observe any relationship at the 0.01%
significance level.

The most significant coincidence in both vintages was the inverse correlation between
ethyl acetate and 2- or 3-methyl-1-butanol. Probably, this may correspond to the yeasts
producing 3-methyl-1-butanol, while bacteria were closely related to the formation of ethyl
acetate, as observed by Han and Du [85] in apple cider fermentation.

Further, a multivariate principal component analysis (PCA) was carried out to character-
ize the 2020 and 2021 wines in relation to their volatile aroma composition (Figures 7 and 8).
As can be seen in Figure 7, PC1 accounted for 38.2%, and PC2 accounted for 20.1% of the
total variations within the dataset. The cumulative amount of variance explained by two
PCs was 58.3%, followed by three PCs (72.3), four PCs (82.3), and five PCs (88.9). The
first axis (PC1) has strong positive loadings for methanol, 1-propanol, 2-methyl-1-butanol,
and ethyl lactate. The second axis (PC2) has strong negative loadings for isoamy]l acetate,
isobutyl acetate, and 2-phenylethyl acetate. The third axis (PC3), with a small contribution
of 14.0%, is dominated by a large positive loading for hexanol. The remaining components
(PC4 and PC5), with minor contributions to the total variation, arranged in descending
order, are presented in Supplementary Table S6. The bi-plot shows that isobutyl acetate and
2-phenyl ethyl acetate were positively correlated with each other. A positive correlation
was also observed between 1-propanol and ethyl lactate. There was a negative correlation
between isobutanol and isoamyl acetate. A negative correlation was also found between
3-methyl-1-butanol and ethyl acetate. A Principal component analysis (PCA) by Martins
et al. [83] showed a clear separation among the different types of wine (e.g., red, white,
and palhete) based on their volatile composition (31% of the variance by the two principal
components), particularly among red and white ones.

The results of cluster analysis of the compositions of the 16 volatile compounds
determined for the 2020 and 2021 wines are shown in Supplementary Figures S5 and S6
(cf. Tables S13 and S14). As shown in Figure S5 (cf., Table S13), five clusters were obtained:
(i) SB and SE, (ii) VB and VE, (iii) CE, MB, and ME, (iv) CB, and (v) WCB, WCE, and WCES.
The samples WCE and WCES that are grouped into the fifth cluster are very similar to each
other since they are aggregated at a small height.

As shown in Figure 8, PC1 accounted for 28.7%, and PC2 accounted for 20.7% of
the variations within the dataset. The cumulative variance explained by two PCs was
49.4%, followed by three PCs (63.5), four PCs (75.1), and five PCs (84.1). Isobutanol, 2-



Fermentation 2024, 10, 401

19 of 26

methyl-1-butanol, 3-methyl-1-butanol, and 2-phenylethanol had strong negative loadings
on component 1. Methanol, 1-propanol, and 2,3-butanediol had strong positive loadings on
component 2, while isoamyl acetate had a strong negative loading on component 2. Ethyl
acetate, acetoin, isoamyl acetate, and 2-phenylethyl acetate had strong positive loadings
on component 3 (Table S7). Correlation analysis showed that 2-methyl-1-butanol and
3-methyl-1-butanol were positively correlated. Positive associations were also observed
among methanol, 1-propanol, and diacetyl content. The latter were inversely correlated
with isoamyl acetate. Acetaldehyde also showed an inverse association with hexanol and
2-phenylethyl acetate.

Four clusters were obtained: (i) WAES, (ii) ACB and WAE, (iii) WAB, SB, BB, MB, ME,
AB, and AE, and (iv) SE, BE, VB, and VE (Supplementary Figure S6) (cf., Table S14). In
Figure S6, the MB and ME samples in the third cluster are similar to each other.
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Figure 7. Bi-plot of the Principal Component Analysis (PCA) with volatile aroma composition of
the 2020 wines (sample description in Table 1). The small and large angles between corresponding
variables represent the degree of relationships. The vector lengths indicate the strength of the
correlation (the closeness) of the corresponding parameter with the experimental samples. The
percentage values (in parentheses) represent the proportion of explained variance for each principal
component. The colored lines are used to connect some data labels to their respective points in order
to avoid overlapping (SB, MB, and ME).
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Figure 8. Bi-plot of the Principal Component Analysis (PCA) with volatile aroma composition of
the 2021 wines (sample description in Table 1). The small and large angles between corresponding
variables represent the degree of relationships. The vector lengths indicate the strength of the
correlation (the closeness) of the corresponding parameter with the experimental samples. The
percentage values (in parentheses) represent the proportion of explained variance for each principal
component. The colored lines are used to connect some data labels to their respective points in order
to avoid overlapping (SB and AE).

Overall, the cluster results of both vintages are in accordance with Stdj et al. [86], who
reported grape variety as the factor with a higher impact on the volatile composition in
yeast-inoculated fermentations. This similarity should have reflected the composition of
different volatile precursors according to variety. These precursor-dependent volatiles were
not as strongly influenced by vessel shape as acetic acid production was dependent on
microbial activity. Probably, the dominance of S. cerevisiae at the end of fermentations (see
Table S1 of the Supplementary Materials) explains the similarity of results from inoculated
and non-inoculated fermentation.

4. Limitations and Future Research

Non-porous surface glass containers were used to conduct experiments despite the
absence of this material in the AShSh and BB cultures. The reason was to reduce the likely
influence of the nature of the clay porosity, which might overwhelm the influence of the
vessel’s shape. Indeed, one experiment was carried out in a ceramic container with a more
porous surface, yielding even higher volatile acidity. The second limitation concerns the
lack of analysis of acetic acid bacteria (AAB) and non-Saccharomyces yeasts, which could
explain the different fermentation performances. It would also be interesting to perform
sensory analysis techniques (mainly for porous clay containers as they affect the sensory
profiles of wines), but the small quantity of V. sylvestris grapes did not provide enough wine.
Nevertheless, the chemical composition of these wines justifies further studies. Moreover,
the high acidity shared by Melhorio should be explored under the topic of adaptation
to climate change conditions. The suitability of other almost extinct varieties like Branjo
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to increase the diversity of wines paves the way for further studies of other indigenous
minority varieties.

Further studies should also evaluate (i) the impact of different coatings (e.g., epoxy
resin, pine resin or pitch, beeswax) of clay-based ceramics on the chemical composition
of wine, mainly the volatile composition, (ii) the effect of in-amphorae aging on wine’s
sensory profile compared to different types of aging tank containers such as stainless steel,
new and used oak barrels, barriques and glass bottles, and (iii) the oxygen transmission
rate (OTR) in different materials suitable for wine fermentation and maturation.

5. Conclusions

The comparative study of vessel shapes is particularly interesting from an archaeolog-
ical point of view. The overall results showed that the shape of the vessels did influence the
performance of fermentation. There was a tendency for lower volatile acidity in conical
Erlenmeyer flasks, corroborating the hypothesis that the shape of the vessels favored wine
acetification or, at least, contributed to a higher incidence of vinegary wines in open-mouth
vessels. Therefore, against the backdrop of experimental archaeology, the results showed
that the shape of the vessels may explain why the earliest beverages similar to present
wines were more likely to appear in the South Caucasus (the cradle of ancient winemaking)
rather than in the Iberian Peninsula, even if in both regions grapes from V. sylvestris were
available to indigenous populations. In this way, wines in transport amphorae brought by
Phoenician settlers or traders (Phoenician elites) would have been more appreciated by
Iberian elites than by local beverages, opening the way for a broad range of prosperous
economic activities as a result of colonial interaction from this period onwards.

This work also presents results that impact the future development of the wine in-
dustry related to (i) the present interest in indigenous grape varieties to cope with climate
change and (ii) the commercial appeal of the rebirth of minority grapevine varieties.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/fermentation10080401/s1, Table S1: Yeast isolates from the 2020
wine lees after spontaneous fermentation. Table S2: Simplified version of the principal component
(PC) coefficients for the main physical-chemical, and CIELAB parameters of the 2020 wines. Table S3:
Simplified version of the principal component (PC) coefficients for the main physical-chemical, and
CIELAB parameters of the 2021 wines. Table S4: Simplified versions of the principal component (PC)
coefficients for the chromatic characteristics of the 2020 wines. Table S5: Simplified version of the
principal component (PC) coefficients for the chromatic characteristics of the 2021 wines. Table Sé:
Simplified version of the principal component (PC) coefficients for the volatile contents of the 2020
wines. Table S7: Simplified version of the principal component (PC) coefficients for the volatile
contents of the 2021 wines. Table S8: Means and standard deviations (SDs) of standard physical—-
chemical and CIELAB parameters of the 2020 wines, followed by the results of the Kruskal-Wallis
(Chi-square, df, p-value) and the Conover-Iman tests. Table S9: Means and standard deviations (SDs)
of standard physical-chemical and CIELAB parameters of the 2021 wines, followed by the results
of the Kruskal-Wallis (Chi-square, df, p-value) and the Conover-Iman tests. Table S10: Analysis at
the end of fermentation for the wines from the harvests of 2020 and 2021. Table S11: Means and
standard deviations (SDs) of the 2020 wines’ chromatic characteristics, followed by the results of the
Kruskal-Wallis (Chi-square, df, p-value) and the Conover-Iman tests. Table S12: Means and standard
deviations (SDs) of the 2021 wines’ chromatic characteristics, followed by the results of the Kruskal-
Wallis (Chi-square, df, p-value) and the Conover-Iman tests. Table S13: Volatile composition of the
2020 wine samples. Table S14: Means and standard deviations (SDs) of the composition of volatile
compounds in the analyzed wine samples in 2021, followed by the results of the Kruskal-Wallis
(Chi-square, df, p-value) test and the Conover-Iman test. Figure S1: Dendrogram of the hierarchical
clustering analysis (HCA) of the 2020 wine physical-chemical and CIELAB parameters (sample
description in Table 1). The red-dashed rectangles around the branches show the corresponding
clusters marked by different colors. The height at which two branches are linked together reflects the
distance between the wines/clusters; the smaller the height, the more similar the wines/clusters are.
Figure S2: Dendrogram of the hierarchical clustering analysis (HCA) of physical-chemical analysis
and CIELAB parameters of the 2021 wine samples (see Table 1 for sample description). The red-
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dashed rectangles around the branches show the corresponding clusters, marked by different colors.
The height at which two branches are linked together reflects the distance between the wines/clusters;
the smaller the height, the more similar the wines/clusters are. Figure S3: Dendrogram of hierarchical
clustering analysis (HCA) of chromatic analysis of the 2020 wine samples (sample description in
Table 1). The red-dashed rectangles around the branches show the corresponding clusters, marked
by different colors. The height at which two branches are linked together reflects the distance
between the wines/clusters; the smaller the height, the more similar the wines/clusters are. Figure S4:
Dendrogram of hierarchical clustering analysis (HCA) of the 2021 wine chromatic characteristics
(see Table 1 for sample description). The red-dashed rectangles around the branches show the
corresponding clusters, marked by different colors. The height at which two branches are linked
together reflects the distance between the wines/clusters; the smaller the height, the more similar the
wines/clusters are. Figure S5: Dendrogram of hierarchical clustering analysis (HCA) of the volatile
composition of the 2020 wine samples (sample description in Table 1). The red-dashed rectangles
around the branches show the corresponding clusters, marked by different colors. The height at
which two branches are linked together reflects the distance between the wines/clusters, the smaller
the height the more similar the wines/clusters are. Figure S6: Dendrogram of hierarchical clustering
analysis (HCA) of the volatile analysis of 2021 wine samples (see Table 1 for sample description). The
red-dashed rectangles around the branches show the corresponding clusters, marked by different
colors. The height at which two branches are linked together reflects the distance between the
wines/clusters, the smaller the height the more similar the wines/clusters are.
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