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Abstract: The inoculation of grape juice with Saccharomyces cerevisiae strains selected from indigenous
yeast populations can be a suitable tool to control alcoholic fermentation, contributing to producing
wines with typical flavor and aroma and, hence, the demand for native starter cultures is increasing.
However, since low amounts of indigenous yeast biomasses are usually required for local wine-
making, the industrial production of these yeasts can be expensive. Therefore, in this study, after
selecting an indigenous S. cerevisiae strain based on relevant oenological and technological features,
a pilot-plant for easy and rapid production of fresh yeast biomass directly in a winery located in
Tuscany, was exploited. The selected yeast strain was used as a starter to carry out 25 and 100 hL
fermentations and its enological performance was compared with that of the commercial starter
normally used in the winery. Chemical and sensory analysis of the resulting wines showed that
they differentiated according to the used yeast strain, with the wines produced by the indigenous
S. cerevisiae strain being characterized by a distinctive aromatic and sensory profile. In conclusion,
the pilot-plant effectively resulted in producing fresh yeast starter cultures in the winery to be
successfully used to carry out alcoholic fermentations.

Keywords: wine yeasts; Saccharomyces cerevisiae; wine fermentation; indigenous yeast strains; yeast
strain selection; yeast production

1. Introduction

In winemaking, the use of selected Saccharomyces cerevisiae strains as Active Dry Yeast
(ADY) starter cultures instead of traditional spontaneous fermentations is the most diffused
practice to attain a more effective management of the fermentative process [1–3]. However,
one of the main disadvantages of using commercial starters is the wine taste evenness
and the loss of the wine distinctive aroma [4–6]. Recently, with the aim to overcome such
drawbacks, the inoculation of grape juice with S. cerevisiae strains selected from indige-
nous populations from restricted oenological areas has been suggested [7,8], since some
evidences that grape and wine microbiota exhibit regional patterns correlating with wine
chemical composition were provided [9–11]. Indigenous selected S. cerevisiae strains might
be better adapted for the specific conditions of some alcoholic fermentations than commer-
cial starters, contributing also to the production of wines characterized by more typical
flavor and aroma [2,4]. Therefore, over the last years, an increasing number of surveys have
focused on microbial diversity associated with spontaneous grape must fermentations.
These studies were aimed to select indigenous yeast strains, characterized by relevant
technological properties, suitable to be used as starters in the industrial wine-making
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process and, at the same time, able to enhance the typicity of wine by fully exploiting the
characteristics of the terroir [12–21]. According to the International Organization of Vine
and Wine (OIV), terroir can be defined as “an area in which collective knowledge of the
interactions between the identifiable physical and biological environment and applied
viticulture and oenological practices develops, providing distinctive characteristics for the
products originating from this area” [22]. Several authors underlined that the yeast micro-
biota associated with the terroir in which grapes are cultivated (vineyard) and fermented
(winery), contribute to confer typical organoleptic properties to the wine [9,11,20,21]. In
particular, the occurrence of specific S. cerevisiae strains in each winery supports the po-
tential role of these microorganisms in determining specific wine characteristics and their
selection could effectively represent a resource to contribute in preserving the typicity of
wines, even at the winery level [13,23–26].

Once the indigenous S. cerevisiae strains have been selected, biomass should be pro-
duced according to the requirements of the winery to inoculate grape musts, in addition to
having the characteristics of vitality, stability, resistance to storage conditions and safety,
as stated by standards OIV for yeast starter cultures [27]. Usually, industrial processes
for the production of microbial starters as ADY involve fermenters of 50.000–350.000 L or
greater and molasses as a substrate [12]. The fermentation volume is gradually increased
to optimize the biomass yield. The first two phases are characterized by a relatively low
fermentation volume in aseptic conditions, while a later phase is characterized by a large
fermentation volume but under non-aseptic condition. Then, the biomass is washed,
concentrated, dried or lyophilized and finally packed.

This productive process is very expensive; however, the production in large quantities
makes it profitable. On the contrary, it is not very advantageous when low amounts of
indigenous yeast biomasses are produced for a single winery. These biomasses could be
produced as a fresh liquid concentrate culture on demand just before or during the harvest
season, if the production plant was located inside the winery. This could be a cheaper
way to obtain active yeast cultures immediately ready for grape must inoculation, without
needing the previous reactivation steps.

Therefore, the aim of the present study was the selection of indigenous S. cerevisiae
strains to be used as a starter in a winery and the exploitation of a pilot-plant for easy
and rapid production directly in the winery of fresh yeast biomass to use in winemaking.
The yeast strains, chosen to be cultured in the pilot-plant, were selected on the bases of
their oenological, sensorial and technological characteristics from the indigenous yeast
microbiota of a winery located in Tuscany.

2. Materials and Methods
2.1. Spontaneous Alcoholic Fermentations

Eight spontaneous alcoholic fermentations were carried out in stainless steel tanks
(25 or 50 hL capacity, Pandolfini s.r.l., Tavarnelle Val di Pesa, Firenze, Italy) not previously
used and located close to the winery, but separated from the cellar where fermentations
by commercial yeast starters occurred. Grape juice obtained from different grape varieties
(Merlot, Sangiovese, Canaiolo) were used. Yeasts were isolated in the middle and at the
end of the alcoholic fermentations by plating the wine samples on a WL Nutrient Agar
medium (Oxoid Ltd., Basingstoke, Hampshire, UK) containing sodium propionate (VWR
International Srl, Milan, Italy) (2 g/L) and streptomycin (VWR International Srl, Milan,
Italy) (30 mg/L) to inhibit mould and bacteria growth, respectively. The plates were
incubated for 48 h at 30 ◦C, under aerobic conditions. After purification of the colonies, the
yeasts were grown on a YPD medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v)
glucose), and maintained in a solution containing 50% (v/v) glycerol at −80 ◦C until use.

2.2. Saccharomyces Cerevisiae Strains Isolation

Almost 400 yeast isolates were identified as belonging to the Saccharomyces cerevisiae
species by amplification of the 5.8S rRNA gene and of the two ribosomal internal tran-
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scribed spacers, by using the primer pair ITS1/ITS4 followed by restriction with HaeIII
(Life Technologies Italia, Monza, Itlay), as described by Granchi et al., 1999 [28]. All these
isolates were also characterized at strain level by inter-δ PCR typing with δ12/δ21 primer
(Thermo Fisher Diagnostics S.p.A., Rodano, Milan; Italy) pair as reported by Legras and
Karst, 2003 [29]. In order to distinguish the indigenous S. cerevisiae strains, all the com-
mercial starters commonly used in the winery (12 strains) were included in this investi-
gation. The RFLP patterns were submitted to pairwise comparison using the Dice coef-
ficient [30] and cluster analysis with the unweighted pair group method (UPGMA) by
Gel Compare 4.0 software (Applied Math, Kortrijk, Belgium). The identified native strains
were subjected to a preliminary screening of oenological traits.

2.3. Preliminary Screening of S. cerevisiae Strains for Oenological Traits

Technological characteristics including fermenting vigour, sugar consumption, resis-
tance to sulfur dioxide, production of acetic acid and H2S were preliminarily investigated
in order to select strains with proper oenological features for red wine production. 250 mL
Erlenmeyer flasks sealed with a Müller valve filled with sulfuric acid and containing 160 mL
of sterile grape must were inoculated with the indigenous strains as axenic culture, in order
to achieve an initial cell concentration of approximately 2 × 106 CFU/mL. The chemical
composition of the grape must was as follows: glucose, 121 g/L; fructose, 109 g/L; malic
acid, 1.28 g/L; total acidity, 4.43 g/L; NH3, 56 mg/L; αN, 117 mg/L; total SO2, 22 ppm,
pH 3.37. The fermentations were carried out in duplicate at 25 ◦C. The fermentations’
progress was monitored daily, recording the weight loss, until the end of the fermentation
(constant weight for three consecutive days). The fermentative vigour, expressing the
speed at which yeast starts the fermentation, was determined as grams of CO2 produced
in 48 h from the beginning of the trial, while the sugar and acetic acid concentrations were
detected at the end of the fermentations by High Pressure Liquid Chromatography (HPLC).
Sulfur dioxide resistance, defined as the maximum SO2 concentration at which the yeast
exhibited detectable growth, was determined by agar plate assays. 5 µL of fresh yeast
culture were spotted onto plates of a YPD medium buffered to pH 3.5 with tartaric acid,
added with 15 g/L agar and supplemented with variable amounts of a sterile solution of
potassium metabisulfite in order to obtain total SO2 concentrations ranging from 100 to
300 mg/L. After incubation at 26 ◦C for 72 h, the yeast growth was compared with that
obtained on the agar plates not integrated with the solution of potassium metabisulfite
(negative control). The production of hydrogen sulfide was estimated by spotting 5 µL of a
yeast fresh culture on BIGGY agar plates (Oxoid ltd, Basingstoke, UK). After incubation at
26 ◦C for 72 h, the colour of the colonies may range between white-cream and brown-black
according to increasing amounts of hydrogen sulfide produced.

2.4. Lab-Scale Fermentations by Selected S. cerevisiae Strains

On the basis of the results obtained from the preliminary screening, the selected
S. cerevisiae strains were inoculated as axenic cultures in stainless steel tanks (10 L of
volume) containing 7 L of Sangiovese grape must, whose chemical composition is above
reported. At the time of the inoculation, the grape must contained 1.4 × 104 CFU/mL of
non-Saccharomyces yeasts, 2.0 × 103 CFU/mL of lactic acid bacteria and 1.7 × 102 CFU/mL
of acetic acid bacteria. The fermentations were carried out in duplicate (12 in total) at 26 ◦C
and monitored by HPLC in order to quantify the main microbial metabolites and by viable
plate counts to enumerate yeasts and bacteria populations [31,32]. Yeasts were quantified
on a WL Nutrient Agar medium (Oxoid Ltd., Basingstoke, Hampshire, UK) incubated 48 h
at 30 ◦C in aerobic conditions, lactic acid bacteria on an MRS Agar medium (Oxoid Ltd.,
Basingstoke, Hampshire, UK) incubated five days at 30 ◦C in anaerobic conditions and
acetic acid bacteria on a Lafon-Lafourcade medium (Glucose, 10 g/L; yeast extract, 5 g/L;
peptone, 5 g/L; tomato juice broth, 2 g/L; Agar, 20 g/L; pH 5.00). As a yeast inhibitor,
pimaricin at 50 mg/L was added to the MRS and Lafon-Lafourcade media. To assess if
the inoculated strains were actually responsible to carry out the alcoholic fermentation,
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a significant number of colonies grown on a WL medium were randomly chosen from
each sample and submitted to amplification of inter-δ region, following the protocol above
reported. At the end of the alcoholic fermentation, the wines were transferred to 5-L glass
containers and placed at 18 ◦C. In order to perform the malolactic fermentation, all wines
were inoculated with a commercial Oenococcus oeni strain (Viniflora CH11 Chr Hansen,
Hoersholm, Denmark) following manufacturer’s instructions. The malic acid degradation
and the consequent formation of lactic acid were monitored by HPLC. At the end of the
malolactic fermentation, the wines underwent a cold stabilization (4 ◦C) for 7 days. After
the stabilization, they were bottled and stored at room temperature.

2.5. Characteristics of the Yeast Multiplication Pilot-Plant

The experimentation that allowed designing, sizing and optimising the pilot-plant
for fresh yeast production was described by Guerrini et al., 2018 [33]. The pilot-plant is
composed of two main parts: a 500 L stainless steel tank for the yeast multiplication and a
vertical centrifuge to separate the cells from their growth medium and obtain the biomass.
In order to control the temperature, the tank was equipped with a heat exchanger and
two cooling jackets to attain the desired value (i.e., 27 ◦C in our trials). A compressor
equipped with a 0.2-µm filter and combined with a sparger provided the sterile air used for
the mixing of the growth medium and the oxygen supplying for the yeast multiplication.
The water used to fill the tank was sterilized by a UV-C lamp. A continuous screw feeder
automatically provided nitrogen nutrients (Nutrient Vit Start Lallemand 1.5 gr/L) and
solid rectified concentrated grape must (SRCM, Naturalia Ingredients s.r.l., Mazara del
Vallo-TP-Italy) at 1 g/L per hour. As SRCM consisted of crystallized sugar extracted from
grapes, the sugar’s content was 100% (50% fructose and 50% glucose). The separation
between the growth medium and the yeasts was provided by a disc stack centrifuge (Alfa
Laval, Italy) with a flow rate of 360 L/h. Finally, the pilot-plant was equipped with a
dedicated automatic cleaning programme. All these components of the pilot-plant were
electronically handled with a Programmable Logic Controller.

In particular, the pilot-plant working cycle can be divided into 6 main steps. First of
all the tank is filled with 90 L of sterilized tap water. During this step, 1.5 g/L of nitrogen
nutrients and phosphoric acid to adjust the medium to pH 5 are manually added to the
water. Then, 10 L of axenic 24 h-yeast culture are introduced into the tank. The length
of this step is roughly 20 min. Then, RCM is automatically dosed (1 g/L per hour) and
the first yeast multiplication phase starts. The mass is mixed with sterilized air and the
temperature is kept between 26 ◦C and 28 ◦C. Temperature, pH and dissolved oxygen are
continuously monitored. This step lasts 240 min. The third step represents the second
tank filling. After the 6 h, 350 L of sterilized water are automatically introduced into the
tank. At the end of the second filling, the system alerts the operator for the second manual
introduction of 1.5 g/L of nitrogen nutrients and phosphoric acid. The fourth step is the
second yeast multiplication. As in the second step, the RCM is automatically dosed (1 g/L
per hour). The mass is homogenized with sterilized air and the temperature is controlled
set at 27 ◦C. This phase lasts 900 min. During the fifth step, the yeasts are separated from
the culture medium. A pump feeds the centrifuge at a flow rate of 6 L/min. At the end
of the stage, the fresh yeasts are recovered from the centrifuge bowl and stored at 4 ◦C.
The final step is the pilot-plant cleaning. The fermenter, the pipes and the centrifuge are
sanitized with 40 L of a per-acetic acid water solution at 2% (v/v). After 20 min, the tank is
emptied, and the system is rinsed 3 times with hot (40 ◦C) sterilized water. The centrifuge
disks are manually cleaned with a per-acetic acid water solution at 2% (v/v).

2.6. Industrial Fermentations

The selected indigenous S. cerevisiae strain and a commercial starter strain usually
used in the winery (LALVIN BM 4X4, Lallemand Inc. Castel d’Azzano, Verona-Italy)
were inoculated as axenic cultures in 25 hL and 100 hL stainless steel tanks containing
Sangiovese grape must (pH: 3.36). The chemical composition of the grape must was as
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follows: glucose, 105 g/L; fructose, 109 g/L; malic acid,1.50 g/L; total acidity, 4.80 g/L;
NH3, 55 mg/L; αN, 88 mg/L; total SO2, 61 mg/L. At the inoculation time, the grape must
contained 4.0 × 104 CFU/mL of non-Saccharomyces yeasts and 8.6 × 102 CFU/mL of acetic
acid bacteria. The fermentations were chemically and microbiologically monitored as
reported for the lab-scale fermentations. At the end of the alcoholic fermentation, the wines
were transferred into 10 hL tanks and inoculated with a commercial Oenococcus oeni strain
(Lalvin VP41, Lallemand Inc. Castel d’Azzano, Verona-Italy) to carry out the malolactic
fermentation. At the end of the malolactic fermentation, the wines were transferred into
a 54 L-wine container and cold stabilized (4 ◦C) for 15 days. Afterwards, the wines were
bottled and stored at room temperature.

2.7. Volatile Organic Compounds (VOC) Analysis

For volatile extraction (HS-SPME), a 40 mL vial was filled with 20 mL of sample.
Extraction was performed by SPME using a DVB/CAR/PDMS fiber of 50/30 mm film
thickness (Supelco, Bellefonte, PA, USA). Quantitative analyses by GC/MS were performed
as reported by Verzera et al., 2008 [34] and Scacco et al., 2010 [35].

2.8. Sensory Analysis

The sensory analysis of the experimental wines obtained from the lab-scale fermenta-
tions was performed according to the methods reported by the Resolution OIV/CONCOURS
332A–2009 [36]. The sensory analysis of the wines obtained from the industrial fermenta-
tions was carried out by using the “Napping” procedure according to Perrin et al., 2008 [37].
Napping positioning was carried out by an untrained panel including 30 wine profession-
als (winemakers, wine advisors, oenologists and students) aged between 22 and 70 years.
Each judge was provided with a rectangular sheet, 60 × 40 cm, where the wine samples
were positioned based on the degree of the detected sensorial differences. The positioning
distances on the sheet (map) were the discrimination criterion. In this test, each judge
compared a set of 5 samples (4 different wines and 1 in duplicate) with the opportunity to
indicate a preference for the sample considered qualitatively superior. For each map, the
Cartesian coordinates of each sample were detected and measured in cm, after setting the
0 of the axes in the lower left corner of the 60 × 40 sheet. A matrix was obtained from each
map, in which the rows consisted of the list of samples, and the columns contained the x
and y coordinates determined by each judge. All the matrices obtained were processed
through the Generalized Procastic Analysis (Senstools v. 1.2x OP&P Product Research BV,
Utrecht, The Netherlands).

2.9. Statistical Analysis

Chemical compounds determinations, performed in duplicate, were elaborated ac-
cording to nonparametric ANOVA followed by Tukey’s Test. Differences were reported at
a significance level of p < 0.05. A Principal Component Analysis (PCA) was used to classify
samples. All of the statistical analysis was performed by Statistica 7.0 software package
(Stasoft GmbH, Hamburg, Germany).

3. Results
3.1. Indigenous Saccharomyces Cerevisiae Selection

Spontaneous fermentations were carried out at industrial scale at two different mo-
ments over the same vintage in a Tuscany winery. The sampling of the yeast microbiota
was performed in the middle and at the end of the alcoholic fermentation process when S.
cerevisiae populations occurred at concentrations higher than 106 CFU/mL. More than 400 S.
cerevisiae isolates were analyzed to detect genetically different strains using the PCR am-
plification of the inter-δ regions. With the aim to recognize indigenous S. cerevisiae strains,
the inter-δ patterns obtained were compared with the patterns of the commercial starter
strains normally used in the winery to carry out alcoholic fermentations. The comparison
pointed out 18 different patterns recognized as indigenous S. cerevisiae strains. Only two
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fermentations did not show these patterns, while the others showed an isolation frequency
ranging from 10–45% (Figure 1). Most indigenous strains occurred in the presence of 56%
(v/v) ethanol.

Figure 1. Isolation frequency expressed as percentages of the indigenous and starter S. cerevisiae
strains in different spontaneous fermentations carried out at industrial scale at the beginning (A, B,
C, D) and the end of the same vintage (E, F, G, H).

The cluster analysis of the different inter-δ patterns highlighted the high genetic
distance between 18 dominant indigenous S. cerevisiae strains and the commercial starter
strains, since they grouped into two clusters at a similarity index lower than 30% (Figure 2).
Only the strain VI 30 proved to be more similar to the starter strains 11 and 12.

The 18 indigenous S. cerevisiae strains were tested through 160 mL-fermentations on
sterile grape must in order to evaluate strain-specific oenological and technological proper-
ties. The parameters taken into consideration were the following: high fermentative vigour
(CO2 produced in 48 h higher than 6 g/100 mL), total sugar consumption (glucose and
fructose residues <2 g/L), acetic acid production lower than 0.5 g/L, SO2 production lower
than 50 mg/L and lack of H2S production. The results of the screening are summarized in
Table 1. The indigenous S. cerevisiae strains VI 23, VI 123, VI 127, VI 161, VI 186 and VI 202
showed the required parameters and, therefore, they were further characterized through
fermentations of grape juice at laboratory scale.

3.2. Fermentation Performances of Selected Yeast Strains

The six selected S. cerevisiae strains were used as a starter in lab-scale fermentations
carried out in stainless steel tanks containing 7 L of grape juice. Each strain was inoculated,
as axenic culture, at the concentration of 2 × 106 CFU/mL. Table 2 shows the results of
chemical and microbiological analyses performed at the end of each alcoholic fermentation
and precisely after 10 days from the yeast strains inoculation. After this period, the sugar
consumption was completed for the tested strains, with the exception of the strain VI 186
that showed a significant fructose residue. All the tested strains, despite strain-specific
properties, confirmed the ability to produce low acetic acid and sulphur dioxide content
(Table 2).

At the end of the fermentations, molecular analysis of the yeast populations confirmed
the dominance of the inoculated S. cerevisiae strains. After the racking, a commercial
Oenoccoccus oeni strain was inoculated in order to carry out malolactic fermentation. On the
35th day, when the malic acid was degraded, the wines were stabilized, bottled and finally
analysed to quantify the volatile compounds. Considering that different S. cerevisiae strains
can significantly affect the aromatic profile of wines [38–42], an SPE/GC-MS analysis of the
various wines was performed allowing the identification and quantification of a number of
volatile compounds that are by-products of yeast metabolism (Table 3). The concentration
of total esters was higher in wines obtained by indigenous S. cerevisiae strains VI 161 and
VI 186, while the concentration of total acetates was higher in those obtained by strains VI



Fermentation 2021, 7, 99 7 of 20

123, VI 161 and VI 23. Finally, the wine produced by the strain VI 127 showed the lowest
concentration of total alcohols.

Figure 2. Dendrogram from UPGMA clustering analysis, based on the Dice coefficient of the inter-δ
patterns of the indigenous S. cerevisiae strains isolated from the spontaneous fermentations and the
commercial starter strains usually used in the winery.

Table 1. Oenological and technological features of the 18 indigenous S. cerevisiae strains evaluated
through 160 mL-fermentations with sterile grape must at 25 ◦C (+: presence; -: absence, underlined:
S. cerevisiae strains selected for a further characterization).

Strain

Fermentation
Vigour

(CO2 > 6 g/100 mL
after 48 h)

Residual
Sugar

(<2 g/L after
7 Days)

Acetic Acid
(<0.5 g/L)

SO2
(<50 mg/L) *

H2S
(Low-Producer) *

VI 23 + + + + +
VI 24 - + + + -
VI 26 + + + + +
VI 30 + + - - +
VI 31 - + - + +
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Table 1. Cont.

Strain

Fermentation
Vigour

(CO2 > 6 g/100 mL
after 48 h)

Residual
Sugar

(<2 g/L after
7 Days)

Acetic Acid
(<0.5 g/L)

SO2
(<50 mg/L) *

H2S
(Low-Producer) *

VI 32 + - - - +
VI 60 - - + + +
VI 62 + - + + +
VI 123 + + + + +
VI 124 - - + + +
VI 125 - + + - +
VI 127 + + + + +
VI 155 - - + - +
VI 161 + + + + +
VI 163 - + - - -
VI 186 + + + + +
VI 187 - + + + +
VI 202 + + + + +

* At the end of fermentation.

Table 2. Chemical and microbiological analyses performed at the end of the alcoholic fermentations carried out by the
six selected indigenous S. cerevisiae strains (LAB = lactic acid bacteria, AAB = acetic acid bacteria). Values with different
superscript letters (a, b, c) within a row indicate significant different concentrations between strains (ANOVA, p < 0.05).

Parameter
VI 23 VI 123 VI 127 VI 161 VI 186 VI 202

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Glucose (g/L) <0.1 <0.1 <0.1 <0.1 0.55 0.07 <0.1
Fructose (g/L) 0.50 a 0.14 0.60 a 0.14 0.40 a 0.01 0.91 a 0.01 10.40 b 0.28 0.51 a 0.01
Ethanol (% v/v) 13.85 a 0.02 13.62 b 0.01 13.86 a 0.01 13.80 a 0.01 13.13 c 0.01 13.84 a 0.01

Acetic acid (g/L) 0.32 a 0.01 0.33 a 0.01 0.46 b 0.01 0.30 a 0.01 0.38 ab 0.06 0.40 ab 0.01
Total acidity (g/L) 6.78 0.08 6.75 0.08 6.56 0.12 6.8 0.07 6.57 0.04 6.59 0.01
Total SO2 (mg/L) 32.00 ab 1.41 29.50 a 0.71 30.50 ab 0.71 31.50 ab 2.12 34.50 b 0.71 33.50 ab 0.71
Free SO2 (mg/L) 5.50 0.71 4.50 0.71 4.50 0.71 5.50 0.71 3.50 0.71 5.25 0.35

S. cerevisiae (Log CFU/mL) 7.85 a 0.01 7.73 c 0.01 7.79 b 0.01 7.84 a 0.02 7.77 b 0.02 7.83 a 0.01
LAB (Log CFU/mL) <1 <1 <1 <1 <1 <1
AAB (Log CFU/mL) <1 <1 <1 <1 <1 <1

Table 3. SPE/GC-MS analysis of the wines obtained with the six indigenous strains. Values with different superscript letters
(a, b, c) within a row indicate significant different concentrations between strains (ANOVA, p < 0.05).

Compounds VI 123 VI 127 VI 161 VI 186 VI 202 VI 23

(mg/L) Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD

Ethyl and methyl esters
Ethyl acetate 40.40 7.20 40.60 3.60 43.20 0.50 36.70 0.30 41.90 2.20 42.70 6.00

Ethyl butanoate 0.21 0.10 0.21 0.04 0.27 0.03 0.20 0.02 0.18 0.00 0.32 0.07
Ethyl

2-methylbutyrate +
ethyl

3-methylbutyrate

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Ethyl hexanoate
(ethyl caproate) 5.30 1.49 4.25 0.36 5.04 0.20 4.92 0.61 4.27 0.21 5.82 0.99

Ethyl lactate 27.15 1.33 21.10 0.33 24.80 0.15 25.17 0.25 21.10 0.10 24.18 0.55
Methyl octanoate <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ethyl octanoate 47.20 14.78 41.77 2.55 48.98 4.47 51.75 3.47 44.49 0.31 50.39 9.48
Ethyl nonanoate 0.18 0.12 0.29 0.03 0.27 0.09 0.26 0.07 0.32 0.15 0.52 0.02

Methyl decanoate 0.09 0.03 0.12 0.01 0.10 0.01 0.11 0.01 0.13 0.00 0.09 0.01
Ethyl decanoate 99.96 33.37 101.68 14.83 108.76 11.07 116.77 11.42 112.36 6.32 96.88 4.63
3-methylbutyl

octanoate 1.04 0.33 0.65 0.07 1.23 0.16 0.70 0.07 0.73 0.01 1.10 0.04

Diethyl succinate 0.19 ab 0.01 0.32 a 0.04 0.21 ab 0.02 0.13 b 0.02 0.34 a 0.06 0.23 ab 0.06
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Table 3. Cont.

Compounds VI 123 VI 127 VI 161 VI 186 VI 202 VI 23

(mg/L) Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD Mean +/− SD

Ethyl 9-decenoate 21.96 ab 10.60 8.70 a 0.41 30.20 b 5.21 12.40 ab 1.12 9.19 a 0.75 27.68 ab 2.01
Ethyl hexadecanoate

(ethyl palmitate) 6.35 a 0.91 11.87 b 1.04 10.44 ab 0.87 9.56 ab 0.56 10.89 ab 2.68 5.87 a 0.40

Ethyl
9-hexadecenoate 2.69 a 0.26 5.80 b 0.50 4.68 0.90 2.65 a 0.44 5.79 b 1.15 3.42 ab 0.13

Ethyl octadecanoate
(ethyl stearate) 0.70 ab 0.14 1.05 a 0.04 1.08 a 0.07 0.92 ab 0.06 0.92 ab 0.20 0.58 b 0.01

Ethyl 9-octadecenoate
(ethyl oleate) 0.35 a 0.10 0.78 b 0.07 0.55 ab 0.06 0.51 ab 0.06 0.68 ab 0.19 0.29 a 0.01

Ethyl hydrogen
succinate 0.19 a 0.06 0.33 b 0.03 0.20 a 0.06 0.16 a 0.02 0.45 b 0.06 0.15 a 0.01

Ethyl-dodecanoate
(ethyl laurate) 35.35 a 11.23 33.67 a 4.41 51.35 ab 1.97 62.78 b 9.01 39.73 ab 2.28 34.12 a 0.07

Ethyl tetradecanoate
(ethyl myristate) 1.64 ac 0.32 1.94 ac 0.02 2.22 ac 0.16 3.16 b 0.10 2.00 c 0.09 1.75 a 0.04

methylethyl
dodecanoate

(isopropyl laurate)
<0.1 <0.1 <0.1 <0.1 <0.1

Acetates
3-methylbutyl acetate 4.52 ac 1.22 2.68 ab 0.23 4.32 ac 0.21 2.29 b 0.01 2.61 ab 0.05 5.09 c 0.45

Hexyl acetate 1.11 0.39 0.90 0.11 1.17 0.06 1.00 0.09 0.95 0.03 1.22 0.13
Ethylphenyl acetate 0.02 0.01 0.02 0.00 0.02 0.00 0.01 0.00 0.02 0.01 0.02 0.00

2-Phenylethyl acetate 4.95 1.56 2.81 0.13 4.64 0.50 2.89 0.13 2.98 0.08 5.21 0.50

Alcohols
1-propanol 0.09 0.02 0.09 0.02 0.11 0.03 0.06 0.02 0.10 0.03 0.09 0.01

2-phenylethanol 15.90 2.82 12.86 0.30 13.53 1.42 10.61 0.41 13.44 0.26 15.89 1.86
2-methyl-1-propanol 0.58 ab 0.14 0.53 ab 0.07 1.07 b 0.02 0.61 0.04 0.53 ab 0.04 0.78 b 0.16
3-methyl-1-butanol 20.19 3.89 19.43 1.64 24.97 0.38 17.20 1.11 19.91 0.83 23.86 3.41

Hexanol 0.32 ab 0.03 0.35 ab 0.01 0.29 a 0.00 0.37 b 0.02 0.35 ab 0.02 0.30 ab 0.01
2-ethyl-1-hexanol <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Linalool 0.15 0.05 0.21 0.01 0.19 0.02 0.17 0.04 0.22 0.00 0.16 0.01
1-octanol <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.09

2,3-butanediol 0.65 0.34 0.35 0.07 0.39 0.13 0.21 0.08 0.40 0.02 0.20 0.05

Acids
Hexanoic acid 0.45 0.02 0.55 0.06 0.35 0.15 0.27 0.04 0.43 0.05 0.63 0.20
Octanoic acid 10.06 2.43 9.35 0.66 10.62 0.79 11.29 0.93 9.80 0.34 11.03 1.39

Nonanoic Acid 0.19 0.02 0.32 0.07 0.16 0.04 0.33 0.21 0.96 1.13 0.49 0.13
Benzoic acid 0.04 0.01 0.04 0.01 0.04 0.01 0.05 0.01 0.05 0.00 0.06 0.01

Dodecanoic acid 1.19 a 0.39 1.32 a 0.01 1.39 a 0.16 2.81 b 0.62 1.80 ab 0.20 1.25 a 0.09
Tetradecanoic acid

(myristic acid) 0.07 0.08 0.11 0.01 0.12 0.12 0.23 0.02 0.29 0.08 0.19 0.06

Hexadecanoic acid
(palmitic acid) 0.29 0.08 0.40 0.03 0.37 0.02 0.39 0.03 0.44 0.07 0.41 0.12

Phenols
4-ethylguaiacol 0.02 0.01 0.02 0.00 0.03 0.01 0.03 0.00 0.02 0.00 0.03 0.00
4-methylphenol <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.09
3-methylphenol 0.15 0.05 0.19 0.00 0.17 0.02 0.16 0.01 0.17 0.01 0.16 0.01

4-propylguaiacol <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.09
4-ethylphenol <0.01 0.01 0.01 0.01 0.00 0.08 0.11 0.01 0.00 <0.01

2,4-bis(1,1-
dimethylethyl)-

phenol
1.39 0.66 0.54 0.03 1.82 0.28 0.99 0.31 0.59 0.03 1.80 0.21

Other compounds
alpha-terpineol 0.06 0.01 0.15 0.16 0.04 0.00 0.05 0.01 0.04 0.00 0.04 0.02

Beta-damascenone 0.78 0.27 1.08 0.05 0.80 0.07 1.00 0.06 1.10 0.05 0.88 0.10
trans-nerolidol 0.64 0.27 0.41 0.06 0.48 0.04 0.74 0.13 0.49 0.02 0.57 0.01

Limonene <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Furfural

(2-furaldehyde) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Benzaldehyde <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Analysing the results in more detail, the concentration of some compounds exhib-
ited statistically significant differences among some strains (ANOVA, p < 0.05). These
compounds were 2-methyl-1-propanol, 3-methylbutyl acetate, hexanol, diethyl succinate,
ethyl 9-decenoate, ethyl-dodecanoate, ethyl tetradecanoate, ethyl 9-hexadecenoate, ethyl
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hydrogen succinate, ethyl octadecenoate, ethyl 9-octadecenoate and dodecanoic acid. The
perception thresholds and the corresponding aroma descriptor of some of these compounds
are reported in literature [40–43]. Based on this information, 3-methylbutyl acetate (de-
scriptor, banana; threshold, 30 µg/L), ethyl dodecanoate (descriptor, medicinal and grassy;
threshold, 1500–2000 µg/L), ethyl tetradecanoate (descriptor, fruity and floral; threshold,
800 µg/L), ethyl 9-hexadecenoate (descriptor, pleasant sweet; aroma threshold, 1500 µg/L)
and ethyl 9-octadecenoate (descriptor, coconut; threshold, 0.87 ng/mL) exceeded the per-
ception threshold in wine. Principal component analysis (PCA) was applied to the matrix
of multivariate data comprising concentrations of the volatile compounds reported in
Table 3. Therefore, Figure 3A,B shows PCA scores and loadings biplots, respectively, for all
the experimental wines originating from grape juice fermentation by the different strains.
Examination of the data by PCA showed that PC1 and PC2 accounted for 71.06% of varia-
tion in the dataset. The S. cerevisiae strain VI 186 did not group with the others strains and
was located to the left at the bottom, the strains VI 202 and VI 127 were positioned to the
left at the top and the remaining strains on the right. The loadings of each compound on the
principal components showed that 3-methylbutyl acetate, ethyl hexanoate, hexyl acetate,
ethyl 9-decenoate and 2,4-bis(1,1-dimethylethyl)-phenol were mainly responsible for the
cluster of indigenous strains VI 123, VI 161 and VI 23, while hexanol, methyl decanoate,
beta-damascenone and ethyl 9-octadecenoate for the cluster of strains VI 202 and VI 127.
Finally, ethyl dodecanoate, ehyl octanoate, ethyl decanoate, trans-nerolidol, ethyl tetrade-
canoate, octanoic acid and 4-ethylphenol were mainly responsible for the differentiation of
the VI 186 strain.
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Figure 3. Principal Component Analysis carried out on volatile compounds content in wines obtained by different S.
cerevisiae indigenous strains (VI 23 -VI 123 - VI 127 -VI 161 - VI 186 and VI 202). (a): similarity map determined by Principal
Component (Factor) 1 and 2; (b): projection of the variables on the factor plane. Variables: (1) Ethyl acetate; (2) Ethyl
butanoate; (3) 1-propanol; (4) 2-methyl-1-propanol; (5) 3-methylbutyl acetate; (6) 3-methyl-1-butanol; (7) Ethyl hexanoate;
(8) Hexyl acetate; (9) Ethyl lactate; (10) Hexanol; (11) Ethyl octanoate; (12) Ethyl nonanoate; (13) 2,3-butanediol; (14) Linalool;
(15) Methyl decanoate; (16) Ethyl decanoate; (17) 3-methylbutyl octanoate; (18) Diethyl succinate; (19) Ethyl 9-decenoate;
(20) alpha-terpineol; (21) Ethylphenyl acetate; (22) Beta-damascenone; (23) 2-Phenylethyl acetate; (24) Ethyl dodecanoate;
(25) Hexanoic acid; (26) 2-phenylethanol; (27) 4-ethylguaiacol; (28) trans-nerolidol; (29) Ethyl tetradecanoate; (30) Octanoic
acid; (31) 3-methylphenol; (32) Nonanoic Acid; (33) 4-ethylphenol; (34) Ethyl hexadecanoate; (35) Ethyl 9-hexadecenoate;
(36) 2,4-bis(1,1-dimethylethyl)-phenol; (37) Ethyl hydrogen succinate; (38) Benzoic acid; (39) Ethyl octadecenoate; (40) Ethyl
9-octadecenoate; (41) Dodecanoic acid; (42) Tetradecanoic acid; (43) Hexadecanoic acid.
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To assess whether the different concentrations of volatile compounds observed among
the wines obtained by fermentations of different S. cerevisiae indigenous strains corre-
sponded to different sensory profiles, a sensorial characterization of the wines was per-
formed using the experimental approach proposed by the OIV [36]. The panel was com-
posed of 12 experts and the chosen descriptors were: clarity, appearance, frankness, aro-
matic intensity and general impression. The results were expressed as a 5-point scale and
analyzed with a statistical software. The perceptive map obtained from PCA applied to
the mean intensity data of significant attributes is shown in Figure 4. The total variance
explained for the sensory attributes based on the first two significant dimensions was 96%,
with PC1 and PC2 accounting, respectively, for 78% and 18%. As shown in the PCA of
the volatile compounds, the VI 186 strain did not group with the others strains, while the
strains VI 23, VI 123 and VI 202 grouped in the same cluster characterized by a positive
correlation with all the chosen descriptors, in particular, with the so-called “general im-
pression”. Within this group, the S. cerevisiae strain VI 123 was chosen as a starter to induce
an industrial-scale fermentation and, hence, it was multiplied into the pilot-plant.
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Figure 4. Principal Component Analysis carried out on sensory analysis of the wines obtained with different S. cerevisiae
indigenous strains (VI 23-VI 123-VI 127-VI 161-VI 186 and VI 202). The experimental approach is the one proposed by the
OIV [36]. (a): similarity map determined by Principal Component (Factor) 1 and 2; (b): projection of the variables on the
factor plane. Variables: OF: olfactory frankness; OI: olfactory intensity; OQ: olfactory quality; GF: gustatory frankness; GI:
gustatory intensity; GQ: gustatory quality; GP: gustatory persistence; G: Global.

3.3. Production of Fresh Yeast Starter Culture by Pilot-Plant in the Winery

The S. cerevisiae strain VI 123 was produced as a fresh yeast starter culture by using
the developed pilot-plant [33], and it was utilised to induce alcoholic fermentations at
industrial scale. At the time of inoculation into the grape juice, the fresh yeast culture
contained (1.15 ± 0.21) × 1010 CFU/g viable yeasts, a microbial contamination (total
microbial count) of (2.90 ± 0.14) × 104 CFU/g and Enterobacteriaceae below the limit of
detection (<10 CFU/g). The mortality rate of yeasts when the fresh biomass was stored for
40 days at 4 ◦C was 5%, while the microbial contamination remained unchanged.

3.4. Use of the Produced Yeast Culture at Industrial Scale

The enological performance of the indigenous strain VI 123 was compared with that
of a commercial S. cerevisiae starter strain (LALVIN BM 4 × 4) normally used by the winery
where the experimentation was accomplished. The strain VI 123 and the commercial
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strain BM 4 × 4 were inoculated separately to carry out industrial fermentations of two
different volumes of grape must (25 hL and 100 hL). In Figures 5 and 6 the chemical and
microbiological data during the wine fermentations monitoring are reported. Both strains
finished the fermentation after seven days

Figure 5. Chemical and microbiological monitoring of the wine fermentations obtained inoculating
the indigenous S. cerevisiae strain VI-123 (a), produced using the plant, and the commercial starter
BM4 × 4 (b) in 25 hL of grape must.

Molecular analysis (PCR of the interdelta region), carried out on the yeast isolates col-
lected at the seventh day from the inoculation in the different fermentations demonstrated
that the inoculated yeast strains dominated the alcoholic fermentation (data not shown).
After racking, a commercial O. oeni strain was inoculated in each wine to conduct malo-
lactic fermentation. On the 30th day, when the malic acid was degraded, the wines were
transferred into filled containers and kept at 4 ◦C for fifteen days. After cold stabilization,
the wines were bottled and analyzed to quantify the volatile compounds (Table 4). The
analysis of the variance (ANOVA, p < 0.05) showed that statistically significant differences
among the various aromatic compounds in some cases were due to the yeast strain used
(Ethyl lactate), whereas in other cases, to the tank size (ethyl acetate, ethyl hexanoate,
methylethyl dodecanoate, decanoic acid), or otherwise to both (ethyl octanoate, diethyl
succinate, 3-methylbutyl acetate, 3-methyl-1-butanol, benzaldehyde).

Principal component analysis (PCA) was applied to the matrix of multivariate data
comprising concentrations of the volatile compounds reported in Table 4, and Figure 7
shows PCA scores (a) and loadings biplots (b), respectively, for the industrial wines.
Examination of the data by PCA showed that PC1 and PC2 accounted for 87.37% of
variation in the dataset. The strains VI 123 and BM4 × 4 produced wines with a very
similar volatile composition when inoculated in 100 hL of grape must. When the same
strains were inoculated in 25 hL of grape must, the resulting wines were both characterized
by a higher volatile complexity, even if they were very different from each other. In
particular, they were principally characterized by a different combination of esters and
alcohols. In other words, the difference between the volatile profiles of wines obtained
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from two yeast strains was more evident when they were inoculated in 25 hL of must than
in 100 hL.

Figure 6. Chemical and microbiological monitoring of the wine fermentations obtained inoculating
the indigenous S. cerevisiae strain VI-123 (a), produced using the plant, and the commercial starter
BM4 × 4 (b) in 100 hL of grape must.

Table 4. SPE/GC-MS analysis of the wines obtained from 25 and 100 hL fermentations inoculated by the indigenous S.
cerevisiae strain VI-123 (produced using the plant) and the commercial starter BM4 × 4. Different letters indicate significant
different concentrations between strains (ANOVA, p < 0.05).

Compounds(mg/L)
M 4 × 4
(25 hL)

M 4 × 4
(100 hL)

VI 123
(25 hL)

VI 123
(100 hL)

Mean DS Mean DS Mean DS Mean DS

Ethyl and methyl esters
Ethyl acetate 26.90 a 0.10 17.4 b 1.20 26.20 a 0.60 17.20 b 0.60

Ethyl butanoate 0.22 0.01 0.18 0.03 0.24 0.01 0.20 0.01
Ethyl 2-methylbutyrate 0.03 0.00 0.02 0.00 0.04 0.00 0.02 0.00
Ethyl 3-methylbutyrate 0.07 0.00 0.03 0.00 0.08 0.00 0.04 0.00
Ethyl hexanoate (ethyl

caproate) 1.17 a 0.04 0.80 b 0.05 1.29 a 0.02 0.92 b 0.01

Ethyl lactate 5.10 b 0.00 14.15 c 0.10 1.107 a 0.00 17.20 a 0.00
Methyl octanoate 0.02 0.00 0.02 0.00 0.02 0.00 0.03 0.01
Ethyl octanoate 1.42 a 0.01 0.51 b 0.01 1.15 c 0.06 0.69 d 0.06
Ethyl nonanoate 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.01

Methyl decanoate 0.01 0.00 0.02 0.01 0.02 0.00 0.01 0.00
Ethyl decanoate 0.41 a 0.10 0.14 b 0.01 0.26 ab 0.00 0.15 b 0.00

3-methylbutyl octanoate 0.05 0.00 0.05 0.00 0.06 0.00 0.06 0.00
Diethyl succinate 0.40 a 0.01 0.97 b 0.04 0.67 c 0.01 1.31 d 0.01
Ethyl 9-decenoate 0.03 0.00 0.03 0.00 0.03 0.00 0.03 0.00

Ethyl hexadecanoate (ethyl
palmitate) <0.01 <0.01 <0.01 <0.01 -

Ethyl 9-hexadecenoate <0.01 <0.01 <0.01 <0.01 -
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Table 4. Cont.

Compounds(mg/L)
M 4 × 4
(25 hL)

M 4 × 4
(100 hL)

VI 123
(25 hL)

VI 123
(100 hL)

Mean DS Mean DS Mean DS Mean DS

Ethyl octadecanoate (ethyl
stearate) <0.01 <0.01 <0.01 <0.01 -

Ethyl 9-octadecenoate (ethyl
oleate) <0.01 <0.01 <0.01 <0.01 -

Ethyl hydrogen succinate 0.02 0.00 0.07 0.02 0.03 0.00 0.07 0.01
Ethyl dodecanoate (ethyl

laurate) <0.01 <0.01 <0.01 <0.01 -

Ethyl tetradecanoate (ethyl
myristate) <0.01 <0.01 <0.01 <0.01 -

methylethyl dodecanoate
(isopropyl laurate) 0.21 a 0.00 0.17 b 0.01 0.22 a 0.01 0.18 a 0.00

Acetates
3-methylbutyl acetate 0.83 a 0.02 0.44 b 0.03 0.88 a 0.01 0.63 c 0.01

Hexyl acetate 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Ethylphenyl acetate 0.01 0.00 <0.01 <0.01 0.01 0.01

2-Phenylethyl acetate 0.11 0.01 0.12 0.01 0.13 0.01 0.13 0.00

Alcohols
1-propanol 0.07 0.01 0.06 0.01 0.06 0.00 0.07 0.01

2-methyl-1-propanol 0.76 0.01 0.71 0.06 1.01 0.01 0.76 0.03
3-methyl-1-butanol 11.21 a 0.19 13.71 b 0.95 16.86 c 0.02 14.23 b 0.11

2-phenylethanol 5.07 a 0.06 5.40 ab 0.26 5.88 ab 0.14 5.95 b 0.27
Hexanol 0.61 0.02 0.68 0.03 0.64 0.01 0.66 0.01

2-ethyl-1-hexanol <0.01 <0.01 <0.01 <0.01 -
Linalool <0.01 <0.01 <0.01 <0.01 -
1-octanol 0.06 abc 0.01 0.06 abc 0.01 0.07 b 0.00 0.05 c 0.01

2,3-butanediol 0.11 0.08 0.05 0.01 0.04 0.01 0.06 0.02

Acids
Hexanoic acid 0.21 0.00 0.17 0.00 0.24 0.01 0.19 0.01
Octanoic acid 0.48 a 0.03 0.36 b 0.01 0.58 c 0.01 0.43 a 0.00

Nonanoic Acid 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Decanoic acid 0.03 a 0.01 0.04 b 0.00 0.03 0.00 c 0.04 b 0.00
Benzoic acid <0.01 <0.01 <0.01 <0.01 -

Dodecanoic acid <0.01 <0.01 <0.01 <0.01 -
Tetradecanoic acid (myristic

acid) <0.01 <0.01 <0.01 <0.01 -

Hexadecanoic acid (palmitic
acid) <0.01 <0.01 <0.01 <0.01 -

Phenols
4-ethylguaiacol <0.01 <0.01 <0.01 <0.01 -
4-methylphenol 0.01 0.01 <0.01 <0.01 <0.01 -
3-methylphenol 0.01 0.01 0.01 0.01 <0.01 <0.01 -

4-propylguaiacol <0.01 <0.01 <0.01 <0.01 -
4-ethylphenol <0.01 <0.01 <0.01 <0.01 -

2.4-bis(1.1-dimethylethyl)-
phenol <0.01 <0.01 <0.01 <0.01 -

Other compounds
alpha-terpineol <0.01 <0.01 <0.01 <0.01 -

Beta-damascenone <0.01 <0.01 <0.01 <0.01 <0.01
trans-nerolidol 0.04 0.01 0.03 0.00 0.04 0.00 0.03 0.00

Limonene <0.01 <0.01 <0.01 <0.01 <0.01
Furfural (2-furaldehyde) <0.01 <0.01 <0.01 <0.01 <0.01

Benzaldehyde 0.04 a 0.00 0.04 a 0.00 0.07 b 0.01 0.05 a 0.00
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Figure 7. Principal Component Analysis carried out on volatile compounds content in wines obtained inoculating the
indigenous strain VI 123 and the commercial strain BM4 × 4 in 25 or 100 hL of grape must. (a): similarity map determined
by Principal Component (Factor) 1 and 2; (b): projection of the variables on the factor plane. Variables: (1) Ethyl acetate;
(2) Ethyl butanoate; (3) 1-propanol; (4) Ethyl 2-methylbutyrate; (5) Ethyl 3-methylbutyrate; (6) 2-methyl-1-propanol; (7)
3-methylbutyl acetate; (8) Limonene; (9) 3-methyl-1-butano; (10) Ethyl hexanoate; (11) Ethyl lactate; (12); Hexanol; (13)
Methyl octanoate; (14) Ethyl octanoate; (15) Benzaldehyde; (16) Ethyl nonanoate; (17) 2.3-butanediol; (18) 1-octanol; (19)
Methyl decanoate; (29) Ethyl decanoate; (21) 3-methylbutyl octanoate; (22) Diethyl succinate; (23) Ethylphenyl acetate; (24)
2-Phenylethyl acetate; (25) Methylethyl dodecanoate; (26) Hexanoic acid; (27) 2-phenylethanol; (28) Octanoic acid; (29)
4-methylphenol; (30) 3-methylphenol; (31) Ethyl hydrogen succinate; (32) Decanoic acid.

Once again, the sensorial characterization of the wines was carried out using the
experimental approach and the related statistical elaboration previously described. PCA
analysis showed that the total variance explained for the sensory attributes based on the
first two significant dimensions was 99%, with PC1 and PC2 accounting, respectively, for
75% and 24% (Figure 8). The wines did not group either based on the inoculated strain
or on the volume of fermented must. The strain VI 123 inoculated in 25 hL and the strain
BM4 × 4 inoculated in 100 hL resulted characterized by a positive correlation with all the
chosen descriptors, with the exception of “frankness”.

Finally, to verify if an untrained panel was actually able to perceive the differences
between wines obtained with the indigenous S. cerevisiae strain and those obtained with
the commercial starter, the so-called “Napping method” was used. This approach is based
on the method known as the “projective map” developed by Risvik, et al., 1994 [44] that
allows subjects to express perceived similarities through the positioning of the samples
along the two dimensions of a plane. In such a way the distant samples are those perceived
as different, and those near are perceived as similar. To evaluate the effective judgment of
the subjects involved in the test, a sample is usually provided in duplicate. The method
provides that the sensorial characteristics of the products are evaluated according to a
criterion chosen individually by each subject and does not provide for an analytical ap-
proach through defined descriptors. For these reasons, the Napping method is considered
a “holistic” approach to the sensory evaluation of a product. In addition, this method offers
to the involved subjects the opportunity to express their preference for a sample. Therefore,
a map relating to the positioning of the various wines tasted was drawn for each subject so
that 30 maps were obtained. The statistical treatment of these 30 individual maps through
multivariate analysis (Generalized Procastic Analysis—GPA), allowed the building of a sin-
gle consensus map that is reported in Figure 9. The two components explained the 56.11%
of the total variance (44.76% and 11.35%, respectively). The proximity of two replicated
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samples indicated a good discriminatory performance of the panel. Both yeast strains
demonstrated different sensory performances based on the size of the fermentation tank,
confirming the results obtained previously. Regarding the preferences expressed, the most
appreciated wine was obtained with the indigenous S. cerevisiae strain VI123 inoculated in
100 hL of grape must (67% of preferences). The wine obtained with the commercial strain
inoculated in 100 hL of grape must was the second choice with 19% of the preferences. The
remaining preferences (14%) were expressed for the wine obtained with the indigenous
strain inoculated in 25 hL of grape must. No preference was expressed for the commercial
strain when it was inoculated in 25 hL.
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4. Discussion

In recent years, evidences that specific indigenous S. cerevisiae strains conferring dis-
tinctive chemical and sensory wine properties may be associated with a terroir caused an
increasing interest among winemakers in selecting local strains with the aim to obtain
tailored starter cultures potentially well adapted to specific ecosystems [4–11,23,45–48].
In this context, firstly, we performed a selection of indigenous S. cerevisiae strains in a
winery located in Tuscany, where commercial ADY starters were usually inoculated into
grape juice. Despite the repeated use of this practice in the alcoholic fermentation man-
agement in this winery, different indigenous S. cerevisiae strains possessing technological
properties comparable to commercial starters were isolated. Other studies carried out on
the implantation of starter cultures, as well as on the competition between indigenous
and commercial inoculated strains, highlighted that the inoculation of tanks with dried
yeasts does not always assure their implantation during the fermentation process and,
hence, some indigenous S. cerevisiae strains are capable to participate in or conduct the
alcoholic fermentation [46,48–53]. It is underlined that in our work, in order to have more
chances in isolating indigenous S. cerevisiae strains, spontaneous wine fermentations were
carried out by using musts from different grape varieties, new steel stainless tanks and
new pumps located inside an area close to the cellar, but different from the place where
ADY starters were usually used. Therefore, this procedure limiting the possible presence
of the winery-resident yeasts might be a suitable strategy to perform a successful selection
indigenous yeast program in wineries which extensively used commercial yeast starters.
However, in the winery here taken into consideration, up to 12 different commercial yeast
strains were used, thus, making the implantation/persistence of commercial strains in
musts or in winery facilities more difficult.

In total, 18 indigenous S. cerevisiae strains were isolated from eight spontaneous fer-
mentations, demonstrating that natural yeast populations showed a high genetic diversity
as stated by different studies [23,25,46,49,53]. Probably, the vineyard in addition to winery
becomes a very important reservoir of interesting genetic resources as, also in the present
work, some indigenous S. cerevisiae strains possessing suitable oenological characteristics
were found. Moreover, comparison of interdelta profiles between indigenous and com-
mercial yeast strains revealed that the latter grouped in the same cluster at a low level
of similarity of approximately 25%. Only the indigenous strain VI30 exhibited a higher
similarity level to two commercial S. cerevisiae strains and might represent yeast population
descended from commercial strains, as suggested by some authors [46,48,53].

After selecting the most performant indigenous S. cerevisiae strain based on its oeno-
logical properties, we exploited a pilot-plant previously developed [33] in order to produce
a concentrate fresh biomass directly available for using in the winery as a starter culture.
Indeed, the chance to produce local wine yeasts on demand in a production plant close to
wineries just before or during the harvest season might be an advantage because industrial
production of low amounts of a single yeast strain as active dry yeast (ADY) would be very
expensive [12,33]. In addition, the fresh yeast cultures were ready for must inoculation,
since the reactivation (i.e., rehydration) stage was not required, and, thus, vats were more
quickly inoculated. By using the pilot-plant, in a 24 h-working-cycle, the fresh biomass to
inoculate 100 hL of grape must was obtained. As a matter of fact, the amount of viable cells
per gram of fresh yeast after the centrifugation step was (1.15 ± 0.21) × 1010 CFU/g and
no contamination by wild yeasts, acetic acid bacteria, coliforms or filamentous fungi was
observed, in agreement with the standards OIV for yeast starter cultures [27]. Moreover,
evidence that fresh biomass can be stored at 4 ◦C for 40 days without significant vitality
loss, made this yeast production procedure very convenient for the single winery needs.

During the vintage, biomass of the indigenous S. cerevisiae strain produced locally in
the winery was used to inoculate 25 and 100 hL of Sangiovese must in comparison with a
commercial yeast strain usually used to carry out red wine fermentations. The alcoholic
fermentation performed at industrial scale by both S. cerevisiae strains showed regular time-
course, attaining complete sugar degradation in a week. During the fermentation process
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the implantation of the indigenous, as well as the commercial, strain was demonstrated
by an interdelta profiles technique. These results confirmed the promising technological
features exhibited by the indigenous yeast strain in laboratory-scale fermentations and,
thus, the effectiveness of the selection process adopted to select indigenous yeasts to be used
as a starter culture in winemaking. The wines obtained with the indigenous S. cerevisiae
strain and the wine obtained with the commercial starter differed in the concentration of
some aromatic compounds. These differences were sensory perceptible not only from a
trained panel, but also from an untrained panel comprising professionals operating in
the wine sector, such as winemakers, wine advisors, oenologists, university students, etc.
Furthermore, a predilection of the tasters toward the wine produced with the indigenous
yeast strain was pointed out, suggesting that the use of selected indigenous starter cultures
seems a suitable tool for differentiation and diversification of wines produced in a specific
oenological area as supported by other surveys [50–53].

In conclusion, this study demonstrated the possibility for the wineries to self-produce
their own starter thanks to a low cost pilot-plant and an effective selection process of
the winery indigenous yeasts. The selection of indigenous S. cerevisiae strains adapted
to a specific winery, limiting the use of commercial yeasts, has great importance in the
biodiversity preservation and exploitation and may contribute to the maintenance of typical
sensory properties of the wines of each specific region, and to the development of a more
competitive regional wine industry.
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