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Abstract: Enhancing the sensory profile of wines by exposing the aromas of the grape variety through
the involvement of microorganisms has always been a challenge in winemaking. The aim of our
work was to evaluate the impact of different fermentation schemes by using mixed and pure cultures
of different Saccharomyces species to Sauvignon blanc wine chemical composition and sensory profile.
The Sauvignon blanc must has been inoculated with mixed and pure cultures of S. pastorianus
and S. cerevisiae strains. For the mixed fermentation schemes, one strain of S. pastorianus has been
inoculated with different proportions of S. cerevisiae (S. pastorianus to S. cerevisiae: 99%–1%, 95%–5%,
90%–10%, 80%–20% and 70%–30% w/w) in co-inoculation with two commercial strains of S. cerevisiae.
A total of 13 fermentations trials, three monocultures and 10 mixed cultures were performed in
biological triplicate. The fermentation kinetics have been controlled by density measurement and
classical oenological analyses were performed based on the International Organisation of Vine and
Wine (OIV) analytical methods. The population dynamics were evaluated by the specific interdelta
PCR reaction of the Saccharomyces species at the beginning and at the end of the fermentation process.
The volatile compounds of the wine aroma, such as the esters, higher alcohols and thiols were
analyzed by GC/MS. Sensory assessment by trained panel was carried out for all produced wines.
Complete depletion of the sugars was achieved between 10 and 13 days for all the fermentation trials.
The population dynamics analysis revealed that the S. cerevisiae strain was the most predominant at
the end of the fermentation process in all inoculation ratios that were tested. The wines that were
fermented with S. pastorianus, either in pure or mixed cultures, were characterized by significantly
lower acetic acid production and higher malic acid degradation when compared to the wines that were
fermented only with S. cerevisiae strains. The aroma profile of the produced wines was highly affected
by both inoculation ratio and the S. cerevisiae strain that was used. The presence of S. pastorianus strain
enhanced the production of the varietal thiols when compared to the samples that were fermented
with the S. cerevisiae pure cultures. The mixed inoculation cultures of Saccharomyces species could lead
to wines with unique character which can nicely express the varietal character of the grape variety.
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1. Introduction

During winemaking, the consortium of microorganisms rapidly evolves and adapts
to the environmental changes. A plethora of genera and species have been identified,
and many biotic and abiotic factors shape their population structure and dynamics. The
unique microbiota composition of each region is affected mainly by the microclimate, the
viticulture and the winemaking techniques that are used. In this regard, the microorganisms
play an essential role, which can affect the final product in a positive or negative way [1].
Without a doubt, Saccharomyces cerevisiae is the yeast species that is considered to be adapted
to the winemaking conditions, which is reflected in its ability to carry out the alcoholic
fermentation and also create the ideal organoleptic profile that is demanded by the market
and the consumers [2,3]. In terms of the increasing insights into the grape and the wine
microecosystem, the non-Saccharomyces species dominate the population in the beginning
of the alcoholic fermentation in spontaneously fermented wines, while their interactions at
molecular and chemical levels with the S. cerevisiae strains can lead to wines with enhanced
sensorial properties [4].

The compatibility between the yeast species as well as their effect on the wine quality is
far from being controlled in winemaking, even if several studies have been carried out. The
interactions between the yeast species are mainly antagonistic, thus leading to off-flavor
by-products or sluggish fermentations. The use of pure cultures results in the development
of different metabolomic fingerprint compared to the respective resulting from the use of
mixed cultures, while the metabolites that are produced may also be affected by cell-to-cell
yeast contact in multi-starter wine fermentation [4,5]. Additionally, other parameters, such
as the temperature, the inoculation ratio, the available nitrogen sources and the amount of
produced acetic acid may configure the microbial dynamics during winemaking [1,4–7].

Sauvignon blanc is, worldwide, one of the most used varieties for the production
of aromatic white wines, with a typical varietal profile due to the production of thiols.
Three major aromatic volatile thiols, namely, 4-mercapto-4-methylpentan-2-one (4MMP),
3-mercaptohexan-1-ol (3MH) and 3-mercaptohexyl acetate (3MHA), were identified as
being responsible for the box tree, grapefruit and passion fruit aromas, respectively, of
Sauvignon blanc [8,9]. The yeast strains that produced the highest levels of the volatile-free
thiols fermented the wines with the highest perceived intensity of fruitiness, and these
wines were the ones preferred by the tasting panels [10]. While the green character in the
Sauvignon Blanc wines can be manipulated through vineyard management, the tropical
fruity characters appear to be largely dependent on the wine yeast strain that is used during
fermentation. Therefore, the choice of yeast strain for alcoholic fermentation offers great
potential to modulate the wine aroma profiles as well as to direct the definable styles that
are adapted to the consumer market specifications [11,12].

In our previous study [7] we have shown for the first time the oenological potential
of the S. pastorianus species for Sauvignon blanc wine production as well as the effect of
the inoculation scheme for the expression of varietal aromas. In our present study, we
exhaustively studied the interaction between S. pastorianus and S. cerevisiae by comparing
the pure and mixed cultures of the Saccharomyces species under different inoculation ratios.
One S. pastorianus strain was tested under five co-inoculation combinations schemes with
two commercial S. cerevisiae strains in Sauvignon blanc must. For all fermentation trials, the
population dynamics of the inoculated and indigenous yeasts, the aromatic compounds
with high oenological interest and the sensory profile of the produced wines were analyzed.

2. Materials and Methods
2.1. Yeast Strains and Culture Conditions

Saccharomyces pastorianus strain Sp2, which is currently under industrial development,
and two commercial strains of S. cerevisiae SafŒno™ CK S102 (Fermentis, France) and
SafŒno™ SH 12 (Fermentis, France) which are preconized for Sauvignon blanc wines and
characterized for intensifying their aromatic profiles were chosen for this study (Table 1).
The Sp2 and the CK S102 are registered in the CNCM collection (Collection Nationale de
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Cultures de Microorganismes) under the reference numbers I-5474 and I-5473, respectively.
The SH12 is registered in the collection of the Institut Francais de la Vigne et du Vin (CRB-
Centre de Ressources Biologiques) under the reference number NL17912. All strains were
inoculated as active dry yeasts according to their population (CFU/g) in order to obtain
the correct inoculum ratio. The cell activation took place at 30 ◦C for 20 min; the cell
viability and population were verified for each inoculum by plate count in YPDA medium
(20 g/L glucose, 10 g/L yeast extract, 10 g/L peptone and 25 g/L agar). The inoculum
level of the pure and mixed cultures was approximately 106 CFU/mL.

Table 1. Saccharomyces yeast species in pure and mixed cultures in different inoculation ratios.

Yeast Strains in Pure Cultures

Code Yeast strains
Sp2 S. pastorianus Sp2
Sc1 S. cerevisiae CK S102
Sc2 S. cerevisiae SH 12

Yeast strains in mixed cultures
Code Yeast strains

Sp2 70%–Sc1 30% S. pastorianus Sp2 70%–S. cerevisiae CK S102 30% (w/w)
Sp2 80%–Sc1 20% S. pastorianus Sp2 80%–S. cerevisiae CK S102 20% (w/w)
Sp2 90%–Sc1 10% S. pastorianus Sp2 90%–S. cerevisiae CK S102 10% (w/w)
Sp2 95%–Sc1 5% S. pastorianus Sp2 95%–S. cerevisiae CK S102 5% (w/w)
Sp2 99%–Sc1 1% S. pastorianus Sp2 99%–S. cerevisiae CK S102 1% (w/w)

Sp2 70%–Sc2 30% S. pastorianus Sp2 70%–S. cerevisiae SH 12 30% (w/w)
Sp2 80%–Sc2 20% S. pastorianus Sp2 80%–S. cerevisiae SH 12 20% (w/w)
Sp2 90%–Sc2 10% S. pastorianus Sp2 90%–S. cerevisiae SH 12 10% (w/w)
Sp2 95%–Sc2 5% S. pastorianus Sp2 95%–S. cerevisiae SH 12 5% (w/w)
Sp2 99%–Sc2 1% S. pastorianus Sp2 99%–S. cerevisiae SH 12 1% (w/w)

2.2. Must Preparation and Fermentation Kinetics

The grape must of the Sauvignon blanc grapes (Asprokampos Nemea, Greece), with
12 ◦Be initial density and total acidity of 6 g tartaric acid/L was supplemented with sulfites
(50 mg/L), clarified by gravity using pectolytic enzymes at 3 g/hL (Safizym Pres, Fermentis,
France), followed by cold treatment for 12 h, and decanted to the fermenters made of
glass (30 L). The yeasts were inoculated as pure and mixed cultures at approximately
106 CFU/mL final concentration. The different inoculation ratios in the mixed cultures
were achieved by weighting different proportions of the dry yeast cells. Twenty-four hours
after yeast addition, 200 mg/L of organic nutrient (SpringFerm™, Fermentis, France) was
added. The alcoholic fermentations were performed at 18 ◦C. During the fermentation, the
samples were taken aseptically at 24 h intervals for further analyses, while sugar depletion
(Glucose < 2 g/L) signified the end of the process. The fermentations were carried out
in triplicate.

2.3. Microbiological Analyses and Yeast Molecular Identification

Samples from all fermenters were taken every 48 h for enumeration of the yeast popu-
lation, while after 48 h of yeast inoculation, at the middle and at the end of fermentation for
molecular typing. From each fermenter, 1 mL sample per time point was taken to study the
microbial growth. A sample taken from a fermenter without yeast inoculation was used
as negative control during the whole fermentation procedure. Each sample was serially
diluted in sterile saline. The measurements of the Saccharomyces yeast and indigenous
non-Saccharomyces yeast population levels were accomplished by plating serial dilutions
on Wallerstein Laboratory Nutrient agar (WLN) or Lysine medium agar, respectively. All
samples that were grown in WLN medium were plated in duplicate, with one plate being
incubated at 37 ◦C for 24 h, and the other being incubated at 28 ◦C for 48 h, as S. pastorianus
cells are thermosensitive and cannot grow significantly at temperatures that are above
30 ◦C. The incubation of Lysine agar plates was performed at 28 ◦C for 48–72 h. The cell
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growth of total and wild yeast populations was measured in terms of colony-forming
units (CFU/mL). After the colony enumeration of each plate, the WLN plates that were
incubated at 28 ◦C were stored at 4 ◦C in order for them to be used for a yeast genetic
fingerprint analysis.

The DNA fingerprinting took place after 48 h, at the middle and at the end of the
fermentation process in order to confirm that the dominated strains of the Saccharomyces
species were the inoculated ones and not the indigenous ones. Saccharomyces strains
that were responsible for the fermentation in each fermenter were identified by inter-
delta sequence profile analysis using δ12 (5′-TCAACAATGGAATCCCAAC-3′) and δ2
(5′-GTGGATTTTTATTCCAACA-3′) primers [7,13]. A single colony was picked from the
WLN plate of interest (the one that was incubated at 28 ◦C and stored at 4 ◦C), and the
colony cells were resuspended in 20 µL of 0.02 N NaOH. Then, the cells were lysed through
heat, after 10 min of incubation at 98 ◦C in their resuspension solution, and 3 µL of lysed
cells were used as template for each PCR reaction. A total of 16 colonies per fermenter
and per time point, corresponding to at least half of the colonies that were enumerated,
were tested through PCR reaction with δ12/δ2 primer set, as well as 16 colonies from the
negative control fermenter. Each PCR reaction was performed in 25 µL volume, containing
1 U of KapaTaq polymerase, 1× Buffer B, 1 mM MgCl2 (final concentration of MgCl2 at
2.5 mM), 0.2 mM dNTPs and 800 nM of each primer. The PCR program was carried out
as follows: 4 min at 94 ◦C, 35 cycles of 30 sec at 94 ◦C, 30 sec at 49 ◦C and 60 sec at 72 ◦C,
and this was followed by a final 10 min extension step at 72 ◦C. The PCR results were
obtained by separation in 2% agarose gel containing 0.01% Midori Green in 1 × SB buffer
(5 mM sodium borate decahydrate) and visualization under UV light. The agarose gels
were run at 120 V for 35 min in 1 × SB buffer. The resulting DNA profiles were compared
to the respective ones of each of the strains that were employed. For the preparation of the
latter, the cells of the starter cultures (Sp2, CK S102 or SH 12) were resuspended in water at
100 mg/mL concentration, and serial dilutions were plated on WLN plates and incubated
at 28 ◦C for 24–48 h. Single colonies from the control cultures were used as a template for
the positive control reactions in PCR analysis.

2.4. Chemical Analyses
2.4.1. Analysis of Classical Oenological Parameters

The must was analyzed immediately after the crushing of the grapes for the following
parameters: glucose/fructose, total acidity, pH, malic acid and Yeast-Assimilable Nitro-
gen (YAN) using enzymatic kits that were adapted for a Y15 Biosystems auto-analyser
(Barcelona, Spain), while the free and total SO2 were determined by titrimetric meth-
ods. The fermentations were monitored by daily enzymatic measurements of glucose and
fructose [14]. The alcohol content of the wines was analyzed by NIR spectrometry [15].

2.4.2. Higher Alcohols, Acetates and Esters Quantification

Major and minor fermentation volatile compounds of wine aroma were analyzed by
GC–MS using the Head-Space Solid-Phase Micro-Extraction (HS-SPME) procedure which
was recently adapted and described in [7]. Twenty-five micrograms of the internal standard,
namely 3-octanol (1 g/L), were added to 25 mL of wine which were placed in a 40 mL
vial, and then supplemented with 3 g of NaCl, a magnetic stir bar, and then, sealed using
a screw-top cap with a silicon septum. The vial was placed on a heating stir plate, and
the samples were equilibrated by stirring them at 750 rpm for 10 min at 40 ◦C. The SPME
needle was inserted automatically (HTA3000A S.R.L., Brescia, Italy) through the septum
and the DVB/CAR/PDMS 75 µm fiber was used to absorb the volatile compounds of the
head-space for 30 min at 40 ◦C. The SPME needle was removed from the vial and inserted
into the injector of GC for thermal desorption for 10 min. The analysis was performed
using an Agilent 7890A GC that was equipped with an Agilent 5873C MS detector. The
column that was used was an DBWAX capillary column (30 m × 0.25 mm i.d., 0.25 µm film
thickness) and the gas carrier was helium with a flow rate of 1.2 mL/min. The injector and
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MS-transfer line were maintained at 250 ◦C and 260 ◦C, respectively. The oven temperature
was held at 30 ◦C for 5 min and then, it was raised to 220 ◦C at 4 ◦C/min and held at this
temperature for 20 min. The selective ion monitoring (SIM) mode was applied, and the
quantifier ions that were used were: ethyl isobutyrate (m/z 88), ethyl butyrate (m/z 71),
ethyl 2 methyl butyrate(m/z 102), isoamyl acetate (m/z 87), isobutyl acetate (m/z 116),
3-octanol (m/z 59), ethyl hexanoate (m/z 88), ethyl octanoate (m/z 88), ethyl decanoate
(m/z 157), 2 phenyl ethyl acetate (m/z 104), hexyl acetate, (m/z 69), isoamyl alcohol (m/z
87), 2-methyl-1-propanol (m/z 87), hexanol-1 (m/z 84), 2-phenylethanol (m/z 122) and
3-(methylthio)-1-propanol (m/z 96).

2.4.3. Varietal Thiols Quantification

The varietal thiols, 3-mercaptohexan-1-ol (3MH), 3-mercaptohexyl acetate (3MHA)
and 4-methyl-4-methylpentan-2-one (4MMP) were quantified using the method that was
described by Tominaga et al. [9].

2.5. Sensory Analyses

The wines were evaluated by Descriptive Analysis [16]. The sensory assessment was
performed by a group of 8 trained judges with previous experience. The panelists were
instructed to avoid eating, drinking and smoking for 1 h prior to the sessions. The panelists
attended these sessions over a period of 1 month, twice per week. The training consisted
of smelling of standard odors and description of wines by using references standards
from an aroma box [17]. After 2 weeks, the panelists chose some attributes characterizing
the wines. During the following sessions, the panelists were trained using appropriate
solutions. The panelists were provided with 30 mL of samples in ISO wine glasses that were
coded with random three-digit numbers at room temperature (18–20 ◦C). The intensity of
the sensory attributes that were examined was evaluated using a 10-point scale (1: null;
10: very strong), and scored manually. The sensory test was repeated twice on two different
days. Additionally, the Odor Active Value (OAV) was calculated as a ratio between the
compound concentration and the odor threshold of each volatile compound based on
bibliographic references [18–20].

2.6. Statistical Analyses

The fermentations were carried out in triplicate, and the results are presented as mean
values ± standard deviation. Significant differences between the chemical profiles of the
wines that were produced under different inoculation schemes were evaluated by One-
and Two-way Analysis of Variance (ANOVA), which was followed by Tukey’s post hoc test
(p < 0.05). A principal component analysis (PCA) was applied to the chemical parameters
to unravel the relationships between the samples and variables. All statistical analyses
were performed using JMP version 3.1.5 software (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Yeast Growth and Ooenological Parameters during Fermentation

The alcoholic fermentations of the Sauvignon blanc clarified must were conducted
at a laboratory scale under different inoculation schemes by using Saccharomyces strains
in pure and mixed cultures. The monocultures consisted of a S. pastorianus strain (Sp2)
and two S. cerevisiae strains, Sc1 and Sc2. The co-inoculation of the Saccharomyces strains
took place in different inoculation ratios (70%–30%, 80%–20%, 90%–10%, 95%–5% and
99%–1% w/w) of Sp2:Sc1 and Sp2:Sc2 (Table 1). The fermentation kinetics were followed by
sugar consumption, while the yeast population dynamics were assessed by plate counting
combined with molecular methods, which were performed in order to discriminate the
inoculated from the indigenous yeast strains.

All fermentation trials lead to complete sugar consumption. The inoculation mode
affected the growth kinetics of the inoculated strains as well as of the indigenous yeast
microbiota (Figure 1). Saccharomyces pastorianus reached 6.3 × 107 CFU/mL after seven
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days of fermentation, when it was used as a monoculture; while the S. cerevisiae strains
reached the same population levels after four days.
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Figure 1. Fermentation kinetics and yeast population dynamics of Sauvignon blanc must which was
inoculated with pure (A–C) and mixed (D–H) cultures of Saccharomyces species. The S. cerevisiae-
inoculated strains (Sc1 and Sc2) are indicated with grey lines, and the S. pastorianus-inoculated strains
(Sp2) are indicated with white circles, while the indigenous wild yeast is indicated with black lines.
The fermentation follow-up through sugar consumption is indicated with a dashed line. Values are
means of two independent experiments.
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Additionally, the indigenous yeast population was close to 104 CFU/mL when the
strain Sc2 was inoculated, and it was close to 103 CFU/mL in the case of Sp2 and Sc1
pure cultures (Figure 1A–C). In the mixed cultures, in terms of the population level, the
S. pastorianus strain was always below (approximately 1 log CFU/mL) that of the S. cerevisiae
co-inoculated strain, except in the case of Sp2 99%–Sc2 1% (Figure 1 H2), in which both Sp2
and the Sc2 followed comparable growth pattern during the entire fermentation period.
The indigenous non-Saccharomyces yeasts exhibited a different growth profile according
to the inoculated Saccharomyces strains. When the S. cerevisiae strain 1 was present, the
population of the non-Saccharomyces yeast was close to 103 CFU/mL, while the presence of
the Sc2 strain increased (CFU/mL) the indigenous yeast population by 1 log.

The oenological parameters were evaluated according to the OIV protocols at the
end of the fermentation trials for all produced wines (Supplementary Table S1). The
fermentation duration lasted between 10 and 13 days according to the inoculation mode.
Statistically significant, but technologically slight differences were observed for the level of
the pH and acidity values among the trials. The pure culture of S. pastorianus presented
a significantly lower volatile acidity production (0.06 ± 0.03 g/L), which was increased
in all cases with the presence of the S. cerevisiae strains. As far as the glycerol production
was concerned, the presence of the S. pastorianus strain in the mixed inoculation cultures
increased (p < 0.05) the produced levels in comparison to pure cultures of S. cerevisiae for
both tested strains. On the contrary, the presence of Sp2 in the mixed cultures significantly
decreased (p < 0.05) the degradation of the L-malic acid compared to the pure cultures of
Sc1 and Sc2.

3.2. Volatile Compounds Analyses

The quantification of the thiols, higher alcohols and esters was performed for all
fermentation trials (Table 2). 3-mercaptohexan-1-ol, 3-mercaptohexyl acetate, and 4-methyl-
4-mercaptopentan-2-one, which are intrinsic compounds of the Sauvignon blanc vari-
ety, were quantified. The total thiols production values ranged from 211 ± 4.6 ng/L to
561.3 ± 1.7 ng/L under the fermentation scheme of Sp2 99%–Sc1 1% and Sp2 70%–Sc2 30%,
respectively. The presence of the Sc2 strain significantly increased the production of the
total thiols both in the monoculture and co-inoculation conditions. The only condition in
which the presence of Sc1 strain exhibited a high thiols production level (328 ± 6 ng/L)
was when it was inoculated with Sp2 at a ratio of 70%–30% (Sp2/Sc1). When the three
tested strains were inoculated in pure cultures, they presented significant differences in
the thiols production values; the S. pastorianus strain Sp2 showed an intermediate level
by producing 293.5 ± 16.6 ng/L. In particular, the highest value of 3MH production
(424± 5.6 ng/L) among the tested conditions was observed under the fermentation scheme
Sp2 70%–Sc2 30%. The same fermentation condition also showed the highest level of 3MH
production when the strain Sc1 was inoculated. The volatile compound 3MHA was de-
tected in all cases with the exception of the 99%–1% scheme regarding both S. cerevisiae
strains, and the 90%–10% and 95%–5% regarding the S. cerevisiae strain Sc1. The presence
of the S. cerevisiae strain Sc2 significantly increased the production of 4MMP in all fermenta-
tion trials. The maximum level that was observed was 126 ± 3.6 ng/L under the scheme of
Sp2 70%–Sc2 30%, and the lower that the percentage of Sc2, the lower the production of
4MMP in the mixed cultures.
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Table 2. Volatile compounds of the wines produced by pure and mixed cultures in different inoculation ratios of S. cerevisiae and S. pastorianus strains. Values with
different roman letters (a–h) in the same row are significantly different according to Tukey’s post hoc test (p < 0.05).

Aromatic Compounds

Pure Cultures Sp2/Sc1 Mixed Cultures Sp2/Sc2 Mixed Cultures

Sp2 Sc1 Sc2 Sp2 70%
Sc1 30%

Sp2 80%
Sc1 20%

Sp2 90%
Sc1 10%

Sp2 95%
Sc1 5%

Sp2 99%
Sc1 1%

Sp2 70%
Sc2 30%

Sp2 80%
Sc2 20%

Sp2 90%
Sc2 10%

Sp2 95%
Sc2 5%

Sp2 99%
Sc2 1%

Thiols (ng/L)

3-mercaptohexan-1-ol 282.5 ± 15 f 249.7 ± 3 g 385.7 ± 15 b 315.3 ± 7 c,d 290.7 ± 9 d,e,f 283.3 ± 7 e,f 251.0 ± 6 g 205.7 ± 3 h 424.0 ± 5 a 373.7 ± 7 b 317.7 ± 5 c 308.7 ± 2 c,d,e 317.3 ± 4 c,d

3-mercaptohexan-1-ol Acetate 5.8 ± 0.6 f 10.0 ± 1.0 b,c 19.3 ± 1.4 a 8.0 ± 1.0 c,d,e 6.0 ± 1.0 e,f ND g ND g ND g 11.0 ± 1.0 b 8.7 ± 1.5 b,c,d 6.7 ± 0.6 d,e,f 5.0 ± 0.0 f ND g

4-methyl-4-mercaptopentan-2-one 5.2 ± 1.2 f 4.3 ± 0.6 f 73.3 ± 3.5 c 4.6 ± 0.6 f 5.0 ± 1.0 f 5.3 ± 0.6 f 5.3 ± 1.5 f 5.3 ± 1.5 f 126.0 ± 3 a 84.0 ± 3.0 b 81.3 ± 3.5 b 21.0 ± 2.0 d 12.3 ± 1.5 e

Total thiols 293.5 ± 16 f 264.0 ± 4 g,h 478.3 ± 13 b 328.0 ± 6 d,e 301.6 ± 11 e,f 288.6 ± 8 f,g 256.3 ± 8 h 211.0 ± 4 i 561.0 ± 2 a 466.3 ± 10 b 405.7 ± 1 c 334.7 ± 4 d 329.7 ± 5 d,e

Higher alcohols (mg/L)

2- phenyl-ethanol 18.8 ± 0.7 d,e,f 28.4 ± 0.9 a,b 13.9 ± 1.1 g 28.6 ± 0.6 a,b 30.1 ± 0.9 a 24.9 ± 4.0 b,c 20.9 ± 0.9 c,d 19.8 ± 0.8 d,e 14.5 ± 0.9 f,g 13.9 ± 1.1 g 15.5 ± 1.1 e,f,g 17.0 ± 1 d,e,f,g 16.5 ± 1.0 d,e,f,g

propanol 28.3 ± 1.8 a,b,c 20.3 ± 0.7 h 23.9 ± 1.8 e,f,g 20.6 ± 0.6 g,h 25.0 ± 1.0 d,e,f 26.7 ± 1.3 c,d,e 22.2 ± 0.7 f,g,h 28.0 ± 0.8 a,b,c,d 25.5 ± 1.1 d,e 30.4 ± 0.6 a 30.4 ± 1.2 a 27.0 ± 1.0 b,c,d,e 30.1 ± 0.9 a,b

isobutanol 31.3 ± 1.2 a 19.0 ± 0.0 g,h 12.3 ± 0.8 i 22.7 ± 0.5 e,f 26.1 ± 0.8 b,c,d 27.7 ± 1.5 b,c 22.7 ± 0.6 e,f 28.2 ± 0.3 b 17.2 ± 0.9 h 18.1 ± 0.4 h 21.3 ± 1.4 f,g 24.1 ± 0.9 d,e 25.1 ± 0.9 c,d,e

butanol 1.1 ± 0.1 a 0.7 ± 0.1 d 0.9 ± 0.0 b,c,d 0.8 ± 0.1 c,d 0.9 ± 0.1 a,b,c 1.0 ± 0.1 a,b,c 1.0 ± 0.0 a,b,c 1.1 ± 0.1 a,b 0.9 ± 0.2 a,b,c 1.0 ± 0.1 a,b,c 1.0 ± 0.0 a,b,c 1.0 ± 0.1 a,b,c 1.1 ± 0.1 a,b

isoamyl alcohol 174.4 ± 5 b 173.8 ± 3 b 122.7 ± 2 e 195.2 ± 2 a 190.0 ± 3 a 193.1 ± 3 a 190.3 ± 2 a 189.7 ± 1.5 a 135.3 ± 3 d 140.0 ± 1 d 157.2 ± 4 c 159.3 ± 1 c 153.0 ± 2 c

Total alcohols 254.0 ± 7 c 242.3 ± 1 d 173.7 ± 2 f 239.4 ± 3 a,b,c 242.0 ± 2 a,b,c 247.1 ± 2 a 248.6 ± 3 b,c 236.2 ± 2 a,b 247.0 ± 1 e 178.9 ± 4 e 189.6 ± 1 d 207.9 ± 5 d 211.7 ± 4 d

Esters (mg/L)

Isoamyl acetate 3.1 ± 0.1 g 3.5 ± 0.2 e 3.7 ± 0.0 d 3.9 ± 0.0 c 4.0 ± 0.0 c 4.2 ± 0.0 b 4.4 ± 0.0 a 3.6 ± 0.0 d,e 2.9 ± 0.0 h 3.0 ± 0.0 g,h 3.1 ± 0.0 f,g 3.2 ± 0.0 f 3.2 ± 0.0 f

Hexyl acetate 0.2 ± 0.1 c 0.2 ± 0.0 b 0.3 ± 0.0 a 0.2 ± 0.0 c,d 0.2 ± 0.0 d,e 0.2 ± 0.0 c,d 0.2 ± 0.0 d,e 0.2 ± 0.0 c,d 0.2 ± 0.0 b,c 0.2 ± 0.0 f 0.2 ± 0.0 c 0.2 ± 0.0 d,e 0.2 ± 0.0 e,f

2-phenylethyl acetate 0.3 ± 0.2 e 0.4 ± 0.0 a 0.3 ± 0.0 f 0.3 ± 0.0 b,c 0.3 ± 0.0 c,d 0.3 ± 0.0 b 0.3 ± 0.0 d,e 0.3 ± 0.0 d,e 0.2 ± 0.0 g 0.2 ± 0.0 g 0.2 ± 0.0 g 0.2 ± 0.0 f 0.2 ± 0.0 f

Ethyl isobutyrate 0.1 ± 0.0 b 0.1 ± 0.0 a 0.1 ± 0.0 d 0.1 ± 0.0 b 0.1 ± 0.0 b,c 0.1 ± 0.0 b,c 0.1 ± 0.0 c 0.1 ± 0.0 b 0.1 ± 0.0 b 0.1 ± 0.0 b,c 0.1 ± 0.0 b,c 0.1 ± 0.0 b,c 0.1 ± 0.0 b

Ethyl butyrate 0.6 ± 0.0 a 0.4 ± 0.0 f 0.5 ± 0.0 c,d 0.4 ± 0.1 e 0.4 ± 0.0 e 0.4 ± 0.0 e 0.5 ± 0.0 c,d 0.5 ± 0.0 c 0.5 ± 0.1 b,c 0.6 ± 0.0 a,b 0.5 ± 0.0 c,d 0.5 ± 0.0 d 0.5 ± 0.0 c,d

Ethyl octanoate 1.6 ± 0.1 c 1.2 ± 0.1 h 1.7 ± 0.0 a 1.3 ± 0.1 g,h 1.3 ± 0.0 g 1.2 ± 0.0 h 1.3 ± 0.0 e,f 1.4 ± 0.0 d,e 1.6 ± 0.0 b,c 1.6 ± 0.0 a,b 1.5 ± 0.0 d 1,4 ± 0.0 f,g 1.5 ± 0.0 d,e

Ethyl hexanoate 2.2 ± 0.2 a 1.8 ± 0.0 e 2.1 ± 0.0 a.b,c 1.7 ± 0.1 e,f 1.6 ± 0.0 f 1.6 ± 0.0 e,f 1.9 ± 0.0 d 2.1 ± 0.0 a,b 2.2 ± 0.0 a 2.1 ± 0.0 a,b 2.0 ± 0.0 c,d 2.0 ± 0.0 b,c,d 2.2 ± 0.0 a

Ethyl 3-hydroxy butanoate 0.4 ± 0.0 b 0.2 ± 0.0 g 0.2 ± 0.0 e 0.2 ± 0.0 g 0.3 ± 0.0 e,f 0.3 ± 0.0 e 0.3 ± 0.0 d 0.3 ± 0.0 c,d 0.3 ± 0.0 c 0.4 ± 0.0 c 0.4 ± 0.0 b 0.4 ± 0.0 a 0.4 ± 0.0 a

Total esters 8.4 ± 0.2 d 7.7 ± 0.0 h 8.8 ± 0.0 b 8.2 ± 0.0 e,f 8.1 ± 0.1 e,f,g 8.4 ± 0.0 c,d 9.0 ± 0.0 a 8.6 ± 0.0 c 8.0 ± 0.0 f,g 8.1 ± 0.0 f,g 8.0 ± 0.0 g 8.1 ± 0.0 f,g 8.3 ± 0.0 d,e
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Five compounds belonging to the group of higher alcohols were quantified. When the
three strains were inoculated in monocultures, the production values of the total higher
alcohols were 254 ± 7.1 mg/L for the Sp2 inoculation mode, 242.3 ± 1.0 mg/L for Sc1, and
173.7 ± 2.5 mg/L for Sc2. The case of the Sp2 inoculation mode had the highest level of
higher alcohols when it was compared to all the trials, while the Sc2 the lowest one. The
presence of S. pastorianus significantly increased the production level in the mixed cultures
with Sc2, compared to the monoculture of the latter. However, the production level was
reduced, compared to the monoculture of the Sp2 strain. More precisely, the wines that
were fermented with Sc2 produced the lowest level of 2-phenyl-ethanol (13.9 ± 1.1 mg/L),
isobutanol (12.3± 0.8 mg/L), and isoamyl alcohol (122.7± 2.5 mg/L) when they were com-
pared to all fermentation trials. All wines that were produced under different fermentation
schemes were analyzed for eight volatile esters that are responsible for the floral and fruity
characters of the wines. The amount of isoamyl acetate, which is known for contributing
to wines the characteristic banana aroma, was increased in all co-inoculation schemes of
Sc1 and Sp2 compared to the other fermentation conditions. The production level of the
total esters ranged from 7.7 mg/L for Sc1 in the pure culture inoculation condition to
9 mg/L for the mixed culture of Sp2 95%–Sc1 5%. The presence of the S. pastorianus strain
significantly increased the level of esters that were produced when it was combined with
Sc1. On the contrary, the presence of Sp2 significantly decreased the ester production in the
mixed cultures with Sc2 when it was compared to that of the respective of S. cerevisiae Sc2
pure culture.

The possible effects of both inoculation modes and the yeast strain on the volatile
compounds of the Sauvignon blanc wines aroma are illustrated in Figure 2. According to the
Two-way ANOVA test, significant differences (p < 0.05) among the samples were detected
for the three aromatic groups, the higher alcohols, the esters and the thiols, which were
fermented under six inoculation schemes. In the case of the higher alcohols (Figure 2A),
the co-inoculation of the S. pastorianus strain Sp2 with Sc1 or Sc2 in any ratio resulted in
the statistically significant increase in the higher alcohol level when it was compared to
those of the inoculation mode of the S. cerevisiae pure cultures. The interaction was not
statistically significant for the two S. cerevisiae strains that were used under the fermentation
scheme 95%–5%. The Sauvignon blanc wines fermented with the mixed cultures of Sp2
and Sc1 exhibited a high production of esters, especially when the S. pastorianus strain was
inoculated at a percentage of 95%. Inversely, the wines that were fermented with the Sc1
strain were characterized by higher esters levels than the wines that were co-fermented
with Sp2. The interaction of the two tested factors for the two used strains was lower under
the inoculation ratios of 80%–20% and 70%–30% (Figure 2B). Finally, for thiols generation,
the production was always higher when S. pastorianus was inoculated with the S. cerevisiae
strains at a ratio of 70%–30%, whereas the presence of S. cerevisiae Sc2 always lead to higher
levels compared to S. cerevisiae Sc1. The interaction was less intense under the fermentation
ratio 95%–5%.

3.3. Sensory Impact

We performed a PCA analysis based on the Odor Active Value (OAV) of each volatile
compound to better visualize the diversity in the volatile compounds of the wine aroma
that was produced using different inoculation schemes (Figure 3). The PCA analysis
distinguished clearly four modalities; the wines that were fermented with the pure cultures
of the two S. cerevisae strains, the wines that were fermented with the mixed cultures of Sc1
with the S. pastorianus strain, and the wines that were fermented with mixed cultures of Sc2
with the S. pastorianus strain. The wines that were inoculated with the S. cerevisae strain Sc2,
in the pure or mixed cultures, were clearly loaded positively on the PC1 and connected
mainly to the higher thiols levels, while the wines that were fermented by the presence of
the Sc1 strain were located to the negative side of PC1, indicating lower thiols production
by this strain in comparison with Sc2.
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Figure 2. Interaction plot of means of aromatic compounds versus inoculation mode for S. cerevisiae
strains Sc1 and Sc2. The compounds belonged to the group of: (A) Higher alcohols, (B) Esters, and
(C) Thiols. The inoculation mode concerned the pure cultures of Sc1 and Sc2 and the mixed cultures
of the two S. cerevisiae strains Sc1 and Sc2 with the S. pastorianus strain Sp2 under different inoculation
ratio Sp2/Sc strains (70%–30%, 80%–20%, 90%–10%, 95%–5% and 99%–1%). Error bars indicate the
standard error of the mean values.
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Figure 3. Principal component analysis of 39 volatile compounds analyses expressed as Odor Active
Value (OAV) of Sauvignon blanc wines fermented with monocultures of S. cerevisiae and S. pastorianus
(Sc1, Sc2 and Sp2) as well as with mixed cultures of both species in different inoculation ratios.

As the effect of the S. cerevisiae strain that was used for each fermentation was clear
and evident, we further performed the sensory evaluation to find any possible differences
between the wines that were fermented with the same S. cerevisiae strain and Sp2 but under
different inoculation schemes (Supplementary Figure S1). For the strain combination Sc1
and Sp2, the produced Sauvignon blanc wines that presented an overall better sensory
profile, characterized by higher complexity, balance, tropical fruit aromas and aromatic
intensity, were the ones that were fermented with the ratio Sp2 95%–Sc1 5% in comparison
to the other inoculation ratios that were tested (Figure S1A). When the Sauvignon blanc
must was inoculated with the mixed cultures of Sp2 and Sc2, the fermentation scheme
that achieved the preferred sensory profile was when Sp2 was co-inoculated at 70% with
Sc2 30%. Under this inoculation scheme, the produced wines were more floral, fruity and
complex (Figure S1B).

The PCA which was derived from the sensory descriptive analysis of the wines was
used to reveal the diversity among the Saccharomyces-inoculated strains (Sc1, Sc2 and
Sp2) and to individuate the specific attributed sensory wine characteristics within the
inoculation scheme (Figure 4). The biplot of the sensory descriptors that were evaluated
(Aroma intensity, Citrus, Floral, Tropical fruits, Vegetal/Herbaceous, Reduction, Balance
and Complexity) revealed the expected diversity of the produced wines fermented under
various fermentation schemes and the impact of each yeast strain. The sensory descriptors
that correlate to the wine’s overall quality such as Global Mark, Balance and Complexity
are closely presented and distinguishable by two fermentation schemes; Sp2 95%–Sc2
5% and Sp2 70%–Sc2 30%, where the second one was evaluated with higher rate by the
sensory panel. The wine that was fermented by the monoculture of the Sc2 strain was also
positioned on the upper right quadrant by virtue of wines characterized by Tropical fruits
aromas and Aromatic intensity. The majority of the fermentation schemes with the Sc1
strain, either in monoculture or in mixed cultures, were present on the left side of the biplot.
The upper-left quadrant includes the fermentation schemes that resulted in wines with
mainly negative attributes such as the Reduction and Vegetal notes. Finally, the lower-right
biplot gathered the fermentation schemes that grouped the more floral wines, where both
Sc1 and Sc2 strains were present in the mixed inoculation cultures.
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4. Discussion

The grapes, the must and the wine environment are complex microecosystems that are
characterized by multiple interactions, which can be detrimental for the quality of the final
product. Inevitably, the environmental changes that occur throughout the winemaking
process shapes the microbial community not only in terms of species/strains that are
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present, but also on the metabolites’ production [21,22]. The feasibility of inoculating
S. cerevisiae with a non-Saccharomyces yeast (e.g., Torulaspora delbrueckii) in order to partially
mimic the indigenous microbiota composition and promote an aromatic typicity and
complexity has been widely explored [23–25]. Nevertheless, the species compatibility
is not always taken for granted as antagonistic mechanisms may be developed with a
controversial impact on the wine’s fermentability and the quality characteristics. The
objective of our study was to evaluate the compatibility of the strains belonging to the
Saccharomyces genus as fermentation starters to promote the wine aromatic typicity. Thus,
two strains of S. cerevisiae and one strain of S. pastorianus were chosen to be inoculated in
different inoculation ratios in the Sauvignon blanc must.

According to our results, the indigenous population of non-Saccharomyces yeasts
showed a different growth behavior according to the inoculation scheme, and especially,
the added strain of S. cerevisiae. The presence of Sc1 in any inoculum proportion decreased
their population by approximately 2 log CFU/mL, while the presence of Sc2 kept a con-
stant cell concentration. Additionally, the presence of S. pastorianus affected neither the
indigenous population nor the added S. cerevisiae strain. During the vinification process,
the niche construction is evolving and inevitably, a selection pressure is created for the
microorganisms [2,4,26]. The way in which these mechanisms may impact the inter and
intra species physiology depends on many factors that are more or less known [4,25,27].
In our case, Sp2 and Sc1 produced significant high amounts of SO2, which is a strong
antimicrobial agent, especially against the non-Saccharomyces yeast; therefore, the control of
the wild yeast population is justified.

Saccharomyces pastorianus is a species that is characterized by low acetic acid production
under winemaking conditions, but at the same time its fermentation capacity cannot
compete with the respective one of S. cerevisiae [7]. Nevertheless, in our present work
we proposed that the co-inoculation of S. pastorianus with S. cerevisiae in any ratio can
lead to lower acetic acid levels without negatively affecting the fermentation kinetics or
the other oenological characteristics. As acetic acid is correlated with volatile acidity, its
concentration is critical for wine quality. The yeast cells produce acetic acid during the
alcoholic fermentation and the formation level of it depends on many factors such as the
yeast strain, the oxygen level, the osmotic stress or the nitrogen content [5,28,29]. Under
oenological conditions, through the aspect of species competition, the production of acetic
acid may act as an antimicrobial factor with a negative effect on the yeast fermentative
performance [28,30]. This phenomenon is more frequent when non-Saccharomyces yeasts
are used in mixed cultures with S. cerevisiae or when spontaneous fermentations take
place [31–33]. Interestingly, some strains of S. cerevisiae are capable of metabolize acetic acid
under limited aerobic conditions, thereby giving an interesting technological trait [29]. In
our case, the two tested species, S. pastorianus and S. cerevisiae, showed high compatibility
as only the positive oenological attributes were observed when they were used in a co-
inoculation mode. Similar results were observed when S. cerevisiae was inoculated with
T. delbrueckii, but only under sequential fermentation [31].

The aromatic profile of the produced Sauvignon blanc wines of the present study
exhibited significant differences concerning their chemical composition and their sensory
traits, highlighting the metabolic interactions not only at species and strains level, but
also in different yeast inoculation ratios. The majority of the volatile metabolites that
were produced by the yeasts during alcoholic fermentation process belong to the group of
higher/fusel alcohols and esters [30,34–36]. The concentration of these aroma compounds is
highly dependent on the factors such as the yeast species or strains that are used, but also on
the grape variety and the oenological techniques that are used [34,37]. However, how these
aromatic compounds contribute to the wine organoleptic profile is highly dependent on
their perception threshold as well as on the forming perception interactions [22]. The wine
ranked as the more complex with the greater global mark was the one fermented under the
Sc2 30%–Sp2 70% inoculation scheme. Interestingly, the produced wine was characterized
by intermediate higher alcohols and esters concentration when it was compared to the other
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tested fermentation schemes. For instance, higher alcohols can even provoke a masking
effect on the wine’s fruity notes through perception interactions or giving ‘heavier’ aromas.
The aroma perception depends on the volatiles distribution between the matrix and the
gas phase highly affecting the final organoleptic characteristics [38]. Additionally, the
non-volatile compounds of wine such as polysaccharides and proteins may also have an
impact on the volatility and aroma perception [39].

On the other hand, the produced volatile thiols had a clear effect on the wine’s sensory
traits. Volatile thiols mostly develop during alcoholic fermentation through the action of
yeast cells from odorless grape precursors [9,18]. As these compounds are linked to the
varietal aromas of Sauvignon blanc, extended research has been focused on that grape
variety and the factors affecting their generation. Inevitably, their final concentration
in wine is highly dependent on the yeast species and the strain that are used as well
as on environmental parameters such as the fermentation temperature, copper sulphate
supplementation, the YAN levels and its infection by Botrytis cinerea [12,35]. Our results
clearly showed that the inoculation scheme, in pure or mixed cultures of S. cerevisiae and
S. pastorianus affected the production of varietal thiols and directly influenced the wine’s
sensory profile. Interestingly, the presence of S. pastorianus in the mixed cultures either
with Sc1 or Sc2 in a ratio of 70%–30% significantly increased the total thiols production
compared to monocultures. This result highlighted not only the species effect, but also the
importance of the inoculation ratio [11]. On the contrary, the 3MHA production level was
always decreased in the mixed inoculation cultures. In the case of 3MHA, similar results
were obtained when S. cerevisiae was inoculated with T. delbrueckii [36]. In the latter study,
the concentration level of 3MHA in the wines that were fermented with mixed cultures was
significantly decreased compared to the wines that were fermented with pure cultures of
the S. cerevisiae strain [36]. 3MHA is produced from 3MH during grape must fermentation
by the action of a yeast ester-forming alcohol acetyltransferase through an acetylation
reaction, which is encoded by the atf1p gene [35,40,41]. Besides the formation of 3MHA, the
fermentation with mixed cultures did not affect the production of the other acetate esters
such as isoamyl acetate, hexyl acetate and 2-phenyl ethyl acetate, thereby indicating that
besides the alcohol acetyltransferase Atf1p, other enzymes are implicated in the production
of 3MHA [10,41]. Regarding 4MMP production, it is noteworthy that the samples of Sc2 as
well as the mixed cultures between Sp2 and Sc2 (from 70%–30% to 90%–10%) produced
higher levels of it. This is extremely important as 4MMP is the most stable thiol during
ageing as it is chemically a ketone, while 3MH is an alcohol, and 3MHA is an ester and
it is quickly hydrolyzed to 3MH. The oxidation of 3MH leads to 3,3-dithiobis(hexan-1-ol)
and related chiral oxidation products that have been identified in botrytized Sauternes
wines [42]. This has an important impact on the wine aroma intensity as the wines with
higher 4MMP levels could be more varietal expressive for longer periods. In addition, the
levels of 4MMP were significantly higher in the co-inoculated scheme Sp2 70%–Sc2 30%,
and this means that the co-inoculation enhanced the 4MMP production.

5. Conclusions

The present study focused on the effect of mixed fermentations of S. pastorianus with
two different S. cerevisiae strains on the production of Sauvignon blanc wine in different
inoculation ratios. Both S. cerevisiae strains used, and the inoculation ratios significantly
influenced the enological properties and the aroma profile of the produced wines. From a
global point of view, the co-inoculated scheme Sp2 70%–Sc2 30% was the one that resulted
in a Sauvignon blanc wine that was mostly preferred by the sensory panel and the one
that was characterized by the highest thiols concentration. It would be interesting in the
future to test this inoculation scheme in order to ferment more Sauvignon blanc must from
regions of different geographical origin.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8100539/s1, Figure S1: Means of the sensory char-
acteristics of the Sauvignon blanc wines produced with different fermentation schemes inoculated
with mixed cultures of S. cerevisiae Sc1 and S. pastorianus Sp2 (A) as well as with S. cerevisiae Sc2
and S. pastorianus Sp2 (B). Table S1: Mean concentration with standard deviation of oenological
parameters of Sauvignon blanc wines fermented under different fermentation schemes of pure and
mixed cultures of S. pastorianus strain Sp2 and S. cerevisiae strains Sc1 and Sc2. Values with different
roman letters (a–h) in the same row are significantly different according to Tukey’s post hoc test
(p < 0.05).
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