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Abstract: Two strains of Saccharomyces cerevisiae (Sc01 and Sc02) and one strain of Wickerhamomyces
anomalus (Wa) were isolated from organic Verdejo spontaneous fermentations and used for the
development of experimental winemaking. Sc01 and Sc02 represented 52.7% of the population of
the Saccharomyces strains isolated throughout the fermentation process. W. anomalus appeared as
the predominant species among the non-Saccharomyces yeasts. Wa turned out to be the strain of this
species with the shortest lag phase and positive enzymatic activities, and it was selected for white
wine production. Fermentations with unique inoculation of S. cerevisiae strains were compared with
sequential inoculation with W. anomalus. The results showed that the sequential inoculations did not
affect the fermentation kinetics or physicochemical characteristics of the wines compared with the
unique inoculations. However, this study identified a significant impact on the aromatic profiles of
the produced wines due to the sequential inoculations. This modification resulted in a similar new
aromatic profile in both sequential inoculations, demonstrating common characteristics related to the
contribution of W. anomalus. In general, the sequential fermentations were mainly characterized by
lower levels of acetate esters and an increase in ethyl acetate levels, whereas lower levels of ethyl
octanoate and ethyl dec-9-enoate were detected. Propan-1-ol and butan-1-ol showed an increase in
the sequential fermentations, while 4-methylpentan-1-ol and 2-phenylethanol were found in lower
concentrations. These results highlight the great influence that the presence of specific strains of
native non-Saccharomyces yeasts exerts on the characteristics of elaborate wines.

Keywords: indigenous yeasts; sequential inoculation; non-Saccharomyces; aromatic profile; wine
quality; Verdejo wine

1. Introduction

Spontaneous fermentation of grapes must begin with the development of non-
Saccharomyces yeasts, which is limited to the first stages of alcoholic fermentation due to
the harsh environmental conditions. As these species are disappearing, high-fermentative
strains of S. cerevisiae multiply and finally lead to fermentation [1]. Despite surviving for
only a few days, several studies of non-Saccharomyces yeasts have shown the ability of
these species to influence the organoleptic characteristics of wines in distinct ways and to
contribute positively to the winemaking process [2–5]. Moreover, the persistence of certain
strains surviving at high ethanol concentrations influences the quality of the wine across
the fermentation process [5–7].

W. anomalus, formerly known as Pichia anomala and its synonym Hansenula anomala,
was reclassified in the genus Wickerhamomyces due to multigene phylogenetic analysis [8,9].
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This ubiquitous species in the winemaking environment forms part of the grape microbiota
and is normally present at early stages of fermentation [5]. Traditionally, W. anomalus has
been considered to be a spoilage agent due to its ability to grow under harsh environmental
conditions in food products and its tolerance to stressful grape and wine conditions such
as low pH, ethanol content, or high osmotic pressure [10]. Its ability to produce significant
amounts of ethyl acetate and acetic acid in wines has also been described, imparting
negative sensory attributes [11,12].

However, W. anomalus is becoming an interesting species in oenological biotechnology,
among others, due to its contribution to the production of aromatic compounds and
exoenzymes [13–15]. Recent studies have focused on mixed cultures with S. cerevisiae and
outlined the potential of certain W. anomalus strains to enhance wine quality by producing
a unique aroma and flavor profile [15]. Although it is a major producer of ethyl acetate, its
ability to produce fruity acetate esters and other positive aromatic compounds has also been
reported [5,10,16]. W. anomalus has also been described as a good producer of oenologically
relevant enzymes. Several forms of glucosidase activity have been identified in selected
strains, such as β-glucosidase, which is involved in the release of aromatic compounds
from their precursors in the grape [4]. Proteolytic enzymes of interest to prevent protein
haze are also produced by W. anomalus strains [5,17].

The screening of oenologically relevant strains of W. anomalus in terms of their enzy-
matic activity and aromatic profile is a key step for selecting good candidates to improve
wine quality. The individual effect of certain strains has been reported [6,18]; however, it
is noteworthy that the modulation of the final organoleptic profile in wines occurs in the
presence of mixed cultures, including S. cerevisiae [5,19]. Some detrimental compounds that
are present at elevated concentrations in unique non-Saccharomyces cultures do not reach
the threshold taste levels in mixed cultures [20]. In this sense, several studies address the
improvement in the quality of wines through fermentation with mixed cultures. These
wines are characterized by higher concentrations of acetate esters, which are correlated
with fruity and floral notes [11,20–23].

Previous research by our group has focused on the study of the population dynamics
of yeasts during spontaneous fermentation of the Verdejo grape variety from organic
vineyards from the Appellation of Origin Rueda (AO Rueda, Spain). The results enabled
us to select strains of S. cerevisiae and non-Saccharomyces yeasts with potential oenological
characteristics of interest to be used in unique or sequential inoculations [24,25].

To advance this research, in the present study, we mixed cultures with sequential
inoculation of selected indigenous W. anomalus and S. cerevisiae strains to obtain candidates
to modulate and maintain the singularity of the elaborated wines. Trial fermentations were
carried out in an experimental winery, monitoring the implantation and development of
the strains in the fermentation tanks. The oenological characteristics and aroma profile of
the resulting wines were evaluated to examine the impact of the sequential inoculation of
isolated indigenous strains on the quality of Verdejo wines. The contribution of W. anomalus
in the mixed fermentations resulted in fully differentiated experimental wines associated
with a singular and characteristic volatile compound profile compared to S. cerevisiae single-
fermentation wines. These results highlighted the importance of native non-Saccharomyces
yeasts in fermentation processes and their workability in the winemaking of the Verdejo
grape variety.

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

Two S. cerevisiae yeast strains (Sc01 and Sc02) and one non-Saccharomyces yeast strain
of the species W. anomalus (Wa) were used in this study. The strains were obtained from
previous studies of yeast ecology [24,25]. Briefly, yeasts were isolated during spontaneous
fermentation processes of organic Verdejo grapes from the vineyards of the Belondrade
Winery (La Seca, Valladolid, Spain), located in the AO Rueda. The criteria applied for the
selection of the yeast strains for this study were based on their optimal fermentative behav-
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ior, their predominant abundance throughout the fermentation stages, and their positive
enzymatic characteristics related to the release of aromas (β-lyase and β-glucosidase)
and finning operations (β-glucanase and protease) in the winemaking process. The
two S. cerevisiae strains represented 52.7% of the population of Saccharomyces strains isolated
throughout the entire fermentation process. The analysis of the non-Saccharomyces yeast
species revealed that W. anomalus appears to be the predominant species and is present in
all stages of the fermentation process. Consequently, a strain with the shortest lag phase
and positive enzymatic activities (β-glucosidase, protease, and β-lyase) for white wine
production was selected among all W. anomalus isolates. The yeast strains were cultured on
YPD medium, containing 1% (w/v) yeast extract (Biolife, Milano, Italy), 2% (w/v) peptone
(Panreac, Barcelona, Spain), 2% (w/v) dextrose (Scharlab, Barcelona, Spain) and 2% (w/v)
agar (Scharlab). The yeast stock strains were maintained frozen in 20% (v/v) glycerol and
YPD broth at −80 ◦C.

2.2. Kinetic Parameters of S. cerevisiae Strains

Microfermentations were carried out in triplicate in 100 mL Erlenmeyer flasks contain-
ing 50 mL of Verdejo must, sterilized for 20 min at 121 ◦C. S. cerevisiae strains were cultured
in YPD broth overnight, and the flask was inoculated with 106 CFU/mL, sealed with a
fermentation cap, and fermented at 20 ◦C. The loss of weight was monitored to estimate
the CO2 production until the end of fermentation. Kinetic curves were fitted to a model in
which a linear phase is followed by a stationary phase [26] using the DMFit web edition
(Institute of Food Research, Norwich, UK). Potential maximum rate (µmax), lag phase (lag),
maximum CO2 production (yEnd), and fermenting power (FP) were determined.

2.3. Trial Fermentations in the Winery

Verdejo grapes were processed in the experimental winery of the Higher Technical
School of Agrarian Engineering of Palencia (University of Valladolid). The grapes were
destemmed preserving the berries whole. Then, they were lightly crushed and pressed,
applying a pressure of 1.6 bar. The physicochemical characteristics of the initial must were
as follows: density of 1190 g/L, 24 º◦Brix (240.1 g/L of sugar), pH 3.33, and total acidity of
4.1 g/L (expressed as tartaric acid). Finally, the must was sulfited to 20 mg/L of free sulfur
dioxide and decanted statically for 24 h at 4 ◦C.

To ensure enough biomass from the strains used for the inoculation of the must,
a 2-step scale-up fermentation process was performed, maintaining the ratio of inoc-
ulation at 1:10. In this procedure, sterile Verdejo must was used to increase the fer-
mentation volume 10-fold in each step. The racked must was divided into fermen-
tation bottles, adding 4 L of must for each fermentation trial before the inoculation
of 106 CFU/mL of the required strains. The sequential fermentations of W. anomalus/
S. cerevisiae Sc01 and W. anomalus/S. cerevisiae Sc02 were initially inoculated with W. anoma-
lus and, 48 h later, with the Sc01 and Sc02 strains, respectively. The unique fermentations
were carried out for each S. cerevisiae strain (Sc01 and Sc02), which were inoculated from
the beginning. All the fermentations were developed in duplicate.

2.3.1. Population Dynamic

The density and temperature of all the fermentations were monitored throughout the
alcoholic fermentation. To avoid cross-contamination between the tanks, the density was
established by weighing 10 mL volume samples extracted from the fermentation tanks at
regular intervals during the fermentative process. The average fermentation temperature
was 16 ◦C.

The analysis of the yeast strains taking part in the fermentation processes was carried
out by plating serial dilutions of the tank samples onto YPD medium using peptone
saline as diluent 0.1% (w/v) peptone (Panreac, Barcelona, Spain) and 0.85% (w/v) NaCl
(Sigma-Aldrich, St. Louis, MO, USA; pH 7.0 ± 0.2) [27]. Fermentation samples were taken
throughout the fermentation processes, specifically at the beginning of fermentation (48 h)



Fermentation 2023, 9, 977 4 of 14

and the end of fermentation (EF). The plates were incubated at 25 ◦C for 72 h, and the
resulting colonies were used to confirm the presence of S. cerevisiae Sc01 and Sc02 strains
and W. anomalus strain.

2.3.2. Implantation Studies

The implantation studies of W. anomalus populations were carried out before inocu-
lating S. cerevisiae strains (48 h) and at the end of fermentation (EF). On the one hand, the
colonies analyzed were subjected to new cultures on lysine agar medium containing 1.2%
(w/v) yeast carbon base (Panreac), 0.25% (w/v) L-lysine-HCl (Panreac) and 2% (w/v) agar
(BD Bacto™ Agar; Difco, MI, USA), in order to distinguish between Saccharomyces and non-
Saccharomyces species. On the other hand, the colonies were confirmed at species level by
sequencing the D1/D2 region of the 28S RNA gene before inoculating S. cerevisiae strains.

For the development of the molecular studies of implantation of the Sc01 and Sc02
strains, six colonies were picked up from the fermentation trials at the beginning of the
fermentation stage, and three colonies were collected at the end of fermentation. Each
colony was analyzed separately.

The implantation of S. cerevisiae Sc01 and Sc02 populations was determined by the inter-
delta PCR method, which is based on the pair primer delta12 (5′-TCAACAATGGAATCCCA
AC-3′)/delta21 (5′-CATCTTAACACCGTATATGA-3′) [28]. PCR interdelta assays were per-
formed in a 25 µL reaction volume containing 1 × PCR DreamTaq buffer, with MgCl2
(Fisher Scientific, Madrid, Spain), 200 mM of each dNTP (Fisher Scientific), 1 µM for each
primer (Fisher Scientific) and 1 U of DreamTaq DNA polymerase (Fisher Scientific). As a
template solution, suspensions of single yeast colonies were prepared in 30 µL of 10 mM
Tris-HCl solution, pH 8.0 (Sigma-Aldrich). A total of 5 µL of the suspension was added to
the PCR reaction mix without previous DNA extraction.

Reactions were run following the program: 4 min at 95 ◦C, 35 cycles of 30 s at 95 ◦C,
30 s at 46 ◦C and 90 s at 72 ◦C, and finally a step of 10 min at 72 ◦C. The PCR amplification
products were analyzed by 2% (w/v) agarose gel electrophoresis (D1 Low EEO agarose,
Pronadisa, Madrid, Spain) in 1 × TAE buffer (Fisher Scientific), applying a current of 120 V
for 2 h, over a gel distance of 5 cm. The gels were post-electrophoresis stained with a
1 × GelRed solution (Biotium, Fremont, CA, USA). All electrophoresis assays included
PCR positive controls for each S. cerevisiae strain and GeneRuler 100 bp DNA ladder (Fisher
Scientific) per each well line.

2.3.3. Wine Chemical Composition

The physicochemical characteristics of the trial wines were determined at the end of
the alcoholic fermentation. All chemicals and reagents were analytical quality grade. All
measurements were carried out in duplicate in each tank. Total acidity (expressed as g
tartaric acid/L), volatile acidity (expressed as g acetic acid/L), reducing sugars (expressed
as g residual sugar/L), and pH were determined following the methods recommended by
the International Organization of Vine and Wine [27]. The alcoholic degree was determined
by the ebulliometry method (expressed as % alcohol (v/v)) and free and total sulfur
dioxide (expressed as mg SO2/L) using an automatic analyzer (SO2-Matic 23, Crison,
Barcelona, Spain).

2.3.4. Analysis of Volatile Organic Compounds (VOCs)

All the chemicals used for VOC analysis were analytical quality grade. Analysis
of VOCs in wine samples was determined in duplicate by headspace-solid-phase gas
chromatography-mass spectrometry. The analysis was performed using a CombiPal RSI
120 autosampler (CTC Analytics AG, Zwingen, Switzerland) connected with a 7890A gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA) and a 5977 mass selective
detector (Agilent Technologies) [29]. For the extraction of VOCs, 5 mL of wine was placed
in a 20 mL vial along with 50 µL of methyl nonanoate (0.059 mg/L) as an internal standard
and 3 g of NaCl. After sealing the vial, it was incubated at 40 ◦C for 15 min with agitation
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at 250 rpm. A pre-conditioned 50/30 µm DVB/CAR/PDMS fiber (Supelco, Inc., Bellefonte,
PA, USA) was exposed to the headspace of the vial at 40 ◦C for 30 min. Then, the fiber was
injected into the chromatograph injector at 250 ◦C in splitless mode for 1 min. Volatiles
were separated using an HP-Innowax column (60 m, 0.250 mm, 0.5 µm) (J&W Scientific,
Folsom, CA, USA). The oven temperature program began at 40 ◦C for 5 min, followed by
an increase to 230 ◦C at a rate of 2.5 ◦C/min, and then was maintained at 230 ◦C for 20 min.
Helium gas, flowing at a rate of 1.2 mL/min under a pressure of 22.4 psi, was employed as
the carrier gas. The mass spectrometer (MS) detector was operated in full scan mode within
a mass range of m/z 30–500. Identification of compounds was achieved by comparing their
mass spectra with those of pure standards and/or spectral data from the NIST08 v. 2.4 and
Wiley7 libraries. Quantification was carried out using the internal standard quantification
method as equivalents of 2-octanol [30].

2.4. Statistical Analysis

Analysis of variance (ANOVA) and principal component analysis (PCA) were com-
puted using the programs IBM SPSS Statistics version 26.0 (IBM Corp., Armok, NY,
USA) and Statgraphics Centurion version 19 (Statgraphics Technologies, Inc., The Plains,
VA, USA).

3. Results and Discussion
3.1. Kinetic Aptitude of Native S. cerevisiae Strains

Ecological studies in spontaneous fermentations of Verdejo organic grapes carried
out previously by our research group revealed the presence of two predominant strains of
S. cerevisiae, Sc01 and Sc02. The presence of these strains was independent of the vineyard,
the vintage, or the fermentation stage analyzed [24]. Considering that a strain with a
relative abundance higher than 10% is considered dominant [31], Sc01 and Sc02 were found
to be dominant strains during spontaneous fermentation. Their relative abundances were
30% and 19%, respectively, of the total population of yeasts isolated. These results suggest
a prevailing role of these strains in the final profile of Verdejo wines, as well as their ability
to adapt to the physicochemical characteristics of this variety, making them candidates for
use as starter cultures. To ensure a correct fermentative process, the fermentation kinetics
of both strains were analyzed in triplicate (Figure 1). A commercial S. cerevisiae strain,
previously isolated in AO Rueda (Uvaferm WAM, Lallemand, Blagnac, France), was used
as a control to assess adequate fermentation parameters of the strains of interest. Both
strains showed a regular kinetic curve and stood up for a high fermenting power (FP). No
statistically significant differences were found in the kinetic parameters in comparison with
the control strain of S. cerevisiae. This indicates the ability of these strains to carry out and
complete the fermentative process.

3.2. Trial Fermentations in the Winery

Previous studies by our group have shown the predominance of W. anomalus in the
non-Saccharomyces yeast population in organic Verdejo wine [25]. Its presence at all the
stages of alcoholic fermentation, as well as in different vineyards and vintages, suggests
that this species may exert a relevant role in the final characteristics of the wine. The failure
of W. anomalus to achieve dryness in wines has been previously reported [6], requiring
an S. cerevisiae strain to complete alcoholic fermentation. Therefore, among the isolated
W. anomalus yeasts, trial fermentations were carried out in the winery through sequential
inoculation of the strain with the shortest lag phase and with positive enzymatic activities
to produce Verdejo white wine (β-glucosidase, protease, and β-lyase) with native strain of
S. cerevisiae Sc01 and Sc02.
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As shown in Figure 2, the kinetics of fermentation were followed by density along the
alcoholic fermentation process. No significant differences were found between unique and
sequential inoculations with Sc01 and Sc02, showing the same profile of density decrease
throughout the fermentation process. In addition, no significant delay in the onset of
fermentation, sluggish or stuck alcoholic fermentation was observed in trials inoculated
with W. anomalus compared to unique inoculations of Sc01 and Sc02.
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Figure 2. Fermentation kinetics by density monitorization of winery vinifications in unique (Sc01 and
Sc02) and sequential (Wa/Sc01 and Wa/Sc02) inoculation regimes. (A) Sc01 density monitorization
in unique and sequential inoculation. (B) Sc02 density monitorization in unique and sequential
inoculation.

Regarding the final physicochemical characteristics of the wines produced (Table 1),
the unique and sequential inoculations led to dry wines with no significant differences in al-
cohol content, residual sugars, and pH. According to this, similar results have been recently
reported in co-inoculated wines, as these parameters remained unchanged compared to
S. cerevisiae unique inoculation [7]. Contrary to our data, W. anomalus has been described
by other authors as a Crabtree-negative yeast that may be able to produce wines with a
lower final alcoholic degree [32], as well as an increase in the pH of the wines subjected to
sequential inoculation [23]. These results suggest that the effect on the final characteristics
of the wine is strain-dependent. Although no significant differences were found in total
and volatile acidity, both increased in the sequential inoculations. A high variability in
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volatile acidity in sequential inoculations compared to pure cultures has been previously
described [22,23].

Table 1. Basic chemical analysis of trial wines.

Sc01 Wa/Sc01 Sc02 Wa/Sc02

Reducing sugars (g/L) 2.1 ± 0.8 2.9 ± 0.1 1.8 ± 0.2 1.9 ± 0.1
pH 3.29 ± 0.01 3.26 ± 0.01 3.28 ± 0.01 3.26 ± 0.01

Total acidity (g/L) 6.3 ± 0.0 6.7 ± 0.6 6.1 ± 0.1 6.7 ± 0.0
Volatile acidity (g/L) 0.66 ± 0.01 1.03 ± 0.05 0.51 ± 0.05 0.91 ± 0.33

Total SO2 (mg/L) 57 ± 8 56 ± 1 52 ± 2 48 ± 0
Alcoholic content (% v/v) 15.30 ± 0.00 15.30 ± 0.00 15.40 ± 0.10 15.20 ± 0.10

Each value represents the mean ± standard deviation of wines elaborated with S. cerevisiae (Sc01 and Sc02)
and sequential inoculation of W. anomalus and S. cerevisiae (Wa/Sc01 and Wa/Sc02). No significant differences
were detected.

The molecular studies confirmed an adequate implantation of W. anomalus in se-
quential fermentations. As shown in Table 2, in the first stages of alcoholic fermentation,
100% of the colonies isolated from trial tanks after 48 h of fermentation were positively
identified as W. anomalus. Interestingly, the lack of a lag phase and the predominance of
this selected strain in the microbiota of the Verdejo must were achieved, confirming the
appropriate adaptation and implantation of isolated and selected native strains to be used
as starters in a particular variety. As expected, the predominant strains in the sequential
fermentations at the end of the fermentation were Sc01 and Sc02, respectively. Similarly,
unique fermentations were carried out by Sc01 and Sc02 strains, confirmed by the interdelta
method at the beginning and the end of fermentation (Table 2), as well as in the tumultuous
fermentation. These results confirmed the ability of these native strains to displace the
microbiota coming from the grapes and the winery and to perform a complete and efficient
alcoholic fermentation in this variety.

Table 2. Implantation of the strains in trial fermentations.

Strains Inoculated Stage Number of Isolates Interdelta PCR Sequentiation Lysine Growth

Sc01 48 h 6 Sc01 - -
Sc01 48 h 6 Sc01 - -

Sc02 48 h 6 Sc02 - -
Sc02 48 h 6 Sc02 - -

Wa 48 h 6 - W. anomalus Positive
Wa 48 h 6 - W. anomalus Positive

Sc01 EF 3 Sc01 - -
Sc01 EF 3 Sc01 - -

Sc02 EF 3 Sc02 - -
Sc02 EF 3 Sc02 - -

Wa/Sc01 EF 3 Sc01 - Negative
Wa/Sc01 EF 3 Sc01 - Negative

Wa/Sc02 EF 3 Sc02 - Negative
Wa/Sc02 EF 3 Sc02 - Negative

Tracking of isolates implantation in fermentation trials. Samples were analyzed from both duplicates of each
inoculation condition (Sc01, Sc02, Wa/Sc01, and Wa/Sc02). Fermentation stages: 48 h and end of fermentation
(EF). S. cerevisiae strains were confirmed by the interdelta PCR method. The absence of S. cerevisiae yeasts in
sequential inoculations was analyzed by lysine growth, and the implantation of W. anomalus before S. cerevisiae
inoculation was confirmed at the species level by sequencing of the D1/D2 region of the 28S RNA gene.

3.3. VOCs Analysis

The organoleptic characteristics of wines are linked to the presence of certain volatile
chemical compounds whose concentration, interaction, and balance in the wines give rise
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to a complex profile that determines their quality and uniqueness. The yeasts involved in
the fermentation processes, through their metabolic activity and the release of extracellular
enzymes, are one of the factors that modulate the profiles of volatile compounds [33]. In
total, 32 volatile compounds were identified (Table 3). These compounds belonged to five
chemical families: 4 acetate esters, 11 ethyl esters, 6 acids, 9 alcohols, and 2 aldehydes.
Considering the sum of the average concentrations of the components of each group,
alcohols and esters were the main volatile components, accounting for 52.0–62.4% and
34.6–45.5% of the total concentrations, respectively. However, the acid and aldehyde groups
showed reduced concentrations (2.4–3.4% and 0.1–0.2%, respectively). This chemical profile
of the volatile compounds was in accordance with the distribution scheme of the major
wine components previously reported [33].

Table 3. VOC analysis (mg/L) of the wines elaborated.

Code IUPAC Name Sc01 Wa/Sc01 Sc02 Wa/Sc02

Acetate Esters

A1 2-methylpropyl acetate 0.182 ± 0.035 0.211 ± 0.014 0.224 ± 0.073 0.166 ± 0.058
A2 3-methylbutyl acetate 27.231 ± 5.201 15.494 ± 1.771 27.863 ± 1.672 17.186 ± 6.791
A3 Hexyl acetate 2.602 ± 0.026 b 0.803 ± 0.355 a 2.742 ± 0.544 b 0.645 ± 0.237 a

A4 2-phenylethyl acetate 1.955 ± 0.488 1.040 ± 0.268 1.761 ± 0.165 1.072 ± 0.005
∑ A Acetate esters sum 31.970 ± 5.750 17.548 ± 2.380 32.589 ± 2.308 19.070 ± 7.082

Ethyl Esters

Et1 Ethyl acetate 16.083 ± 3.722 44.738 ± 4.996 31.742 ± 23.043 41.159 ± 6.942
Et2 Ethyl propanoate 0.151 ± 0.048 0.248 ± 0.039 0.194 ± 0.071 0.257 ± 0.066
Et3 Ethyl 2-methylpropanoate 0.113 ± 0.018 0.126 ± 0.064 0.078 ± 0.003 0.121 ± 0.022
Et4 Ethyl 3-methylbutanoate 0.190 ± 0.040 0.145 ± 0.072 0.144 ± 0.050 0.140 ± 0.044
Et5 Ethyl butanoate 1.310 ± 0.027 1.180 ± 0.116 1.505 ± 0.004 1.138 ± 0.298
Et6 Ethyl hexanoate 25.543 ± 0.213 17.227 ± 4.980 27.064 ± 5.198 14.448 ± 6.022
Et7 Ethyl heptanoate 0.209 ± 0.054 0.665 ± 0.539 0.224 ± 0.064 0.183 ± 0.060
Et8 Ethyl octanoate 25.044 ± 5.255 ab 14.280 ± 7.548 ab 34.298 ± 1.284 b 11.130 ± 5.385 a

Et9 Ethyl decanoate 9.447 ± 2.899 7.016 ± 3.277 16.735 ± 7.066 4.027 ± 1.403
Et10 Ethyl dec-9-enoate 3.849 ± 0.996 ab 3.354 ± 1.423 ab 7.493 ± 0.525 b 3.059 ± 1.057 a

Et11 Ethyl dodecanoate 0.496 ± 0.156 0.395 ± 0.108 0.639 ± 0.203 0.300 ± 0.021
∑ Et Ethyl esters sum 82.436 ± 12.946 89.374 ± 22.083 120.118 ± 37.404 75.964 ± 21.322

Acids

Ac1 2-methylpropanoic acid 0.220 ± 0.013 0.257 ± 0.080 0.197 ± 0.008 0.264 ± 0.008
Ac2 3-methylbutanoic acid 0.773 ± 0.102 3.778 ± 4.062 0.600 ± 0.132 4.056 ± 4.547
Ac3 Octanoic acid 3.918 ± 1.191 2.715 ± 1.015 3.937 ± 0.012 2.079 ± 0.089
Ac4 Nonanoic acid 0.210 ± 0.114 0.242 ± 0.017 0.304 ± 0.083 0.221 ± 0.021
Ac5 Dec-9-enoic acid 0.330 ± 0.082 0.233 ± 0.039 0.418 ± 0.142 0.209 ± 0.004
Ac6 Decanoic acid 2.159 ± 0.375 1.709 ± 0.238 2.471 ± 0.835 0.837 ± 0.043

∑ Ac Acids sum 7.611 ± 1.851 8.934 ± 5.213 7.927 ± 0.923 7.666 ± 4.381

Alcohols

C6-1 Hexan-1-ol 2.774 ± 0.269 3.038 ± 0.265 2.941 ± 0.023 3.085 ± 0.223
Alc1 Propan-1-ol 0.292 ± 0.016 a 0.489 ± 0.082 ab 0.345 ± 0.053 ab 0.602 ± 0.088 b

Alc2 2-methylpropan-1-ol 5.207 ± 0.415 5.866 ± 0.318 5.518 ± 0.070 5.932 ± 0.015
Alc3 Butan-1-ol 0.105 ± 0.002 a 0.155 ± 0.006 b 0.164 ± 0.002 b 0.179 ± 0.011 b

Alc4 3-methylbutan-1-ol 126.497 ± 6.016 127.159 ± 2.544 139.490 ± 23.582 144.977 ± 11.145
Alc5 (3S)-3-methylpentan-1-ol 0.394 ± 0.085 0.343 ± 0.039 0.416 ± 0.180 0.385 ± 0.058
Alc6 4-methylpentan-1-ol 0.135 ± 0.030 ab 0.094 ± 0.011 a 0.217 ± 0.043 b 0.109 ± 0.002 ab

Alc7 Heptan-1-ol 0.312 ± 0.080 0.151 ± 0.057 0.268 ± 0.045 0.168 ± 0.026
Alc8 2-phenylethanol 19.437 ± 0.146 ab 11.963 ± 0.867 a 24.868 ± 2.262 b 15.763 ± 3.893 ab

∑ Alc Alcohols sum 155.154 ± 6.286 149.259 ± 3.311 174.227 ± 25.924 171.201 ± 7.671

Aldehydes

Ald1 Benzaldehyde 0.221 ± 0.002 0.330 ± 0.007 0.323 ± 0.054 0.356 ± 0.041
Ald2 Acetaldehyde 0.107 ± 0.019 0.145 ± 0.020 0.142 ± 0.031 0.144 ± 0.028

∑ Ald Aldehydes sum 0.328 ± 0.021 0.475 ± 0.026 0.465 ± 0.085 0.501 ± 0.013

Data expressed in mg/L (mean value ± standard deviation). Different letters indicate significant differences
among the elaborated wines (p < 0.05).
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The production of esters during alcoholic fermentation is linked to the fruity aroma of
the wine, and their enzymatic synthesis depends on the metabolic activity of the fermenta-
tive yeasts [33]. The formation of wine esters involves the condensation of an acid and an
alcohol group, and according to their composition, esters are divided into 2 groups: acetate
esters formed by acetyl-CoA and ethanol or higher alcohols, and ethyl esters formed by
medium-chain fatty acids and ethanol [34].

Overall, acetate ester concentrations were lower in the Wa/Sc01 and Wa/Sc02 sequen-
tial fermentations compared to the unique fermentations, although without statistically
significant differences except for hexyl acetate (A3). However, the Wa/Sc fermentations
had different effects on the ethyl ester levels. Ethyl acetate is one of the most signifi-
cant esters in wine, providing complexity and fruity character at levels of concentration
below 100 mg/L [33,35], but it can induce negative effects on wine aroma (solvent/nail
varnish-like aroma) when its concentration reaches levels of 150–200 mg/L [22]. The con-
centration of ethyl acetate (Et1) was higher in the two sequential fermentations (Wa/Sc01
and Wa/Sc02) than in the unique fermentations (Sc01 and Sc02), although its increase was
only relevant (2.8-fold) in the first one. Regardless of the increase in concentration, the
ethyl acetate levels accounted for 50% of the total ethyl esters in both mixed fermentations,
underlining the quantitative significance of this compound. Interestingly, thresholds with
undesirable effects were not reached in any of the fermentation processes. These results
highlight the influence of this W. anomalus strain on the ester composition of the final
product. Similar results were obtained in the evaluation of autochthonous W. anomalus
strains from the Castilla–La Mancha region by developing sequential fermentations with a
commercial S. cerevisiae strain from Airén white grape and Mazuela red grape musts [22,23].

In the same way, other ethyl esters showed higher concentrations in the sequential
fermentations. On the one hand, ethyl propanoate ester (Et2) and ethyl 2-methylpropanoate
(or ethyl isobutyrate, Et3) showed a moderate increase in their concentrations (until 1.1-fold
to 1.7-fold) for both sequential fermentations when compared to the unique fermentations.
Interestingly, ethyl 2-methylpropanoate (Et3) is associated with lemon, strawberry, and
fruity odor descriptors [33]. On the other hand, ethyl heptanoate ester (Et7), which is
associated with fruity and cognac odor descriptors [36], showed a marked increase in
concentration (3.2-fold) in the Wa/Sc01 fermentation process, but its concentration did not
increase in the Wa/Sc02 fermentation. Considering the sum of ethyl esters, the Wa/Sc01
fermentation showed different changes in the individual ester concentrations, which did
not affect the final ethyl ester concentration compared to the unique Sc01 fermentation.
However, the Wa/Sc02 fermentation revealed a decrease in the sum of ethyl esters com-
pared to the Sc02 fermentation due to the decrease in the concentrations of some ethyl ester
compounds such as ethyl hexanoate (Et6), ethyl octanoate (Et8), ethyl decanoate (Et09)
and ethyl dec-9-enoate (Et10). Taken together, these results confirm that the evaluation
of yeast as a starter must be assessed at the strain level, taking into account the specific
differences in the metabolic activity of yeast strains and their impact on the chemical profile
of the wine [4,6,18,20,37–41]. In the same way, the relationships established between the
different species and strains used as inoculum in a multistarter fermentation should also be
analyzed from a microbial community approach, expressed as antagonistic or synergistic
interactions between yeasts throughout the fermentation processes [42].

Acid compounds showed no significant differences between sequential and control
fermentations. Total acid concentrations below 20 mg/mL are associated with pleasant
aromas and with complexity in the wine because the esterification of fatty acids in the
presence of alcohols results in the formation of ethyl esters [35]. Only 3-methylbutanoic
acid (or isovaleric acid, Ac2) showed a relevant increase in both sequential Wa/Sc01
and Wa/Sc02 fermentations (4.9-fold and 6.8-fold, respectively), although no significant
differences were found. This acid is associated with candy odor descriptors [43]. The
sum of the acid showed a reduced increase in the total concentrations in the Wa/Sc01
sequential fermentation and a slight decrease in the Wa/Sc02 fermentation compared to
the controls. In no case did the sum of the acid concentrations exceed the limit value of
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20 mg/L, which is linked with unpleasant aromas in wine and is related to odor descriptors
such as rancidity, cheese, butter, and animal [43].

Higher alcohols or fusel alcohols, together with esters, are one of the main volatile
compounds in wine. Their composition and concentration depend on the yeast metabolism
and determine different effects on the wine’s flavor profile. Alcohol concentrations below
300 mg/L have a positive effect on the wine, providing fruity aromas either as precursors
of esters or directly due to the presence of some aromatic alcohols, such as 2-phenylethyl
ethanol [36]. However, the negative impact of the alcohol in the wine is expressed when
their total concentration reaches values higher than 400 mg/L [34,35]. 3-methylbutan-1-ol
(Alc4) and 2-phenylethanol (Alc8) were quantitatively the most important alcohol com-
pounds, accounting for 80.1–85.2% and 8.0–14.3% of the higher alcohols determined in
both sequential and unique fermentations, respectively. Four alcohol compounds showed
significant differences in the ANOVA analysis comparing sequential and unique fermen-
tations but with different behaviors (Table 3). Propan-1-ol and butan-1-ol showed an
increase in their concentrations in the Wa/Sc01 and Wa/Sc02 sequential fermentations,
while 4-methylpentan-1-ol (Alc6) and 2-phenylethanol (Alc8) showed lower concentra-
tions in the sequential fermentations. Considering the sum of all alcoholic compounds,
a slight decrease in the concentration of higher alcohols was observed in both sequential
fermentations compared to the control fermentations. A new ratio of higher alcohols was es-
tablished in the sequential fermentations depending on the yeast strains used, as described
by Swiegers et al., (2005). Therefore, the balance between the positive and negative effects
of the higher alcohols associated with the balance of their concentrations was ensured by
the development of the sequential fermentations Wa/Sc. Similar results were reported
by Izquierdo-Cañas et al., (2011) in the development of sequential Wa/Sc fermentations
from white grape must. However, an increase in the higher alcohol concentrations was
described by the same authors in a similar sequence of fermentation experiments from red
grape must [22].

Aldehydes can be associated with bruised apple, nutty, and almond aromas but can
also contribute to woody aromas and oxidation notes, especially in white wines. These
oxidation notes are mainly related to the acetaldehyde concentration in the wine, which
can reach values close to its sensory threshold value of 100 mg/L [35]. The concentrations
of aldehydes obtained were very low for each type of fermentation considered in our
experiments. Both benzaldehyde (Ald1) and acetaldehyde (Ald2) showed a slight increase
in their concentrations in the two sequential fermentations, but they did not exceed the
value of 0.501 mg/L. Izquierdo-Cañas et al., (2011) reported the same trend of increasing in
the acetaldehyde concentrations but with final values 100-fold higher than those obtained in
our study. Probably, an important source of variability is the difference in the fermentation
conditions, but another factor to consider is the variability in acetaldehyde production
related to the different W. anomalus strains tested [35].

The effects of the yeast combinations used on the volatile composition of the wines
were analyzed using principal component analysis (PCA). All the 32 volatile compounds
were included in the analysis (Figure 3). The first two principal components (PC) accounted
for 90.6% of the total variance of the volatile compounds, describing the relationship
between these compounds and the two yeast sequences compared to the unique fermenta-
tions. PC1 accounted for 67.6% of the variance and separated both sequential (Wa/Sc01,
Wa/Sc02) and unique fermentations (Sc01, Sc02). PC2 explained 23.0% of the variance
and determined a different distribution between the two sequential and the two unique
fermentations. The sequential fermentations were grouped at negative values of the PC1
and between the 0.5 and −0.5 coordinates of the PC2, while the unique fermentations Sc01
and Sc02 were separated across the PC2 at the extreme and opposite coordinates. The
distribution of the fermentations along the PC1 was mainly related to the concentrations
of the volatile compounds, which showed significant differences by ANOVA analysis
(Table 3). The increase in the concentrations of propan-1-ol (Alc1) and butan-1-ol (Alc3) was
associated with the Wa/Sc01 and Wa/Sc02 sequential fermentations, and the higher values
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of hexyl acetate (A3), ethyl octanoate (Et8), ethyl dec-9-enoate (Et10), 4-methylpentan-1-ol
(Alc6) and 2-phenylethanol (Alc8) were associated with the Sc02 control fermentation. The
low (1.01 to 1.74-fold) or moderate (2.78 to 6.76-fold) increase in the concentration of other
compounds such as ethyl acetate (Et1), ethyl propanoate (Et2), ethyl 2-methylpropanoate
(Et3), ethyl heptanoate (Et7), 2-methylpropanoic acid (Ac1), 3-methylbutanoic acid (Ac2),
hexan-1-ol (C6-1), 2-methylpropan-1-ol (Alc2), 3-methylbutan-1-ol (Alc4), benzaldehyde
(Ald1) and acetaldehyde (Ald2) contributed to the clustering of the sequential Wa/Sc
fermentations.
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Symbols of VOCS (see Table 3).

The volatile compound profile of the sequential fermentations Wa/Sc01 and Wa/Sc02
showed common characteristics related to the contribution of W. anomalus to the alcoholic
fermentation of Verdejo musts. These characteristics defined a differentiated product, as
opposed to the Verdejo fermentation products obtained from fermentations using only
S. cerevisiae strains (Sc01, Sc02). It is important to note that, despite the differences observed
in the volatile compound profile of the two unique fermentations, the presence of the W.
anomalus strain modulated these profiles and unified them into a new profile as a result of
the specific metabolic activity of the W. anomalus strain. In this regard, the contribution of
two W. anomalus strains to the characteristic volatile compound profiles in the development
of sequential fermentation experiments of Viognier musts has been previously reported [18].

4. Conclusions

One of the major trends in the wine industry is based on using biotechnological tools
to overcome the challenges that affect this sector. The use of mixed cultures with non-
Saccharomyces yeasts in wineries offers winemakers many possibilities. On the one hand, the
knowledge of the influence of the native microbiota to obtain more complex and distinctive
wines may lead to the implementation of viticultural practices to maintain this biodiversity.
On the other hand, the use of selected native non-Saccharomyces yeasts as starter cultures
may be a useful tool for winemakers to manage the fermentation processes and obtain the
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desired specific aromatic profile in wines. Our contribution underlines the potential of
microbial resources for the identification of adequate strains for a given variety to produce
distinctive wines. Our results confirm the appropriate adaptation and implantation of
selected native strains in Verdejo wine. The ability of the W. anomalus strain to overcome
the influence of the S. cerevisiae strains, driving the aromatic profile of the final wines to
obtain a similar profile in both fermentations, is noteworthy. In general, the sequential
fermentations were mainly characterized by lower levels of acetate esters, the increase of
ethyl acetate levels, propan-1-ol, and butan-1-ol, whereas lower levels of ethyl octanoate,
ethyl dec-9-enoate, 4-methylpentan-1-ol, and 2-phenylethanol were detected. Looking to
the future, sensory analysis is a key step in validating the use of these strains under real
winemaking conditions. Moreover, the growing demand for unique wines could be met
by new isolations of strains from spontaneous fermentations to be used as mixed starter
cultures to produce a specific type of wine with the desired aromatic profile.
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