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Abstract: Bioprotection in winemaking refers to the use of naturally occurring
microorganisms—mainly non-Saccharomyces yeasts—to inhibit the growth of spoilage
microbes and reduce the need for chemical preservatives like sulfur dioxide (SO2). Nu-
merous studies have demonstrated the benefits of non-Saccharomyces as bioprotectants.
However, the use of Saccharomyces cerevisiae as a bioprotectant has been studied very little.
Furthermore, it can offer many advantages for the production of sulfite-free wines. To test
if S. cerevisiae could be used in bioprotection, we compared the ability of different strains
to inhibit the growth of Brettanomyces bruxellensis and Hanseniaspora uvarum. Among the
strains tested, the S. cerevisiae Sc54 strain isolated from the vineyard of the Bekaa plain was
selected. To investigate its mechanisms of action, we analyzed its metabolite production, in-
cluding acetic acid and ethanol. Taking into account the low levels of these metabolites and
the lack of similar inhibition patterns in media supplemented with acetic acid and ethanol,
it appears that other factors contribute to its antagonistic properties. Nutrient competition
was ruled out as a factor, as the growth inhibition of B. bruxellensis and H. uvarum occurred
rapidly within the first 24 h of co-culture. In this study, we explored the role of the S.
cerevisiae killer toxin (Sc54Kt) as a bioprotective agent against H. uvarum and B. bruxellensis
spoilage yeasts. Purification procedures with ethanol allowed the extraction of Sc54Kt,
yielding two concentrations (0.185 and 0.5 mg/mL). Remarkably, semi-purified Sc54Kt
exhibited inhibitory effects at both concentrations under winemaking conditions, effectively
controlling the growth and metabolic activity of the target spoilage yeasts. Overall, these
findings demonstrate that S. cerevisiae Sc54 not only exerts a strong bioprotective effect but
also contributes to improving the quality of wine. The results suggest that S. cerevisiae Sc54
is a promising bioprotective agent for mitigating spoilage yeasts in winemaking, offering a
natural and effective alternative to conventional antimicrobial strategies.

Keywords: bioprotection; Saccharomyces cerevisiae; metabolites; toxins; yeast interaction;
mechnaims of action

1. Introduction
Bioprotection in winemaking represents a significant shift in the approach to managing

microbial populations during the fermentation process. This strategy primarily involves
the use of non-Saccharomyces yeasts, which can inhibit spoilage organisms and enhance the
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overall quality of wine while reducing reliance on sulfur dioxide (SO2) as a preservative.
The increasing demand for natural wines and consumer preference for products with fewer
additives have encouraged research into bioprotective agents, particularly focusing on
their efficacy and sensory impacts on wine. The concept of bioprotection is rooted in the
deliberate inoculation of specific yeast strains that can outcompete undesirable microor-
ganisms. For instance, species such as Metschnikowia pulcherrima, Torulaspora delbrueckii,
and Lachancea thermotolerans have been identified as effective bioprotectants due to their
ability to colonize grape musts rapidly and affect the growth of spoilage yeasts [1,2]. This
competitive effect is crucial in the early stages of fermentation, where the risk of spoilage is
highest. Studies have shown that these non-Saccharomyces yeasts can significantly reduce
the incidence of off-flavors and enhance the aromatic profile of wines, thereby improving
overall wine quality [3–5]. Research has demonstrated that bioprotective yeasts not only
inhibit spoilage organisms but also contribute positively to the sensory attributes of the final
product. For example, M. pulcherrima has been noted for its dual role as both a biocontrol
agent and an enhancer of wine aroma [5]. The use of these yeasts can lead to an increase
in fruity notes and a more complex aromatic profile, which is often desirable in both red
and white wines [3,6]. Yeasts in wine also interact with lactic acid bacteria (LAB), and this
relationship is shaped by factors like nutrient availability, oxygen, and ethanol levels [7].
Yeast metabolites, such as acetaldehyde, can inhibit or modulate LAB activity, while LAB
may benefit from yeast-driven changes in the environment—such as oxygen reduction and
the production of stabilizing compounds [8,9]. Additionally, the presence of Oenococcus oeni
and its citrate metabolism can influence yeast activity and impact the development of wine
aroma [7,10,11]. Furthermore, the application of bioprotective strategies has been shown
to yield wines with distinct sensory characteristics when compared to those produced
with traditional SO2 treatments, highlighting the potential for bioprotection to redefine
wine profiles [3,12]. The effectiveness of bioprotection can vary as a function of several
factors, including the specific yeast strains used, the winemaking techniques employed,
and the characteristics of the grape must itself. For instance, the timing of inoculation and
the conditions during fermentation can significantly influence the outcomes of bioprotec-
tive strategies [1,13]. In particular, the early addition of bioprotective strains during the
prefermentation stage has been shown to be as effective as traditional sulfiting methods in
preventing microbial spoilage [13]. This approach not only preserves the integrity of the
wine but also in certain conditions could mitigate the potential for enzymatic and chemical
oxidation, which can adversely affect wine quality [1,13]. Moreover, the integration of
bioprotective yeasts into winemaking processes aligns with broader trends in the industry
aimed at reducing chemical additives. Growing consumer awareness regarding the health
implications of sulfites has prompted winemakers to explore alternative preservation meth-
ods [14,15]. Bioprotection offers a viable solution, allowing the production of wines that are
both high in quality and lower in chemical additives, thus appealing to health-conscious
consumers [6,15]. The application of bioprotection is not without its challenges. The vari-
ability in yeast performance across different vintages and grape varieties necessitates a
tailored approach to bioprotective strategies [15,16]. Additionally, the potential for inter-
actions between different yeast species during co-fermentation can lead to unpredictable
outcomes, which require careful monitoring and management [16,17]. Nonetheless, the
benefits of bioprotection, particularly in terms of reducing reliance on SO2 and enhancing
wine quality, make it a compelling area of research and application within the wine industry.
Recent studies have also explored the synergistic effects of combining bioprotective yeasts
with other oenological practices, such as the use of oenological tannins and glutathione, to
further enhance wine stability and sensory characteristics [18–20]. Bioprotection represents
a promising avenue for improving wine quality and reducing the use of chemical additives
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in winemaking. The strategic use of non-Saccharomyces yeasts not only protects against
spoilage but also enhances the sensory attributes of wine, aligning with consumer prefer-
ences for natural products. As we have seen, the use of non-Saccharomyces as a bioprotectant
has several advantages. However, as explained above, the management of bioprotection
is not always easy; moreover, it requires the use of a non-Saccharomyces followed by a S.
cerevisiae, which is the only species that can complete alcoholic fermentation. In addition,
the use of non-Saccharomyces as a bioprotectant represents an economic cost, as these strains
are more expensive than S. cerevisiae. Surprisingly few studies have focused on the use of S.
cerevisiae as a bioprotectant [21].

The use of S. cerevisiae as a bioprotective strain in winemaking could be very promis-
ing due to its ability to enhance fermentation processes while simultaneously mitigating
the risks associated with spoilage microorganisms. One of the primary advantages of
using S. cerevisiae lies in its ability to establish a competitive environment that can inhibit
spoilage organisms [22]. For these reasons, we have investigated the use of S. cerevisiae as a
bioprotective strain.

2. Materials and Methods
2.1. Microbial Strains, Storage, and Culture Media

Indigenous bioprotective S. cerevisiae strain Sc54 was isolated and identified during
an isolation campaign of indigenous yeasts from grape berry in the Kefrayaa vineyard
in Lebanon. All sensitive yeast strains belonging to B. bruxellensis coded B1, B250, B3
(NL6293), and B7 (NL6297) came from the Yeast Collection of the French Institute of Vine
and Wine (Institut Français de la Vigne et du Vin (IFV), Nantes, France). H. uvarum Hu3137
was provided by the University Institute of Vine and Wine Jules Guyot (Institut de la
Vigne et du Vin Université Bourgogne Europe (IUVV), Dijon, France). Three commercial S.
cerevisiae yeasts, VL1, VL2, and X16 (LAFFORT/ZYMAFLORE®, Bordeaux, France), were
used. S. cerevisiae S342 (NCYC 738) and S334 (NCYC 1006) were purchased (collection
strains), and strain S340 (174 COEB) was provided by the COEB (Centre Oenologique de
Bourgogne, Dijon, France). Commercial yeast strains were used as a reference to compare
their killing activity against spoilage yeasts with that of the indigenous S. cerevisiae Sc54.
This investigation allowed us to evaluate whether the bioprotective potential of Sc54 was
comparable to or distinct from widely used commercial starters.

Pre-cultures of all yeast strains were grown in 40 mL of YPD broth (10 g/L yeast extract,
20 g/L peptone, 20 g/L glucose) supplemented with 0.2 g/L chloramphenicol (Sigma-
Aldrich, Saint-Quantin-Fallavier, France) and buffered to pH 3.5 using 0.1 M hydrochloric
acid/citric acid. The cultures were incubated overnight at 22 ◦C, except for B. bruxellensis
strains, which required an extended incubation of 72 h due to their slower growth rate.
All yeast strains were stored at −80 ◦C in a cryoprotectant mixture of 50% glycerol and
50% YPD broth. The killing activity of S. cerevisiae against B. bruxellensis and H. uvarum
was assessed on YPD-MB agar on plates at pH 3.5, which consisted of YPD medium
supplemented with 0.03 g/L methylene blue and 20 g/L agar, and in Synthetic used in our
previous studies.

2.2. Molecular Profiling and Identification of S. cerevisiae Strains
2.2.1. Genomic DNA Extraction

DNA was extracted from isolated S. cerevisiae colonies following a standard cell
lysis and precipitation method. Individual yeast colonies were transferred into 1.5 mL
microcentrifuge tubes (NEST Biotechnology, Jiangsu, China) containing 660 µL of 50TE
buffer supplemented with SDS. The lysis buffer contained Tris-EDTA (Eurobio Scientific,
Les Ulis Cedex, France) and sodium dodecyl sulfate (SDS; Sigma-Aldrich, St. Louis, MO,
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USA) to lyse cells. Samples were mixed well by vortexing, and then incubated at 65 ◦C for
30 min (Heraeus incubator, Hanau, Germany) [23–25].

After lysis, 340 µL of 5 M potassium acetate (KAc; Sigma-Aldrich, St. Louis, MO, USA)
was added to each tube to precipitate cellular debris. Tubes were then incubated at 4 ◦C
for 30 min and centrifuged at 13,000 rpm for 10 min. The supernatant (~750 µL) (which
contained the DNA) was gently pipetted off to new microcentrifuge tubes [23].

The DNA was then precipitated with an equal volume (750 µL) of isopropanol with
gentle mixing, and allowed to sit at room temperature for 10 min. Samples were sub-
sequently centrifuged at 13,000 rpm for an additional 10 min to pellet the DNA. The
supernatant was removed, and the DNA pellet was washed with cold 95% ethanol to
eliminate the remaining isopropanol. After a quick centrifugation and removal of ethanol,
pellets were air-dried for 20 min in 250 µL of TE buffer. The purified DNA was kept at
−20 ◦C for additional molecular study [23,24,26,27].

2.2.2. InterDelta-PCR Fingerprinting

InteDelta PCR was applied to amplify the δ (TY1 retrotransposon) region with the pur-
pose of identifying isolates of the same species S. cerevisiae, in particular, those obtained from
the first 12 grape varieties [28]. Amplification was carried out using ∆ Mix Taq polymerase
(1220 µL H2O, 160 µL Dilution 10× + MgCl2, 64 µL DNTP (mix ATGC), 40 µL MgCl2) with
the δ12 (5′-TCAACAATGGAATCCCAAC-3′) and δ21 (5′-CATCTTAACACCGTATATGA-
3′) primers, as described by EL Dana et al. [23] and De Celis et al. [28]. PCR reactions were
prepared in PCR tubes (SSI Bio, Lodi, CA, USA) and performed in a SimpliAmp thermal
cycler (Thermo Fisher Scientific, Singapore). The amplification program was an initial
5 min denaturation at 95 ◦C and then 40 cycles of 30 s at 95 ◦C, 1 min at 46 ◦C, and 1 min at
72 ◦C. The final extension was carried out at 72 ◦C for 5 min [23,24,27–29].

Restriction fragments were separated by electrophoresis on a 1.5% agarose gel (Sigma-
Aldrich, Chemie GmbH, Munich/Schnelldorf, Germany) prepared using a 1:1 mixture
of standard agarose and resophor agarose in 100 mL of 1× TBE buffer containing 5%
Midorigreen DNA stain (NIPPON Genetics EUROPE, Tokyo, Japan). A 100 bp DNA
ladder was included as a molecular size marker. Electrophoresis was performed to allow
DNA migration, and the resulting bands were visualized under UV light using the E-box
VX2/20MX imaging system (VILBER, Marne-la-Vallée Cedex 3, France). DNA banding
patterns were compared to the molecular marker to distinguish genetically distinct yeast
strains [23,30].

2.3. Killing Acticity Assay and Measurment

The killing activity of S. cerevisiae strains was evaluated using a diffusion plate assay
against a panel of yeasts, including H. uvarum Hu3137 and B. bruxellensis strains B1 and
B250. The plates were seeded with potential sensitive strains at a final concentration of
106 CFU/mL on YPD agar (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose,
18 g/L agar, with the addition of 0.2 g/L of chloramphenicol (Sigma-Aldrich, Saint-Quantin-
Fallavier, France), pH 3.5. An equal concentration (106 CFU/mL) of bioprotectant S. cere-
visiae strain was then spotted onto the plates. After 72 h of incubation at 22 ◦C, a strain
was classified as a killer yeast if its colony was surrounded by a clear inhibition zone. The
assay was performed in triplicate, and the inhibition zone diameter was measured using a
caliper. Killing activity (KA) was expressed in arbitrary units (AU) per mL (diameter of
the inhibition zone in mm), where 1 AU corresponded to the amount of toxin required to
produce a 13 mm inhibition zone.
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2.4. Antagonism of S. cerevisiae Against Spoilage Yeast in Synthetic Must

Single and mixed cultures were carried out using the S. cerevisiae strain Sc54, along
with H. uvarum Hu3137 and B. bruxellensis strains B1 and B250. The fermentations were
conducted in Erlenmeyer flasks sealed with carded cotton, each containing 100 mL of sterile
synthetic must SM300 (SM), formulated based on Bely et al. [31] and further described by
Evers et al. [32]. Mixed cultures were conducted simultaneously using the S. cerevisiae strain
at an initial cell density of 106 CFU/mL, alongside B. bruxellensis and H. uvarum strains at
104 CFU/mL each, simulating low contamination levels typically observed on grapes at
advanced maturity (possibly reaching 106 CFU/mL) [33]. Additionally, two single cultures
were performed with H. uvarum (Hu3137) and B. bruxellensis (B1 and B250) at an initial
density of 104 CFU/mL, serving as negative controls to assess the antagonistic effect of the
above-mentioned S. cerevisiae strain Sc54. A single culture of Sc54 (106 CFU/mL) was also
carried out to evaluate its standard growth in the absence of spoilage yeasts.

All fermentations were performed at 22 ◦C in triplicate. From each flask, 500 µL of
culture (single and mixed cultures) was aseptically sampled at 0, 1, 2, 3, 6, 7, and 9 days
following the inoculation of the strains. Of this, 100 µL was allocated for cell enumeration,
while the remaining 400 µL was stored at −20 ◦C for subsequent chemical analyses.

2.5. Measurement of Yeast Growth

Fermentation samples were collected to monitor yeast growth dynamics. The cultur-
ability (CFU/mL) of S. cerevisiae, B. bruxellensis, and H. uvarum was assessed using the
conventional plating method. Total yeast and viable S. cerevisiae cells were enumerated
on YPD agar medium. To differentiate colony counts of B. bruxellensis and H. uvarum
from S. cerevisiae in mixed culture samples, a selective ITV medium (20 g/L glucose,
10 g/L yeast extract, 20 g/L tryptone, 0.1 g/L para-coumaric acid, 0.1 g/L ferulic acid,
0.03 g/L bromocresol green, 0.2 g/L chloramphenicol, and 20 g/L agar, pH 3.5, supple-
mented with 0.006% (v/v) cycloheximide) was used, following the procedure described by
Branco et al. [34] to determine the cell concentration of B. bruxellensis and H. uvarum in the
mixed-culture fermentations. The cell count was carried out after 48 h incubation at 22 ◦C.

2.6. Killer Toxin Production and Quantification

To establish the highest amount of toxin production, S. cerevisiae Sc54 was cultivated
in 300 mL of synthetic must at pH 3.5. The culture was agitated at 150 rpm on a rotatory
shaker at 22 ◦C. After 24 h, the cells were discarded after centrifugation at 4100 rpm for
30 min at 4 ◦C. The protein fraction containing Sc54Kt was obtained by precipitating the
culture supernatant with 96% ice-cold ethanol (2:1 v/v) for 24 h at +4 ◦C, followed by
centrifugation for 20 min at 12,000 rpm [35–37]. The resultant pellet was resuspended in
a 0.1 M sodium phosphate buffer, pH 7.0. This supernatant was used as the killer toxin
extract [35,36]. Aliquots of supernatants were either used immediately or stored at 4 ◦C for
further analysis of killing activity.

Killer toxin quantification was performed using the dye binding method of the Brad-
ford protein assay (Bradford, 1976) [38–41]. The protein was stained with 1× Bradford
reagent (Bio-Rad, Hercules, CA, USA), and the protein concentration determined by com-
parison with seven known concentrations of proteins (bovine serum albumin (BSA)). The
concentration of the semi-purified killer toxin was determined at 595 nm by UV-Visible
light spectrophotometer (Genesys 50, Thermo Fisher Scientific Inc., Waltham, MA, USA).
Two concentrations of Sc54Kt, 0.185 and 0.500 mg/mL, were adopted during the killing
activity monitoring on agar in SM.
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2.7. Well Plate Assay of Sc54Kt and Arbitrary Unit

In order to determine possible effects of purified toxin on spoilage yeasts, killing
activity (KA) tests were carried out in the laboratory of IUVV. After incubation of B. bruxel-
lensis (B1 and B250) and H. uvarum (Hu3137) at an initial concentration of 104 CFU/mL on
YPD-MB agar plates at pH 3.5, semi-purified Sc54Kt at two different concentrations, 0.185
and 0.500 mg/mL was added into 5 mm wells in triplicate. The Sc54Kt toxin was allowed
to interact with the spoilage cells for 24–48 h at 22 ◦C. One arbitrary unit (AU) defined
as the toxin concentration caused a clear zone of 1 mm, as previously described [42,43].
After 24–48 h of incubation at 22 ◦C, the inhibition halos generated around each well were
measured, and the values obtained indicated the killing effect at each concentration.

2.8. Sensitivity of B. bruxellensis and H. uvarum Strains to Sc54Kt Toxin in Must

To evaluate the sensitivity of B. bruxellensis (B1 and B250) and H. uvarum (Hu3137)
to the Sc54Kt toxin in must, these yeast strains were cultured in the presence of varying
concentrations of the bioactive peptidic fraction, purified as described in the Section 2.6.
Growth inhibition assays were conducted in Erlenmeyer flasks, with three independent
replicates. Each flask contained 100 mL of synthetic must SM300 (pH 3.5) either without
Sc54Kt (negative control) or supplemented with the toxin at a final protein concentration
of 0.185 or 0.500 mg/mL. The media were inoculated with 104 CFU/mL of each of the
above-mentioned B1, B250, and Hu3137 strains, and the flasks were incubated at 22 ◦C.
Cell growth was followed during time intervals of 0, 5, 24, and 72 h by plate enumeration
on YPD agar medium.

2.9. Analytical Determinations

Yeast chemical compound production was quantified in synthetic must (SM). Cultures
were conducted in three biological replicates at 22 ◦C in 100 mL glass bottles, each contain-
ing 100 mL of SM, and inoculated with each of Sc54, B1, B250, and Hu3137 as monoculture
and in co-culture. The concentrations of ethanol and acetic acid were determined using
an automated Y15 analyzer (BioSystem, Muttenz, Switzerland) and FT-IR spectroscopy
with the OenoFoss™ analyzer (Ecoparc de Nanterre, Nanterre, France). Following cen-
trifugation at 7000 rpm for 10 min, 200 µL of each sample was analyzed according to the
supplier’s instructions.

2.10. Statistical Analysis

Growth parameters and killer toxin activity were evaluated using one-way ANOVA,
with Levene’s test applied to verify variance homogeneity. Welch’s t-test was used for
pairwise comparisons when variances were unequal, with a significance threshold of
α = 0.05. Metabolite production and relative intensities were analyzed using Welch’s
t-test for two-group comparisons (n = 2) and ANOVA followed by Tukey’s post hoc test
for comparisons involving more than two groups (n = 3), maintaining a 5% significance
level. Cell growth assessment, maximum growth rate (µmax h−1), graphical analyses, and
additional statistical evaluations were performed using IMB SPSS Statistics (version 22).

3. Results and Discussion
Five strains of S. cerevisiae, including one indigenous strain isolated from Lebanese

grape must, were selected to evaluate the diversity of their antagonistic effects within the
species under oenological conditions. This study further aimed to evaluate the inhibitory
effects of selected S. cerevisiae strains in synthetic must (SM) and to elucidate the mechanisms
underlying their antimicrobial action. Their antimicrobial activities were tested against two
spoilage microorganisms: H. uvarum, known for producing ethyl acetate and acetic acid,
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and B. bruxellensis, which is responsible for phenolic off-flavors that detrimentally affect
the sensory properties of wine [44,45].

3.1. Evaluation of Killing Activity

The killing efficacy of a panel of S. cerevisiae yeasts, Sc54, S342, S340, S334, and VL2,
was evaluated against the wine spoilage yeasts B. bruxellensis and H. uvarum. The results
demonstrated that under the condition tested (YPD—MB agar, pH 3.5 at 22 ◦C), Sc54
significantly inhibited the growth of all these microbial species, exhibiting inhibition zones
exceeding 13 mm (Table 1). However, the other S. cerevisiae strains displayed varying levels
of killing activity, with strong to apparent effects against B1, and apparent to mild effects
against B250 and Hu3137. The current findings demonstrated that various S. cerevisiae
strains exhibit activity against a broad range of microorganisms that cause wine spoilage.
Nevertheless, the response of these microbial species was strain/species specific, as ev-
idenced by the differential sensitivity shown by various strains of B. bruxellensis and H.
uvarum, detailed in Table 1.

Table 1. List of killer S. cerevisiae strains utilized, with their source of isolation. Killing activity
screening against two strains of B. bruxellensis (B1 and B250) and one H. uvarum (Hu3137) on YPD-
MB agar. Legends: ++ strong killing effect (diameter of halo 10–13 mm); + apparent killing effect
(diameter of halo between 8 and 9 mm); +/− mild killing effect (diameter of halo < 8 mm and not
consistent); − no killing effect; Nd: activity not determined.

S. cerevisiae Codes

Killing Activity
Agar Medium

B1 B250 Hu3137

Sc54 ++ ++ ++

S342 ++ + +

S340 + + +/−
S334 + − +/−
VL2 ++ + Nd

With an initial H. uvarum and B. bruxellensis concentration of 106 CFU/mL, strains
Sc54, S342, S340, S334, and VL2 displayed an inhibitory effect, though their efficacy varied.
Indeed, strain Sc54 showed the most robust and consistent antimicrobial activity against
both spoilage yeasts B. bruxellensis (B1 and B250) and H. uvarum (Hu3137), positioning it
as a good candidate for bioprotective assays against these spoilage organisms. Similarly,
Li et al. [46] investigated the killing activity of two S. cerevisiae strains (RV002 and RV171),
selected from the Yun-Nan Hong vineyard (China), against H. uvarum using YEPD-MB
agar. However, their study employed a three-log difference in cell density between the
strains (108 and 105 CFU/mL, respectively) rather than a comparable population density as
used in our work. Notably, only S. cerevisiae RV002 exhibited an inhibitory effect, forming a
clear halo zone against H. uvarum, whereas RV171 had no observable impact.

While direct studies on the cell–cell interactions between S. cerevisiae and B. bruxellensis
are limited, research on related yeast species provides valuable insights. A study by
Hu et al. [47] investigated the effects of cell–cell contact between Pichia kluyveri and S.
cerevisiae during alcoholic fermentations. The findings revealed that such interactions led
to decreased cell viability for both yeasts, increased production of acetate and ethyl esters,
and altered amino acid consumption patterns, notably affecting glutamic acid and specific
amino acids linked to cell growth. Branco et al. [48] explored the use of saccharomycin-
overproducing S. cerevisiae strains to control B. bruxellensis in alcoholic fermentations. Their
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study demonstrated that these engineered strains effectively inhibited the growth of B.
bruxellensis, suggesting a potential bioprotectant approach in winemaking.

To test the bioprotective potential of the selected strain, the Sc54 strain was chosen for
further exploration in synthetic must due to its pronounced inhibitory characteristics.

3.2. Biopreservative Efficacy of Sc54 in Co-Culture with B. bruxellensis and H. uvarum in SM

Yeast growth profiles and metabolite production during fermentations in synthetic
must (SM) at pH 3.5, conducted with B. bruxellensis (strains B1 and B250) and H. uvarum
(strain Hu3137) in single and mixed cultures with S. cerevisiae Sc54, are illustrated in
Figures 1 and 2. During co-fermentations (Figure 2), the population of S. cerevisiae increased
from 4 × 106 CFU/mL to 5.10 × 107 CFU/mL within 3 days, maintaining this level with
minor fluctuations until the end of fermentation (day 9). Neither B. bruxellensis strains B1
and B250 nor H. uvarum Hu3137 exhibited any inhibitory effects on S. cerevisiae growth.
In contrast, both B. bruxellensis strains experienced a rapid decline in cell density during
the first 2 days when incubated with S. cerevisiae Sc54, decreasing to below 1.61 × 105 and
1.29 × 105 CFU/mL, respectively, attaining more than 1 log difference with that of growth
in the control medium (Figure 2A,B). This reduction continued, with populations stabiliz-
ing at approximately 105 CFU/mL for 7 days, before further decreasing to 8.10 × 104 and
3.33 × 104 CFU/mL by day-9, significantly lower than the control cultures, which main-
tained about 3 × 108 CFU/mL. The growth rate of B1 and B250 was negatively impacted
by the interaction with Sc54 after 3 days of inoculation (p < 0.05), in terms of a slowdown
in µmax values, of 0.042 ± 0.003 and 0.026 ± 0.01 h−1, respectively (Table 2), compared to
that in single culture with values of 0.126 ± 0.001 and 0.123 ± 0.002 h−1, respectively.

Figure 1. The effectiveness of the S. cerevisiae Sc54 strain on H. uvarum in co-culture within synthetic
must (pH 3.5) was assessed at 22 ◦C after 2 (T2) and 3 (T3) days of inoculation. Cell viability was
determined through viable plate counts. A single culture of Hu3137 served as control, while co-
cultures with Sc54 were evaluated. All strains and conditions were assessed using identical dilution
series (10−2, 10−3, 10−4, 10−5). The data represent three technical replicates derived from three
independent experiments.

S. cerevisiae Sc54 demonstrated a pronounced and rapid killing effect on H. uvarum
Hu3137. The population density of Hu3137 cells decreased to 1.47 × 104 CFU/mL by
day 2, but then, H. uvarum cells died off directly by the 3rd day of incubation, with no
visible culturability throughout the entire fermentation (>1 CFU/mL at day 9) (Figure 2C).
Conversely, during the single-culture fermentation, the H. uvarum population increased
from an initial count of 104 CFU/mL at day 0 up to 5.08 × 108 CFU/mL by day 2, stabilizing
around 6 × 107 CFU/mL through day 9 (Figure 2C). Similar results were reported by Li
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et al. [46]. Furthermore, in co-culture with Sc54, the H. uvarum population exhibited
a much lower growth kinetics µmax value (−0.01 ± 0.012 h−1) than in single culture
(0.204 ± 0.001 h−1) for the first 3 days (p > 0.05) (Table 2).

Figure 2. Growth curves of B. bruxellensis (B1, B250) and H. uvarum (Hu3137) in single culture (dotted
red line) and co-culture (solid red line) with S. cerevisiae Sc54 at 22 ◦C. Panels (A–C) illustrate the
growth profiles of spoilage yeast strains at initial inoculum levels of 104 and 106 CFU/mL over a
9-day fermentation period. The growth behavior of Sc54 in single culture (dotted blue line) and
co-culture (solid blue line) is also presented. Metabolite production, including acetic acid and
ethanol, is displayed as striped bars for Sc54 in single culture and solid bars for co-culture conditions.

The mechanism causing the premature death of H. uvarum and inhibition of B. brux-
ellensis in the presence of S. cerevisiae in synthetic must could be attributed to various
interactions. Metabolic profiles (i.e., acetic acid and ethanol production) during the mixed-
culture fermentation of S. cerevisiae/B. bruxellensis and S. cerevisiae/H. uvarum (Figure 2)
showed high ethanol production levels, attaining a maximal concentration of approximately
11% (v/v), and a low level of acetic acid production not exceeding 0.3 g/L at day 9 for all
co-mixtures. Indeed, it is recognized that these metabolites can inhibit cell growth. How-
ever, the amount of acetic acid present during the inhibition of Hu3137, B1, and B250 could
not trigger the latter’s death (0.3–0.4 g/L acetic acid). Although this could be attributed to
high ethanol production, this theory was dismissed. Indeed, by the time B. bruxellensis and
H. uvarum inhibition occurred on the first day, ethanol had not yet been produced, though
on the second day, a significant decrease in the population growth of these yeasts strains
was further observed, reaching about 105 CFU/mL and 104 CFU/mL for B. bruxellensis
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(B1 and B250) and H. uvarum (Hu3137), respectively, at the time when the ethanol level
did not exceed 2–3% v/v, as shown in Figure 2. These ethanol levels were not capable of
causing such a significant decline in B. bruxellensis and H. uvarum cell populations. Indeed,
we confirmed that ethanol up to 8% (v/v) in synthetic must only exerted a mild effect not
exceeding 0.5 log difference on both species (supplementary data). Additionally, both H.
uvarum and B. bruxellensis are known to have a high tolerance for ethanol, reportedly up
to 9–12% v/v and 14% v/v, respectively, as previously noted [49–51]. Another hypothe-
sis could be nutrient competition, but this theory can be discounted. The medium was
rich enough to maintain up to 5 × 108 CFU/mL for H. uvarum and 108 CFU/mL for B.
bruxellensis in single cultures, after 2 days. However, in co-culture, the population peaked
at only 105 CFU/mL, considerably less than the potential maximum over the same time
frame. Given that the same medium allowed for exponential growth in monocultures over
the same time frame, it is unlikely that nutrient depletion occurred early enough to limit
growth in the co-cultures.

Table 2. Growth parameters of B. bruxellensis and H. uvarum in single culture and co-culture with S.
cerevisiae Sc54 in synthetic must SM300 at 22 ◦C.

Sensitive Strain Killer Strain µmax
(h−1)

Final Population
(CFU/mL)
(9 Days)

B1 1 Control 0.126 ± 0.001 a 2.72 × 108 ± 0.11 × 108 a

Sc54 2 0.042 ± 0.003 b 8.10 × 104 ± 0.82 × 104 b

B250 1 Control 0.123 ± 0.002 a 2.7 × 108 ± 0.06 × 108 a

Sc54 2 0.026 ± 0.01 c 3.44 × 104 ± 0.87 × 104 b

Hu3137 1 Control 0.204 ± 0.001 a 5.8 × 107 ± 1.2 × 107 a

Sc54 2 −0.01 ± 0.012 b 0 b

1 initial concentration 104 CFU/mL, 2 initial concentration 106 CFU/mL, Letter (a, b, c) corresponds to statistical
groups (post hoc “Bonferroni”, p < 0.05) obtained by the pairwise comparison of values between B1, B250, and
Hu3137 single culture and co-culture with the bioprotectant strains at initial concentration 104 and 106 CFU/mL,
respectively.

In winemaking, bioprotective strains are often introduced during the pre-fermentation
phase [45]. Consequently, this study focused on examining the interaction between S.
cerevisiae and spoilage yeasts on the first days after inoculation, a critical point for observing
microbial dynamics. By this time, a significant reduction in the populations of B. bruxellensis
and H. uvarum was noted, indicating the effective inhibition of these spoilage yeasts by S.
cerevisiae. Our results indicate that S. cerevisiae Sc54 exerted an antagonistic effect against
these spoilage yeasts under oenological conditions, demonstrating a significant bioprotec-
tive capability. These findings led us to hypothesize that the early cell death and growth
inhibition observed may be attributed to the production of killer toxins, suggesting a poten-
tial mechanism of action by which S. cerevisiae Sc54 protects against these spoilage yeasts.
To our knowledge, this is the first report on the use of S. cerevisiae as a bioprotective agent
in winemaking conditions against B. bruxellensis and H. uvarum. However, Kemsawasd
et al. [52] reported the ability of S. cerevisiae to inhibit L. thermotolerans in YPG modified
medium. According to their results, the death of L. thermotolerans in mixed cultures with S.
cerevisiae was caused by a combination of cell-to-cell contact and antimicrobial peptides.
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3.3. Effect of Killer Toxin Sc54Kt on B. bruxellensis and H. uvarum Culturability and Growth
3.3.1. Killing Activity Assay of Sc54Kt

After partial purification with ethanol, the killing activity in the supernatant separated
from the cells was analyzed. The evaluation of the killing activity of Sc54Kt was the
first step toward the practical application of this killer toxin in the control of spoilage (B.
bruxellensis) and apiculate (H. uvarum) yeasts in winemaking. The results obtained after
well test assays indicated that upon treatment with semi-purified Sc54Kt toxin, the growth
of B. bruxellensis (B1 and B250) and H. uvarum (Hu3137) was inhibited (Table 3). H. uvarum
proved to be the most sensitive yeast, with a wider inhibition halo observed, followed
by B1 and then B250 of B. bruxellensis. The addition of 0.5 mg/mL of Sc54Kt revealed an
increase of 4–6 mm in the inhibition halo against B. bruxellensis and H. uvarum if compared
with the lower concentration, 0.185 mg/mL, as illustrated in Table 3, confirming the toxin’s
dose-dependent efficacy.

Table 3. Evaluation of the killing activity of two concentrations of Sc54Kt, 0.185 and 0.5 mg/mL,
on agar.

Killer Toxin
Halo Diameter (mm)

H. uvarum Hu3137 B. bruxellensis B1 B. bruxellensis B250

0.5 mg/mL 0.185 mg/mL 0.5 mg/mL 0.185 mg/mL 0.5 mg/mL 0.185 mg/mL

Sc54Kt 13 7 11 5 10 5
Purification procedures outlined in the Materials and Methods. One arbitrary unit (AU) corresponds to the toxin
concentration needed to produce 1 mm inhibition zone around the well.

The present results revealed that Sc54Kt was active against two varieties of microor-
ganisms associated with wine fermentation, although the sensitivity of these microbial
species towards the killer toxin was strain- and species-specific, as evidenced by differing
responses among different strains of B. bruxellensis and by that of H. uvarum. However, it is
important to note that the inhibitory activity of the toxins can vary significantly between
solid agar and liquid synthetic must environments. This variation prompted further in-
vestigation into the potential of Sc54Kt in SM within this study, highlighting the need to
evaluate toxin activity under conditions that closely mimic winemaking processes.

Albergaria et al. [53] provided a comprehensive review discussing the inhibition
of B. bruxellensis growth by non-Saccharomyces yeasts. However, the killing activity of
killer toxins naturally extracted and tested under real oenological conditions against B.
bruxellensis appeared to be quite limited. Among these experiments, some trails were
performed in YEPD medium, which does not accurately mimic real winemaking conditions,
as demonstrated in [34]. Moreover, another study employed a very low initial concentration
of B. bruxellensis, 5 × 102 CFU/mL, and other findings revealed that B. bruxellensis growth
inhibition in both wine types was only achieved when 1.0 mg/mL of saccharomycin was
added, in addition to being supplemented with SO2 at concentrations of 25 and 50 mg/mL
PMB [48,53,54]. None of these studies represent the optimal conditions and concept of
real bioprotection. In summary, these studies demonstrated that the minimal inhibitory
concentration (MIC) required to inhibit six B. bruxellensis strains (ISA 1649, ISA 1700, ISA
1791, ISA 2104, ISA 2116, and ISA 2211) ranges between 1 and 2 mg/mL [34]. This is
considerably higher than the concentrations used in our study (0.185 and 0.5 mg/mL),
highlighting the increased effectiveness of our approach. On the other hand, as far as we
know, no studies have directly examined the effect of killer toxins extracted from S. cerevisiae
on H. uvarum. Existing research has only focused on cell–cell interactions and the effect on
wine quality during mixed fermentations involving these two yeast species [46,55–57].
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3.3.2. Spectrum of Action and Antimicrobial Properties of Killer Toxin Sc54Kt
in Synthetic Must

In order to further confirm the involvement of natural killer toxin Sc54Kt in inhibiting
the growth of B. bruxellensis and H. uvarum in wine, a synthetic must medium (SM300)
mimicking the composition of wine (pH 3.5) was supplemented with two concentrations
(0.185 and 0.5 mg/mL) of the killer toxin containing the natural biocide and artificially
contaminated with 104 CFU/mL of B. bruxellensis (B1 and B250) and H. uvarum (Hu3137).
Yeast cell counts were monitored at intervals of 0, 5, 24, and 72 h after inoculation at
22 ◦C. Growth kinetics and culturability (CFU/mL) profiles for strains B1, B250, and
Hu3137 in both the Sc54Kt biocide assay and the control assay (without biocide) are
depicted in Figure 3.

Figure 3. Growth curves of B. bruxellensis and H. uvarum and the killing activity of Sc54Kt were
monitored during microfermentations. Growth curves (left axis): blue solid line represents the control
without Sc54Kt; red solid line indicates addition of 0.185 mg/mL Sc54Kt; green solid line indicates
addition of 0.5 mg/mL Sc54Kt. The curves demonstrate killing activity at 0, 5, 24, and 72 h for
both concentrations. Data represent the mean of three independent experiments, each performed
in triplicate.

The results indicated that in the control assay, B. bruxellensis B1 and B250 were able
to proliferate normally to 1.70 × 107 and 1.04 × 107 CFU/mL, respectively, after 24 h of
inoculation. In the biocide assay, when exposed to 0.5 mg/mL of Sc54Kt, the culturability
of B1 and B250 dropped to 1.59 × 106 and 2.29 × 106 CFU/mL, respectively, as shown in
Figure 3. This reduction remained stable upon addition of Sc54Kt with a difference of almost
2-log compared to the controls, where B1 and B250 culturability increased continuously,
attaining a cell density of 108 CFU/mL at 72 h. A slightly different phenomenon was
observed upon exposure to 0.185 mg/mL of Sc54Kt, where a less pronounced effect was
observed, as depicted by the second profile (green solid line).

A similar behavior was observed with Hu3137, albeit more markedly, where H. uvarum
exhibited significantly higher concentrations in control (3 × 107 CFU/mL) compared to
the culture with Sc54Kt concentrations of 0.5 mg/mL and 0.185 mg/mL (6 × 105 CFU/mL
and 8.8 × 105 CFU/mL, respectively) within 24 h of inoculation, presenting nearly a 2-log
difference. Without toxin addition, H. uvarum culturability remained steady, achieving
maximum growth kinetics of 5 × 107 CFU/mL at 72 h of culture. However, in the presence
of 0.5 and 0.185 mg/mL of Sc54Kt, the maximum cell densities observed were 8.43 × 105

and 2.5 × 106 CFU/mL, respectively (Figure 3).
The results from adding the killer toxin to the fermentation medium did not align

precisely with observations from killer strain × sensitive strain co-culture experiments
(Section 3.2), despite the toxin concentrations being theoretically equivalent to the bioprotec-
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tant levels in co-culture. This discrepancy could be due to higher toxin levels in co-culture
than what is achievable in isolation, as the extraction and purification processes do not
guarantee 100% yield of the toxins. Although the toxins used were in limited quantities,
they still effectively inhibited the growth of spoilage yeasts. These data highlight that
killer toxins likely represent the primary mechanism through which S. cerevisiae exerts its
killing effects against spoilage yeasts, reinforcing the potential of bioprotective strategies
in winemaking. In addition, they prove the killer toxin’s dose-dependent effect on both B.
bruxellensis and H. uvarum inhibition.

Previous studies have demonstrated that killer toxin produced by S. cerevisiae possesses
antimicrobial activity [34,48,58]. A minimum killer toxin concentration ranging from
1 to 2 mg/mL is required to inhibit B. bruxellensis [34,48,58], which is approximately
10-fold over the levels typically found in S. cerevisiae fermentation supernatants [14,15].
However, several tests of saccharomycin killing potentiality were conducted in YEPD
medium [34,48,58,59], which does not replicate the composition of wine, thus providing
results that may not reliably translate to natural environments. Concurrently, it has been
demonstrated by Branco et al. [54] that 1 mg/mL of toxin alone is insufficient, even
with an initial B. bruxellensis population as low as 102 CFU/mL. The authors showed
that the effective inhibition of B. bruxellensis growth in wine required the addition of
1.0 mg/mL of saccharomycin along with SO2, utilizing both 25 and 50 mg/mL of potassium
metabisulfite. Concerning the studies on H. uvarum’s response to saccharomycin, research is
limited compared to Hanseniaspora guilliermondii, which is inhibited at concentrations above
0.25 mg/mL) [34,58,60]. However, saccharomycin is not the only killer toxin produced
by S. cerevisiae, so the observed inhibition might be due to another killer toxin. However,
previous studies have demonstrated that classical killer toxins like K1, K2, and K28 from
S. cerevisiae are only effective within their own species [60]. It was [61] found these toxins
did not cause early death in H. guilliermondii. In addition, genetically modified S. cerevisiae
strains were developed to overproduce these GAPDH-derived antimicrobial peptides
(AMPs) to exert higher efficiency [48].

Understanding the mode of action of killer toxins is essential for optimizing their use
as biocontrol agents and for ensuring specificity against target spoilage yeasts. Investigat-
ing the mechanistic details (e.g., membrane disruption, receptor binding, or enzymatic
digestion of cytoskeletal structures) is also important, as it can shed light on the inhibitory
effectiveness of antimicrobial agents. Few studies have investigated the mechanisms of
death induced by killer toxins from S. cerevisiae. However, new evidence has begun to
unravel the complex functioning of killer toxins. Another study [58] demonstrated that
the synthetic antimicrobial peptide (AMP), saccharomycin—secreted by S. cerevisiae CCMI
885—exerted membrane-disrupting effects, induced apoptotic molecular markers, and
was internalized in sensitive yeast species H. guilliermondii and B. bruxellensis. Similarly,
Villalba et al. [59] reported that the killer toxin SeKT, produced by Saccharomyces eubayanus,
acts on spoilage yeasts, including B. bruxellensis, P. membranifaciens, M. guilliermondii, and
P. manshurica, by disrupting the cell wall through enzymatic β-glucanase and chitinase
activities, leading to both necrotic and apoptotic cell death in a dose-dependent manner. A
comparable mechanism was described [62], that Kpkt, a killer toxin secreted by T. phaffii,
compromises cell wall integrity via a highly specific β-glucanase activity.

S. cerevisiae produces multiple known killer toxins, including K1, K2, K28, and Klus,
which are the most known and characterized, with each using different mechanisms of
action. K1 is the most characterized and is known to exert two sequential actions: firstly, the
binding of the sensitive yeast cell wall 1,6-β-D-glucan receptor, and secondly, destabilization
of the plasma membrane [63–66]. This disruption leads to the efflux of potassium ions and
ultimately results in cell death. An alternative hypothesis is that K1 induces the formation of
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pores in the membrane that result in the uncontrolled dissipation of intracellular molecules
such as protons, ATP, and ions [67,68]. These results demonstrate that K1’s cytotoxic action
is mostly due to membrane action, rather than cell wall activity. K2 also demonstrates a
two-phase killing mechanism, similarly to K1 and K28, with the same initial binding as
K1 but through 1, 6-β-D-glucan-based receptor and Kre1p protein [69–72]. However, the
subsequent cellular responses differ between K1 and K2, which allows strains producing
one toxin to kill strains producing the other—despite being immune to their own toxin.
K28 functions appear completely different, inhibiting the target cell cycle rather than the
cell wall or membrane. This makes its molecular action more complex compared to K1 and
K2 [73,74]. The Klus toxin is the most recently identified among S. cerevisiae killer toxins.
The precise mechanism remains unknown, and it kills strains that produce K1, K2, and K28,
while being immune to its own lysis [75,76]. Killer toxin Klus is relatively less aggressive
towards sensitive cells as compared to killer toxins from other systems.

As far as we know, this work is the first well-established experiment demonstrating
a killer toxin effect against H. uvarum in synthetic must. Indeed, in our study, Sc54Kt
effectively inhibited the growth of both B. bruxellensis and H. uvarum at an initial population
of 104 CFU/mL, achieved with killer toxin concentrations as low as 0.5 mg/mL and even
0.185 mg/mL without conjugation with additional additives such as SO2, in synthetic must
(pH 3.5, 22 ◦C), replicating authentic winemaking conditions.

4. Conclusions
This study showed the ability of S. cerevisiae to limit the development of spoilage

yeast in oenological conditions during a fermentation. These properties make it possible to
consider the use of this strain as a bioprotectant. Indeed, to our knowledge, few scientific
studies have focused on S. cerevisiae species for bioprotection. Here, we presented a
rare study regarding the use of S. cerevisiae as a bioprotective yeast strain. Our results
demonstrated that the selected S. cerevisiae strain was able to limit the development of
spoilage yeast and thus could be useful as an alternative to sulfite. Moreover, this strain
possesses favorable traits for applications requiring fermentation performance. The use
of S. cerevisiae as a must bioprotection yeast offers several other advantages over non-
Saccharomyces yeasts. S. cerevisiae has a strong fermentative power and rapid establishment
capacity, allowing it to outcompete native yeasts and contaminating microorganisms. Rapid
establishment limits the proliferation of unwanted microorganisms and reduces the risk of
organoleptic deviation after alcoholic fermentation. S. cerevisiae rapidly consumes oxygen in
the wort, thus limiting oxidation and the growth of contaminating aerobic microorganisms.
By quickly occupying the environment and limiting contamination, S. cerevisiae makes it
possible to reduce the use of sulfites upon receipt of the grape musts. Moreover, this work
shows that the production of the killer toxin Sc54Kt could maximize the bioprotective effect
of the strain Sc54, allowing winemakers to reduce or suppress the use of sulfites during
winemaking. Industrial-scale trials are now necessary to confirm the value of this strain as
a bioprotectant.
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