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Abstract: Lactic acid bacteria (LAB) and Brettanomyces bruxellensis are the main contaminants of
bioethanol fermentations. Those contaminations affect Saccharomyces cerevisiae performance and
reduce ethanol yields and productivity, leading to important economic losses. Currently, chemical
treatments such as acid washing and/or antibiotics are used to control those contaminants. However,
these control measures carry environmental risks, and more environmentally friendly methods are
required. Several S. cerevisiae wine strains were found to secrete antimicrobial peptides (AMPs)
during alcoholic fermentation that are active against LAB and B. bruxellensis strains. Thus, in the
present study, we investigated if the fuel-ethanol commercial starter S. cerevisiae Ethanol Red (ER) also
secretes those AMPs and evaluated its biocontrol potential by performing alcoholic fermentations
with mixed-cultures of ER and B. bruxellensis strains and growth assays of LAB in ER pre-fermented
supernatants. Results showed that all B. bruxellensis strains were significantly inhibited by the
presence of ER, although LAB strains were less sensitive to ER fermentation metabolites. Peptides
secreted by ER during alcoholic fermentation were purified by gel-filtration chromatography, and a
bioactive fraction was analyzed by ELISA and mass spectrometry. Results confirmed that ER secretes
the AMPs previously identified. That bioactive fraction was used to determine minimal inhibitory
concentrations (MICs) against several LAB and B. bruxellensis strains. MICs of 1–2 mg/mL were
found for B. bruxellensis strains and above 2 mg/mL for LAB. Our study demonstrates that the AMPs
secreted by ER can be used as a natural preservative in fuel-ethanol fermentations.

Keywords: antimicrobial peptides; glyceraldehyde 3-phosphate dehydrogenase; S. cerevisiae; Brettanomyces
bruxellensis; lactic acid bacteria; bioethanol; microbial contamination

1. Introduction

Bioethanol is a renewable energy source that can replace fossil fuels, especially in
the transportation sector, where it can be used in alternative or blended with gasoline,
decreasing negative environmental impacts and greenhouse gas (GHG) emissions [1,2].
Presently (2021), the two main world producers of bioethanol are the United States of
America (55%) and Brazil (27%), followed by the European Union (EU), which contributes
only 5% to the global bioethanol production and the rest of the world with 13% [3].

Fuel-ethanol fermentations are carried out by selected Saccharomyces cerevisiae strains
which are used as starters for a faster and safer fermentation process. However, for eco-
nomic reasons, bioethanol fermentations are carried out under non-aseptic conditions,
which favor the development of microbial contaminants [4]. Therefore, microbial con-
taminations are a persistent problem in any fuel-ethanol fermentation system, leading to
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important economic losses which can increase the final cost of the product by 20–30% [5,6].
The main contaminants of industrial bioethanol fermentation are lactic acid bacteria (LAB)
and wild yeasts such as Brettanomyces bruxellensis, which survive under the harsh envi-
ronmental conditions of alcoholic fermentation (i.e., high levels of ethanol and organic
acids, low oxygen availability, nutritional limitations, etc.) [4,7]. The proliferation of micro-
bial contaminants in fuel-ethanol fermentations reduces ethanol yields and productivities,
leading to significant economic losses for the industry [6,7].

The yeast contaminants most frequently found in fuel-ethanol fermentations belong to
the genera Candida, Pichia, Zygosaccharomyces, and Brettanomyces [8,9]. Amongst these yeast
contaminants, Brettanomyces bruxellensis is the most dangerous since this species is highly
fermentative and resistant to ethanol [4,8–10] but has a much slower fermentation rate
than S. cerevisiae. Thus, its proliferation in fuel-ethanol fermentations significantly reduces
ethanol productivity [7]. The most common LAB found in fuel-ethanol fermentations
comprises species from the genera Lactobacilli, Leuconostoc, and Pediococcus [8,11,12]. The
proliferation of LAB may interfere with yeast metabolism due to the accumulation of by-
products in the medium, such as lactic and acetic acids [13]. Moreover, they compete with
fermentative yeasts for available sugars and nutrients, thus causing a decrease in ethanol
levels and yields [14,15].

In order to control microbial contaminations, different treatments are applied by the
fuel-ethanol industry. Recycling yeast biomass to reuse in a new batch fermentation is a
common procedure in bioethanol production processes, and its washing with diluted sul-
phuric acid before and after fermentation is an efficient measure to control LAB growth [16].
However, acid washing of yeast biomass is not very effective in controlling the develop-
ment of some yeast contaminants such as B. bruxellensis and decreases the fermentation
performance of S. cerevisiae [17]. Moreover, acid washing treatments generate large amounts
of wastewater with high levels of sulfates that cannot be directly delivered into the envi-
ronment [18,19]. Other chemical agents, such as ammonia, urea, and hydrogen peroxide,
can also be used to control microbial contaminants in fuel-ethanol fermentations [20,21].
Polyhexamethyl biguanide (PHMB), an antiseptic polymer with a broad spectrum of ac-
tion against Gram-negative and Gram-positive bacteria, as well as fungi [22–24], has also
been proposed to control B. bruxellensis growth in fuel-ethanol fermentations [25]. This
antiseptic has been shown to specifically kill B. bruxellensis without being detrimental to
S. cerevisiae [25]. However, PHMB, according to the European Commission regulation
(EU2019/831), has an extremely high risk of adverse health effects to the public (e.g., fatal
if inhaled, causes damage to organs through prolonged or repeated exposure) and to the
environment (i.e., high toxicity to aquatic life). The use of all the above-mentioned chem-
ical treatments, even if effective in controlling microbial contaminations in fuel-ethanol
processes, poses environmental risks due to their general toxicity.

Although expensive due to the large amounts required, the use of antibiotics such as
penicillin G, streptomycin, tetracycline, and virginiamycin in the fuel-ethanol industry to
eliminate bacterial contamination has also been reported [26–28]. Moreover, using antibiotics
in large amounts raises concerns regarding wastewater residues and the rise of antibiotic multi-
resistant bacteria [29]. Thus, it is crucial to find more environmentally friendly preservation
strategies to eliminate microbial contaminants in fuel-ethanol fermentations.

Several natural antimicrobial compounds, effective against foodborne pathogens and
food contaminants, may be considered for implementation in the fuel-ethanol industry
as safer and more environmentally friendly alternatives to the control measures currently
applied in this industry. These natural compounds include chitosan, bacteriocins, plant
extracts, and antimicrobial peptides (AMPs). Chitosan has been reported as being active
against Pediococcus sp. and Lactobacillus plantarum (now designated as Lactiplantibacillus
plantarum) strains isolated from beer production processes [30]. Bacteriocins such as nisin
are active against Leuconostoc and Pediococcus species isolated from wine [31]. Plant extracts,
e.g., lemon extract, have also been shown to inhibit the growth of some LAB such as
Oenococcus oeni and L. plantarum in wine fermentations [32]. Likewise, Garcinia kola, which
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is used as a substitute for hops in brewing lager beer, was found to be active against beer
spoilage L. delbrueckii subsp. delbrueckii [33].

Over the last years, some AMPs with potential applications in food, agriculture,
and medicine have been reported, e.g., nisin produced by Lactococcus lactis subsp. lactis.
with bactericidal activity against foodborne pathogens such as Listeria monocytogenes and
Staphylococcus aureus [34]. What is more, in previous work [35–38], we found that several
S. cerevisiae wine strains secrete AMPs during alcoholic fermentations that are active against
O. oeni and wine-related yeasts such as B. bruxellensis. Those AMPs were first isolated
from S. cerevisiae fermentation supernatants using chromatographic techniques (i.e., gel
filtration and ion-exchange chromatography) and then identified by mass spectrometry [37].
Two bioactive peptides, AMP1 and AMP2/3, were identified, and their amino acid se-
quences ISWYDNEYGYSAR (AMP1) and VSWYDNEYGYSTR (AMP2/3) showed that they
correspond to fragments of the glycolytic enzyme glyceraldehyde 3-phosphate dehydro-
genase [37]. Peptides chemically synthesized with the same aa sequences as the natural
AMPs were obtained and showed to exert an antimicrobial effect against Hanseniaspora
guilliermondii and B. bruxellensis strains [38].

Therefore, the aim of the present study was to investigate if the fuel-ethanol commer-
cial starter S. cerevisiae Ethanol Red secretes the previously identified AMPs and to evaluate
its antagonistic effect against the most common fuel-ethanol microbial contaminants, i.e.,
B. bruxellensis and LAB.

2. Materials and Methods

The experimental approach used in the present study is summarized in Flowchart 1.

2.1. Strains and Inoculums Preparation

In this work, we used the following microbial strains: Saccharomyces cerevisiae Ethanol
Red (ER), a commercial fuel-ethanol starter obtained from the Lesaffre Advanced Fermen-
tations company (France); Hanseniaspora guilliermondii NCYC 2380 (National Collection of
Yeast Cultures, Norwich, United Kingdom); Brettanomyces bruxellensis ISA 1649, ISA 1700,
ISA 1791, ISA 2104, ISA 2116 and ISA 2211; Levilactobacillus brevis ISA 4385; Lentilactobacillus
hilgardii ISA 4387; Lactiplantibacillus plantarum ISA 4395; Leuconostoc mesenteroides subsp.
Cremoris ISA 4383; Pediococcus parvulus ISA 4401; Pediococcus pentosaceus ISA 4379. Strains of
B. bruxellensis and Lactic Acid Bacteria (LAB) were all obtained from the culture collection
of Instituto Superior de Agronomia (ISA), Portugal. A list of all LAB and yeast strains is
presented in Table S1 (supplementary data).

S. cerevisiae ER was obtained in the form of active dry yeast (ADY) and its rehydration
was performed as described in Livingstone and Victor [39]. Briefly, 0.33 g of ADY was added
to 5.0 mL of Yeast Extract Peptone Dextrose (YEPD) medium (20.0 g/L of glucose, 20.0 g/L of
peptone, 10.0 g/L yeast extract), pre-warmed at 37 ◦C, left static for 30 min and then gently
stirred. Thereafter, 3.8 mL of this yeast suspension was used to inoculate 150 mL of YEPD
medium that was incubated at 30 ◦C, under slow agitation (80 rpm), for 48 h. A total of
100 µL of this culture was then spread onto a YEPD-agar plate and incubated at 30 ◦C in a
vertical incubator (Infors, Anjou, QC Canada) for 48 h. Afterward, S. cerevisiae ER colonies were
transferred to YEPD-agar slants (20.0 g/L of glucose, 20.0 g/L of peptone, 10.0 g/L yeast extract,
20.0 g/L agar) and incubated again at 30 ◦C for 48 h. Finally, those YEPD-agar slants were stored
at 4 ◦C. Likewise, all B. bruxellensis strains were maintained on YEPD-agar slants, containing
5.0 g/L of calcium carbonate, stored at 4 ◦C. Yeasts inoculums were prepared by transferring
the biomass of one YEPD-agar slant (pre-grown at 30 ◦C for 48 h) to 100 mL flasks containing
50 mL of YEPD medium and incubating the flasks at 30 ◦C, under 150 rpm of agitation, for
16 h (for B. bruxellensis strains incubation took 48–72 h). All LAB species were maintained in
MRS (Man, Rogosa, and Sharpe) broth (Merck, Darmstadt, Germany) and stored at 4 ◦C. LAB
inoculums were prepared by transferring 1 mL of bacterium suspension (pre-grown at 30 ◦C
for 72 h) to 10 mL tubes containing 9 mL of MRS broth and then incubating the tubes at 30 ◦C
without agitation for 72 h. All media were sterilized by autoclavation at 120 ◦C for 20 min.
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2.2. Alcoholic Fermentations Performed with Single- and Mixed-Cultures of S. cerevisiae ER and
B. bruxellensis

Alcoholic fermentations were performed with mixed cultures of S. cerevisiae ER with
each of the above-mentioned B. bruxellensis strains (i.e., ISA 1649, ISA 1700, ISA 1791, ISA
2104, ISA 2116, and ISA 2211) and with single-cultures of the same B. bruxellensis strains.
Mixed- and single-culture fermentations were carried out in 250 mL flasks containing
125 mL of synthetic must (SM), containing 110 g/L of glucose and 110 g/L of fructose,
prepared as described in Pérez-Nevado et al. [40] with some modifications (i.e., final pH
was 4.5 and malic acid concentration was 2.5 g/L). In both mixed- and single-culture
fermentations, the medium was inoculated with 5 × 104 cells/mL of each yeast strain
and incubated at 30 ◦C, under gentle agitation (80 rpm). All alcoholic fermentations were
performed in duplicates, and daily samples were taken to determine yeast culturability, as
well as sugar consumption and ethanol production. Yeast culturability was determined by
Colony Forming Units (CFU) counts using the classical plating method. Briefly, 100 µL of
culture samples were spread onto YEPD-agar plates, after appropriate decimal dilution,
and incubated at 30 ◦C in a vertical incubator (Infors, Anjou, QC Canada) for 2–6 days.
In mixed cultures, CFU counts of B. bruxellensis were obtained on YEPD-agar plates with
0.01% of cycloheximide and CFU counts of S. cerevisiae as the difference between total CFU
counts on YEPD-agar plates and CFU counts of B. bruxellensis.

2.3. Lactic Acid Bacteria (LAB) Growth in a Cell-Free Supernatant Pre-Fermented by
S. cerevisiae ER

Growth assays were performed with each of the LAB species mentioned in Section 2.1
(i.e., L. brevis ISA 4385, L. hilgardii ISA 4387 and L. plantarum ISA 4395, L. mesenteroides
subsp. cremoris ISA 4383, P. parvulus ISA 4401 and P. pentosaceus ISA 4379) in a cell-
free supernatant pre-fermented by S. cerevisiae ER. This supernatant was obtained from
two alcoholic fermentation carried out in 1500 mL of SM in 2 L flasks that were inoculated
with 105 CFU/mL of S. cerevisiae ER and incubated at 25 ◦C and 80 rpm for 7 days. After that
time, fermentation broths were filtrated by 0.22 µm Millipore membranes (Merck, Algés,
Portugal), and the cell-free supernatant divided into two aliquots of 1500 mL each. One of
the aliquots was treated with pepsin to inactivate the peptides secreted by S. cerevisiae ER,
as reported by Albergaria et al. [35], and used as negative control of the AMPs effect. The
treatment consisted in adding pepsin to 1500 mL of the cell-free pre-fermented supernatant
to a final concentration of 2 g/L and adjusting the pH to optimal pepsin activity, i.e.,
pH = 2.0. Flasks containing 1500 mL of the pre-fermented cell-free supernatant, with and
without pepsin, were incubated at 37 ◦C for 72 h without agitation. After that time, the
pH of the media was readjusted to 4.5, and the two flasks were autoclaved (121 ◦C for
15 min) for pepsin inactivation. Both autoclaved media were then supplemented with
5.0 g/L of yeast extract, 10.0 g/L of glucose, 2.5 g/L of malic acid, and 30.0 g/L of ethanol.
Then, 125 mL of each cell-free supernatant, i.e., treated (pepsin assay) and non-treated
with pepsin (biocontrol assay), were inoculated with 105 cells/mL of each of the six LAB
species. All growth assays were performed in duplicates, and daily samples were taken to
determine cell growth, sugars and malic acid consumption, as well as lactic acid production.
Cell growth of LAB was determined by CFU counts on MRS-agar plates using the classical
plating method. Briefly, 100 µL of culture sample were spread onto MRS-agar plates, after
appropriate decimal dilution, and incubated at 30 ◦C in a vertical incubator (Infors, Anjou,
Canada) for 3–6 days.

2.4. Determination of Sugars, Ethanol, Malic Acid, and Lactic Acid by High-Performance Liquid
Chromatography (HPLC)

Glucose, fructose, and ethanol concentrations in mixed- and single-culture fermenta-
tions performed with S. cerevisiae ER and B. bruxellensis, as well as glucose, ethanol, malic
acid, and lactic acid concentrations in growth assays performed with LAB species, were
quantified in an HPLC system (Waters, Dublin, Ireland) equipped with a refractive index de-
tector (2414 Waters). Daily samples were first filtered through 0.22µm Millipore membranes
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and then injected in a Rezex™ ROA Organic Acid H+ (8%) column (300 mm × 7.8 mm,
Phenomenex, Torrance, CA, USA) and eluted with sulfuric acid (5 mmol/L) at 65 ◦C with a
flow rate of 0.5 mL/min. Each biological sample was analyzed in triplicate.

2.5. Statistical Analysis of Results

Glucose, malic, and lactic acids values (Section 3.1 and Table S1), ELISA results
(Figure S2), and biocidal effect results (Figures S3 and S4) were statistically analyzed using
first the Levene’s test (to check equal variances) and, whenever variances were equal, the
one-way ANOVA method was applied. Values were considered significantly different
when p-values were lower than 0.05, as described by Fry [41].

2.6. Identification of Peptides Secreted by S. cerevisiae ER during Alcoholic Fermentation
2.6.1. Purification of Peptides by Gel-Filtration Chromatography and Determination of
Their Inhibitory Effect

Peptides secreted by S. cerevisiae ER were purified from a 7-day-old fermentation
supernatant performed as described in Section 2.3. The cell-free supernatant (filtrated
by 0.22 µm Millipore membranes) was first ultra-filtrated through centrifugal filter units
(Vivaspin 15R, Sartorius, Göttingen, Germany) equipped with 10 kDa membranes, and
then the permeate was concentrated (40-fold) using the same system equipped with 2 kDa
membranes. This 2–10 kDa concentrated fraction was then fractionated by gel filtration
chromatography using a Superdex-Peptides 10/300 GL column (GE Healthcare, London,
UK) coupled to an HPLC system equipped with a UV detector (Merck Hitachi, Darmstadt,
Germany). A total of 200 µL of fraction were eluted with ammonium acetate 0.1 M at a
flow rate of 0.7 mL/min, and fraction 8 kDa indicated in Figure 1 was collected into a 2 mL
Eppendorf, freeze-dried and lyophilized.
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Figure 1. Gel filtration chromatographic profile of the 2–10 kDa peptidic fraction of the 7-day old
supernatant from S. cerevisiae ER fermentation.

In order to confirm its antimicrobial activity, the lyophilized fraction 8 kDa was
resuspended in YEPD medium (pH 4.5) containing 30 g/L of ethanol and growth in-
hibitory assays were performed against the sensitive yeast H. guilliermondii NCYC 2380.
Inhibitory assays were carried out in a 96-wells microplate containing 300 µL of the above-
mentioned medium, without the peptidic fraction (control assay) and with the peptidic
fraction (inhibitory assay) at a final total protein concentration of 1 mg/mL, inoculated
with 105 cells/mL of the sensitive yeast. The microplate was incubated in a Multiskan-GO
spectrophotometer (Thermo-Fisher Scientific Inc., Waltham, MA, USA) at 30 ◦C under
strong agitation. Cell growth was followed by optical density measurements (at 590 nm) in
the Multiskan-GO spectrophotometer (Thermo-Fisher Scientific Inc., Waltham, MA, USA)
and by enumeration of CFU. For CFU counts, the method described in Branco et al. [42]
was applied. Briefly, 10 µL of samples were taken, and after appropriate dilution, 100 µL



Fermentation 2022, 8, 233 7 of 18

were plated onto YEPD-agar plates, as described in Section 2.2. Whenever no colonies were
detected in the agar plates inoculated with diluted samples, 100 µL of sample were directly
plated onto YEPD-agar plates. Thus, the detection limit of the CFU method for results
presented in Section 3.3 was 10 CFU/mL.

2.6.2. AMPs Identification by Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

Since the gel-filtration fraction 8 kDa (indicated in Figure 1) demonstrated antimicro-
bial activity, those bioactive peptides were analyzed by indirect ELISA to check if they
matched with those previously identified by Branco et al. [37]. Specific polyclonal antibod-
ies raised against the two AMPs that compose saccharomycin (i.e., AMP1 and AMP2/3
derived from the isoenzymes GAPDH1 and GAPDH2/3, respectively) were obtained from
GenScript Inc. Company (GenScript HK Limited, Hong Kong). The procedure described in
Branco et al. [38] was applied with some modifications. Briefly, 100 µL of PBS (blank) and
100 µL of the gel-filtration fraction 8 kDa were used for coating each well of the 96-well mi-
croplate MICROLON high binding (Greiner Bio-One, Essen, Germany). Then, the 96-well
microplate was incubated overnight at 4 ◦C. Afterward, 100 µL of urea 6 M was added to
samples to denature proteins and improve their detection by indirect ELISA, as previously
described by Hnasko et al. [43]. The microplate was thereafter washed 4 times using a
PBS-Tween washing solution (0.05% Tween 20 in 0.01 M PBS). Samples were blocked for
2 h at room temperature by adding 200 µL of blocking solution containing bovine serum
albumin (BSA) 1% w/v in PBS and washed 4 times with washing solution. Next, 100 µL
of the primary polyclonal antibody specific to the GAPDH-derived AMPs (GenScript HK
Limited, Hong Kong), diluted in 1% w/v BSA to a final concentration of 10 µg/mL, was
added to each well and incubated for 2 h at 37 ◦C. The unbound material was removed by
washing the microplate 4 times with PBS-Tween solution. Thereafter, 100 µL of a secondary
antibody (anti-rabbit IgG-fab specific, alkaline phosphatase conjugate, Sigma-Aldrich,
St. Louis, MO, USA) diluted in 1% w/v BSA to 1.0 µg/mL was added to each well, followed
by 2 h of incubation at 37 ◦C. Subsequently, the microplate was washed 4 times with PBS-
Tween solution, followed by the addition of 100 µL/well of alkaline phosphatase substrate
(100 mM Tris-HCL, 100 mM Nacl, 5 mM MgCl2, and 1 mg/mL p-Nitrophenylphosphate)
to the microplate and incubated for 10 to 30 min at room temperature in the dark. The
enzyme-substrate reaction was stopped by adding 100 µL of 3 N NaOH to each well. The
optical density (OD) was measured at 405 nm using a microplate reader (Bio-Rad, Hercules,
CA, USA). Three replicates of 100 µL were taken from each diluted standard and transferred
to a 96-well microplate MICROLON high binding (Greiner Bio-One, Essen, Germany) and
analyzed as above-mentioned. All samples were analyzed in triplicate.

2.6.3. Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) Analysis

The gel-filtration fraction 8 kDa (shown in Figure 1) was subjected to a buffer ex-
change procedure, and LC-MS/MS analysis was performed on an Exion-LC AD UPLC
system coupled to X500B QTOF with the TwinSpray ion source (Sciex, Framingham, MA,
USA). Peptides were separated through reversed-phase chromatography (RP-LC) using an
XBridge BEH C18, 2.5 µm 2.1 × 150 mm (Waters, Milford, MA, USA) at 200 µL/min. Water
with 0.1% (v/v) formic acid (solvent A) and acetonitrile with 0.1% (v/v) formic acid (solvent
B) were used. The gradient was as follows: 0–1 min, 2% B; 1–16 min, 2–40% B; 16–18 min,
40–95% B; 18–20 min, 95% B; 20–22 min, 95–2% B; 22–25 min, 2% B. The column oven was
maintained at 40 ◦C. Peptide samples were analyzed by information-dependent acquisition
(IDA) method. The source parameters were set as follows: 50 GS1, 50 GS2, 35 CUR, 5.5 keV
ISVF, and 450 ◦C IHT. The acquisition method was set with a TOF-MS survey scan of
350–2000 m/z. The 12 most intense precursors were selected for subsequent fragmenta-
tion, and the MS/MS spectra were acquired for 100 msec. Rolling collision energy was
used together with dynamic background substation. The obtained spectra were processed
and analyzed using ProteinPilot™ software with the Paragon search engine (version 5.0,
Sciex). A reviewed database (6721 entries, accessed on 9 December 2021) containing the
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sequences of the proteins from S. cerevisiae was used. The following search parameters were
set: Cys alkylation—None; digestion—None; TripleTOF 6600, as the Instrument; ID focus
as biological modifications; search effort as thorough; and FDR analysis. Only proteins
with Unused Protein Score above 1.3 and 95% confidence were considered for peptide
identification. Mass spectrometry data were generated by the UniMS—Mass Spectrometry
Unit, iBET/ITQB, Oeiras, Portugal.

2.7. Determination of Minimum Inhibitory Concentration (MIC), Half-Inhibitory Concentration
(IC50), and Biocidal Effect of the AMPs Secreted by S. cerevisiae ER

Minimal inhibitory concentration (MIC) and half inhibitory concentration (IC50) of
the AMPs secreted by S. cerevisiae ER were determined against six B. bruxellensis strains
(i.e., strains ISA 1649, ISA 1700, ISA 1791, ISA 2104, ISA 2116 and ISA 2211) and six LAB
i.e., L. brevis ISA 4385, L. hilgardii ISA 4387 and L. plantarum ISA 4395, L. mesenteroides subsp.
Cremoris ISA 4383, P. parvulus ISA 4401 and P. pentosaceus ISA 4379). The gel-filtration
lyophilized fraction 8 kDa (Figure 1) obtained in Section 2.6 was resuspended in YEPD
medium (with 30 g/L of ethanol and pH 4.5). Growth inhibitory assays were performed,
as described in Section 2.4 with some modifications, for each of the above-mentioned
B. bruxellensis and LAB strains. Briefly, 150 µL of YEPD medium (for B. bruxellensis strains),
or MRS broth medium (for LAB), without (control assay) and with addition of fraction
8 kDa at final protein concentration of 0.5, 1.0, 1.5 and 2.0 mg/mL (inhibitory assay) were
added to a 96-well microplate and inoculated with 105 cells/mL of each strain. The 96-well
microplate was incubated in a Multiskan-GO spectrophotometer (Thermo-Fisher Scientific
Inc., Waltham, USA) at 30 ◦C, under strong agitation for B. bruxellensis strains, and without
agitation for LAB species. Cell growth was followed by optical density measurements
(at 590 nm) in the Multiskan-GO spectrophotometer and by enumeration of CFU. For
CFU counts, the method described in Section 2.6.1 was applied. The MIC was defined
as the minimum concentration of fraction 8 kDa that completely inhibited the growth of
the tested microorganisms. The IC50 was defined as the concentration of fraction 8 kDa
that induced a growth reduction of 50% by comparison with growth in the respective
control assay, when cells reached the stationary phase. The biocidal effect of fraction 8 kDa
against B. bruxellensis and LAB strains was determined as the number of logarithms (Log)
that cell density (CFU/mL) decreased in the inhibitory assays, from an initial value of
105 CFU/mL to a final value determined when the respective control assay reached the
stationary growth phase.

3. Results and Discussion

In industrial bioethanol processes, growth media (e.g., sugar cane, beet molasses, etc.)
are inoculated with selected yeast starters such as Saccharomyces cerevisiae Ethanol Red (ER)
at high cell densities to allow fast and reliable fermentations. However, the proliferation
of microbial contaminants, mainly lactic acid bacteria (LAB) and wild yeasts such as
Brettanomyces bruxellensis are unavoidable [4,7]. Thus, controlled bioethanol fermentations
should not present populations of microbial contaminants in the musts above 105 CFU/mL
since that may result in significant losses of ethanol yields and, in extreme cases, lead to
loss of economic viability of the production process [7]. In the present study, we evaluated
the biocontrol effect of ER against the proliferation of several B. bruxellensis strains since
this yeast species are the most dangerous fuel-ethanol contaminant [7], and LAB species
are usually present in fuel-ethanol fermentations [8].

3.1. Biocontrol Potential of Saccharomyces Cerevisiae Ethanol Red (ER) against Brettanomyces
bruxellensis Strains and LAB

Culturability of S. cerevisiae ER and B. bruxellensis was determined during alcoholic
fermentations performed with six B. bruxellensis strains, i.e., ISA 1649, ISA 1700, ISA 1791
(Figure 2) and ISA 2104, ISA 2116, ISA 2211(Figure 3), in mixed-culture with S. cerevisiae
ER (panels A,C,E) and in single-culture (panels B,D,F). In both mixed- and single-culture
fermentations, the medium was inoculated with 5 × 104 cells/mL of each yeast strain and
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incubated at 30 ◦C. Single-culture fermentations of B. bruxellensis strains were used as a
negative control of the antagonistic effect exerted by S. cerevisiae.
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Figure 2. Culturability of S. cerevisiae ER and B. bruxellensis (Bb) during alcoholic fermentations
performed with Bb strains ISA 1649 (A,B), ISA 1700 (C,D) and ISA 1791 (E,F) in mixed-culture with
S. cerevisiae ER (A,C,E) and in single-culture (B,D,F). Data represented correspond to means ± SD
(error bars) of two independent biological assays.

Figures 2 and 3 show that all B. bruxellensis strains lost their cell viability by ca 2.5–3.5 orders
of magnitude (i.e., from an initial value of 5× 104 cells/mL to a final value of about 102 cells/mL)
in the first 10 days when in mixed-culture with S. cerevisiae (panels A,C,E), whereas in single-
culture (panels B,D,F) the same strains were able to grow, increasing their culturability by
approx. four orders of magnitude (up to 108 CFU/mL) in the first 6 days of fermentation
and maintaining this value until the end of fermentation. Sugars consumption and ethanol
production during these mixed- and single-culture fermentations are shown in Tables 1 and 2,
respectively. Results show that in all mixed-culture fermentation, approx. 99.9% of sugars were
consumed in the first 10 days (Table 1), with ethanol reaching concentrations ranging from
96.9 to 109.1 g/L (Table 2). Conversely, during single-culture fermentations B. bruxellensis strains
ISA 1649, ISA 1700, ISA 1791, ISA 2104, ISA 2116 and ISA 2211 consumed just 66.1%, 44.2%,
54.5%, 23,2%, 59.5% and 66.5% of the initial sugars (Table 1) and produced 49.9 g/L, 22.8 g/L,
44.7 g/L, 14.9 g/L, 47.7 g/L and 40.5 g/L of ethanol (Table 2), respectively, in the first 10 days.
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Figure 3. Culturability of S. cerevisiae ER and B. bruxellensis (Bb) during alcoholic fermentations
performed with Bb strains ISA 2104 (A,B), ISA 2116 (C,D) and ISA 2211 (E,F) in mixed-culture with
S. cerevisiae ER (A,C,E) and in single-culture (B,D,F). Data represented correspond to means ± SD
(error bars) of two independent biological assays.

These results strongly indicate that the fuel-ethanol starter ER exerted a significant
antagonistic effect against all B. bruxellensis strains in a similar way to S. cerevisiae wine
strains [44]. In fact, although ethanol is a well-known stress factor for yeast growth [45,46],
B. bruxellensis strains are extremely resistant to ethanol, tolerating up to 14% (v/v) of
ethanol [47]. Thus, the ethanol levels reached in the mixed-culture fermentation (Table 2),
as well as any nutrient limitations, cannot explain per si the early death (from day-1) of
B. bruxellensis strains during these fermentations. Nevertheless, and despite the antagonis-
tic effect exerted by S. cerevisiae ER against all the B. bruxellensis strains tested, one can see
that the ER antagonistic effect was not sufficient to induce their total death (Figures 2 and 3).
The persistence of this yeast species, even at low levels, in the fermentation broth may
represent a serious problem to industrial bioethanol fermentation, namely those using cell
recycling with acid washing. In fact, some studies have demonstrated that after several recy-
cling cycles, S. cerevisiae metabolism is affected, allowing the highly resistant B. bruxellensis
strains to proliferate [6].
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Table 1. Sugars consumption during alcoholic fermentations performed with the B. bruxellensis strains ISA 1649, ISA 1700, ISA 1791, ISA 2101, ISA 2116 and ISA 2211
in single- and in mixed-culture with S. cerevisiae Ethanol Red (ER). Data presented correspond to means ± SD of two independent biological assays, each analyzed
in triplicate.

Time
(Days)

Sugars Concentration (g/L) in Single- and in Mixed-Culture Fermentations

Single
ISA 1649

Mixed
Sc/ISA

1649

Single
ISA 1700

Mixed
ER/ISA

1700

Single
ISA 1791

Mixed
ER/ISA

1791

Single
ISA 2104

Mixed
ER/ISA

2104

Single
ISA 2116

Mixed
ER/ISA

2116

Single
ISA 2211

Mixed
ER/ISA

2211

0 219.40 ± 1.5 222.5 ± 0.3 228.9 ± 5.2 222.5 ± 0.3 218.2 ± 3.9 222.5 ± 0.3 235.3 ± 6.2 222.5 ± 0.3 225.9 ± 1.6 222.5 ± 0.3 243.3 ± 0.8 222.5 ± 0.3
1 216.5 ± 5.7 162.9 ± 6.6 222.2 ± 4.5 180.8 ± 8.8 212.1 ± 1.6 197.8 ± 5.9 221.3 ± 6.3 198.9 ± 0.2 215.0 ± 2.4 195.8 ± 4.5 221.8 ± 0.5 189.5 ± 2.8
2 209.5 ± 3.9 59.8 ± 1.6 218.6 ± 0.7 58.8 ± 2.4 209.5 ± 1.0 61.5 ± 4.4 220.2 ± 0.7 51.3 ± 0.0 210.8 ± 4.1 68.7 ± 6.6 221.5 ± 0.5 58.9 ± 0.7
3 208.9 ± 3.3 15.1 ± 2.2 216.6 ± 3.2 10.8 ± 1.1 210.0 ± 1.0 17.7 ± 1.2 218.8 ± 0.3 19.5 ± 4.2 199.4 ± 7.4 9.4 ± 0.3 221.0 ± 0.4 14.2 ± 0.6
4 - 5.4 ± 0.2 168.9 ± 5.8 8.2 ± 0.5 - 6.8 ± 0.5 - 8.0 ± 1.4 - 8.0 ± 0.0 195.0 ± 9.0 7.9 ± 1.4
6 163.0 ± 15.4 - - - 201.3 ± 6.9 - 210.6 ± 1.3 - 187.8 ± 7.1 - - -
7 144.3 ± 7.6 4.8 ± 0.4 146.9 ± 4.8 7.9 ± 0.0 157.0 ± 1.3 4.8 ± 0.3 203.5 ± 9.2 4.2 ± 0.2 148.9 ± 8.1 0.55 ± 0.1 157.0 ± 9.2 0.3 ± 0.0
8 123.3 ± 9.6 - 139.1 ± 2.9 139.3 ± 1.6 - 183.1 ± 0.4 - 139.3 ± 5.7 - 143.0 ± 10.9 -
9 - - - 110.3 ± 4.0 - 177.2 ± 2.5 - 112.3 ± 9.6 - - -

10 107.9 ± 6.7 4.5 ± 1.6 125.9 ± 3.9 2.0 ± 0.0 102.5 ± 4.8 0.6 ± 0.2 173.1 ± 1.9 0.6 ± 0.0 91.4 ± 1.7 0.27 ± 0.0 75.48 ± 4.4 0.2 ± 0.0

Table 2. Ethanol production during alcoholic fermentations performed with the B. bruxellensis strains ISA 1649, ISA 1700, ISA 1791, ISA 2101, ISA 2116 and ISA 2211
in single-culture and in mixed-culture with S. cerevisiae Ethanol Red (ER). Data presented correspond to means ± SD of two independent biological assays, each
analyzed in triplicate.

Time
(Days)

Ethanol Concentration (g/L) in Single- and in Mixed-Culture Fermentations

Single
ISA 1649

Mixed
ER/ISA

1649

Single
ISA 1700

Mixed
ER/ISA

1700

Single
ISA 1791

Mixed
ER/ISA

1791

Single
ISA 2104

Mixed
ER/ISA

2104

Single
ISA 2116

Mixed
ER/ISA

2116

Single
ISA 2211

Mixed
ER/ISA

2211

0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 16.7 ± 1.0 0.9 ± 0.1 20.9 ± 1.2 0 22.2 ± 3.2 0 21.8 ± 0.4 0 21.2 ± 1.8 0 17.8 ± 0.5
2 0 67.0 ± 11.5 2.9 ± 0.1 82.7 ± 16.4 0 69.4 ± 15.6 0 67.2 ± 0.0 0 75.6 ± 2.4 0 74.9 ± 0.6
3 0 80.9 ± 17.2 3.0 ± 0.2 87.5 ± 13.2 0 84.7 ± 14 0 73.9 ± 2.6 0 93.1 ± 11.4 1.2 ± 0.1 96.4 ± 9.9
4 - 93.0 ± 9.0 4.4 ± 0.1 99.8 ± 3.9 - 92.0 ± 7.4 - 85.0 ± 1.6 - 110.4 ± 0.0 2.9 ± 0.1 97.3 ± 8.1
6 13.7 ± 3.5 - - - 12.8 ± 2.3 - 6.2 ± 0.4 - 8.7 ± 2.1 - - -
7 22.6 ± 3.2 96.4 ± 8.8 12.1 ± 0.6 104.6 ± 5.8 22.6 ± 0.2 99.8 ± 1.2 9.0 ± 0.9 96.7 ± 2.2 14.0 ± 4.1 103.4 ± 2.0 12.6 ± 0.7 97.8 ± 2.0
8 29.6 ± 1.8 96.9 ± 8.4 17.0 ± 0.2 109.1 ± 10 31.2 ± 1.5 101.6 ± 3.0 8.8 ± 0.1 101.5 ± 1.6 33.5 ± 2.0 102.2 ± 2.4 32.2 ± 3.3 98.14 ± 3.2
9 46.6 ± 5.2 96.3 ± 7.0 - 109.6 ± 10 36.3 ± 1.2 100.7 ± 2.1 11.0 ± 0.5 100.6 ± 0.6 43.2 ± 4.7 102.1 ± 1.4 - 98.5 ± 2.3

10 49.9 ± 2.3 96.2 ± 5.0 22.8 ± 3.5 109.1 ± 10 44.7 ± 2.5 100.7 ± 2.0 14.9 ± 0.8 101.9 ± 1.6 47.7 ± 2.0 98.9 ± 0.6 40.5 ± 7.7 99.9 ± 4.6
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The proliferation of LAB in fuel-ethanol fermentations can decrease ethanol levels
and yields due to sugar consumption and accumulation of by-products such as lactic
acid in the medium, which may affect S. cerevisiae metabolism resulting in sluggish
fermentations [13–15]. Since, in previous work, we demonstrated that several S. cerevisiae
wine strains secrete AMPs during alcoholic fermentation that inhibit the growth of some
LAB, namely of Oenococcus oeni strains [36,37], in the present study, we performed growth
assays with six LAB species in a cell-free supernatant pre-fermented by S. cerevisiae ER (bio-
control assays). As a negative control of the antagonistic effect exerted by the AMPs secreted
by S. cerevisiae ER against these LAB, the same cell-free supernatant was treated with pepsin
(pepsin assay) to inactivate the AMPs. Both cell-free supernatants were supplemented with
glucose and malic acid to evaluate glucose consumption and lactic acid production in the
presence (biocontrol assay) and in the absence (pepsin assay) of the AMPs. Figures 4 and 5
show the culturability (panels A,C,E), glucose consumption, and lactic acid production
(panels B,D,F) profiles of Levilactobacillus brevis ISA 4385; Lentilactobacillus hilgardii ISA 4387;
Lactiplantibacillus plantarum ISA 4395 (Figure 4) and Leuconostoc mesenteroides subsp. cremoris
ISA 4383, Pediococcus parvulus, and Pediococcus pentosaceus (Figure 5) during the biocontrol
assays and pepsin assays.
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Figure 4. Culturability (A,C,E), glucose consumption and lactic acid production (B,D,F) during
growth assays performed with L. brevis (A,B), L. hilgardii (C,D) and L. plantarum (E,F), inoculated in a
cell-free supernatant pre-fermented by S. cerevisiae ER without any treatment (biocontrol assay) and
after a pepsin treatment (pepsin assay). Data represented correspond to means ± SD (error bars) of
two independent biological assays.

Results (Figures 4 and 5) show growth inhibition (panels A,C,E) of all LAB, except
for L. brevis, in the biocontrol assays by comparison with their growth in the pepsin assays
where the AMPs secreted by S. cerevisiae were inactivated. In biocontrol assays, L. plantarum
(Figure 4E) and P. parvulus (Figure 5C) lost their culturability by ca 1.5 orders of magnitude
in the first 3 days, while L. hilgardii (Figure 4C), L. mesenteroides subsp. cremoris (Figure 5A)
and P. pentosaceus (Figure 5C) decreased their culturability by less than one order of magni-
tude. Conversely, in the pepsin assays, L. hilgardii, L. plantarum, L. mesenteroides, P. parvulus,
and P. pentosaceus increased their culturability by ca one order of magnitude in the first 3 days
Figures 4C,E and 5A,C,E respectively), indicating that the AMPs secreted by S. cerevisiae seem
to be active towards these LAB species. However, after 6 days, all the LAB tested increased
their culturability in the biocontrol assays. Therefore, one must conclude that the concentration
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of AMPs secreted by S. cerevisiae ER during alcoholic fermentation is not sufficient to fully
prevent the proliferation of these LAB.
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Figure 5. Culturability (A,C,D), glucose consumption and lactic acid production (B,D,F) during
growth assays performed with L. mesenteroides subsp. cremoris (A,B), P. parvulus (C,D) and P. pentosaceus
(E,F) inoculated in a cell-free supernatant pre-fermented by S. cerevisiae ER without any treatment (biocon-
trol assay) and after a pepsin treatment (pepsin assay). Data represented correspond to means ± SD (error
bars) of two independent biological assays.

Comparing the glucose and lactic acid concentrations in the biocontrol assays with
those in the pepsin–assays (Figures 4B,D,F and 5B,D,F) on day-3, when major differences
were observed between the LAB culturability, no statistically different (p > 0.05) values
were detected, except for P. parvulus (Figure 5D). In the absence of the AMPs (pepsin
assay), P. parvulus consumed 5.22 g/L of glucose (Figure 5D) and 1.71 g/L of malic acid
(Table S2) until the third day, while in the presence of the AMPs (biocontrol assay) only
2.33 g/L of glucose and 2.15 g/L of malic acid were consumed, although no significant
differences (p > 0.05) were detected in the lactic acid production at the third day comparing
the two assays (Figure 5D). In summary, although metabolites secreted by S. cerevisiae ER
during alcoholic fermentation exerted a slight inhibition on the growth of these LAB, the
concentration of those metabolites was not sufficient to avoid the negative impact that
these LAB might cause in fuel-ethanol processes.

3.2. Identification of the AMPs Secreted by S. cerevisiae ER by Indirect ELISA and Liquid
Chromatography with Tandem Mass Spectrometry (LC-MS/MS)

In previous work [35–38], we found that several S. cerevisiae wine strains secrete AMPs
during alcoholic fermentations that are derived from the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Those AMPs were isolated from S. cerevisiae fer-
mentation supernatants and two bioactive peptides with amino acid sequences of ISWYD-
NEYGYSAR (AMP1) and VSWYDNEYGYSTR (AMP2/3, were identified by mass spec-
trometry [37]. To investigate if these GAPDH-derived AMPs are also secreted by the ER
strain, peptides from a 7-day-old ER fermentation supernatant were purified by means
of size-exclusion chromatography and then identified by enzyme-linked immunosorbent
assay (ELISA) and mass spectrometry (MS) analysis. First, the 2–10 kDa peptidic fraction
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of the ER fermentation supernatant was fractionated by gel-filtration chromatography,
and the peak indicated in Figure 1 as fraction 8 kDa (retention time 27–29 min) was col-
lected and tested for its antimicrobial effect against the sensitive yeast H. guilliermondii [37].
Antimicrobial tests (Figure S1) showed that 1.0 mg/mL of fraction 8 kDa was enough to
completely inhibit H. guilliermondii growth. Provided these results, fraction 8 kDa was
selected to be further analyzed by indirect ELISA and LC-MS/MS.

In the ELISA procedure, we used a primary polyclonal antibody specific to the
GAPDH-derived AMPs, previously identified by Branco et al. [37], with the following
amino acid sequences: ISWYDNEYGYSAR (AMP1) and VSWYDNEYGYSTR (AMP2/3).
Results (Figure S2) revealed that the gel-filtration fraction 8 kDa indeed contained the
GAPDH-derived AMPs.

The amino acid sequence of the peptides existent in the bioactive fraction 8 kDa was
also analyzed by LC-MS/MS to validate ELISA results. LC-MS/MS results (Figure 6, Tables
S3–S5) confirmed the presence of both GAPDH-derived AMPs in fraction 8 kDa, with the
same amino acid sequences (i.e., ISWYDNEYGYSAR and VSWYDNEYGYSTR) as those
previously found in S. cerevisiae wine strains [37,38].
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Figure 6. Tandem Mass Spectrometry spectra processed and analyzed using ProteinPilot™ software,
of two Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) derived peptides found in fraction
8 kDa obtained from S. cerevisiae ER fermentation supernatants. (a) peptide amino acids sequence
ISWYDNEYGYSAR; (b) peptide amino acids sequence VSWYDNEYGYSTR.

3.3. Minimum Inhibitory Concentration (MIC), Half-Inhibitory Concentration (IC50) and Biocidal
Effect of the AMPs Secreted by S. cerevisiae ER against Fuel-Ethanol Microbial Contaminants

The MIC and IC50 of fraction 8 kDa were determined for the six B. bruxellensis and
LAB strains mentioned in Section 2.1, using fraction 8 kDa at four different concentrations
(0.5, 1.0, 1.5, and 2.0 mg/mL). The percentage of growth inhibition was determined when
cells in the control assay reached the stationary phase (approximately 40–48 h). The biocidal
effect of fraction 8 kDa was quantified by loss of culturability (CFU/mL), measured as the
number of logarithmic reductions (Logs of [CFU/mL] reduction). Results showed that
the minimum concentration of fraction 8 kDa that prevents any visible growth (MIC) of
B. bruxellensis varied from 1.5 mg/mL for strains ISA 2116 and ISA 2211 (Table 3 and Figure
S3E,F and 2.0 mg/mL for strains ISA 1791 and ISA 2104 (Table 3 and Figure S3C,D). The
most resistant B. bruxellensis strains were ISA 1649 and ISA 1700, which, in the presence of
2.0 mg/mL of fraction 8 kDa, although inhibited, were still able to grow (Figure S3A,B).
The concentration of fraction 8 kDa that induced 50% of growth reduction (IC50) was
determined when cells in the control assay reached the stationary growth phase, and values
varied from 0.28 mg/mL for B. bruxellensis strain ISA 1791 and 0.70 mg/mL for strain
ISA 1700 (Table 3 and Figure S3A,E). The fungicidal effect of fraction 8 kDa against these
B. bruxellensis strains agrees well with the MIC values determined, showing once again that
the most sensitive strains are B. bruxellensis ISA 2116 and ISA 2211, which reduced their
culturability by 1.0 and 1.2 orders of magnitude when exposed to 1.5 mg/mL and by 1.5
and 1.8 orders of magnitude when exposed to 2.0 mg/mL of fraction 8 kDa, respectively.
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Table 3. Minimum inhibitory concentration (MIC), half-inhibitory concentration (IC50) and bio-
cidal effect (determined as Log of [CFU/mL] reduction) of fraction 8 kDa determined against
six B. bruxellensis strains.

B. bruxellensis Strains MIC (mg/mL) IC50 (mg/mL)
Log of [CFU/mL] Reduction

[Fraction 8 kDa]
1.50 mg/mL 2.0 mg/mL

ISA 1649 >2.0 0.45 0.00 0.56
ISA 1700 >2.0 0.70 0.00 0.03
ISA 1791 2.0 0.28 0.00 0.06
ISA 2104 2.0 0.30 0.00 0.18
ISA 2116 1.50 0.30 1.00 1.50
ISA 2211 1.50 0.40 1.20 1.81

MIC was defined as the lowest concentration of the fraction 8 kDa that prevents any visible growth (measured by
absorbance) of yeast culture; IC50 was defined as the lowest concentration of the fraction 8 kDa that induces a
50% reduction of yeast growth as compared with the control assay (measured by absorbance). Log of [CFU/mL]
reduction corresponds to the number of logarithms (Log) that cell density [CFU/mL] decreased in the fraction
8 kDa assay, from an initial value of 105 CFU/mL to a final value determined when the respective control assay
reached the stationary growth phase.

The MIC of fraction 8 kDa was slightly higher than 2.0 mg/mL for all LAB species
(Table 4 and Figure S4A–E) since the percentage of growth inhibition at this concentration
varied from 94% for L. brevis to 98% for P. parvulus and L. hilgardii (Figure S4). L. brevis
showed to be the most resistant species since when exposed to 2.0 mg/mL of fraction 8 kDa,
its growth was inhibited by 94% (Figure S4A). Moreover, after 3 days, L. brevis was able to
grow in the presence of 2.0 mg/mL of fraction 8 kDa, which was not observed for the other
LAB species (Figure S4A–G). These results confirmed what was previously observed in
the evaluation of the biocontrol effect exerted by S. cerevisiae ER against these LAB, where
L. brevis was able to maintain its cell viability at about 105–106 CFU/mL for 10 days in the
presence of the AMPs (Figure 4A). Half inhibitory concentrations (IC50) agree well with
MICs for the same LAB species (Table 4 and Figure S4A–E). Fraction 8 kDa at 2.0 mg/mL
showed the strongest bactericidal effect against L. hilgardii, L. plantarum, and P. parvulus,
which decreased their cell viability by 1.2, 1.1, and 1.9 orders of magnitude, respectively.
This once again confirms the results obtained in the evaluation of the biocontrol effect
exerted by S. cerevisiae ER (Figure 5A,C,E), where L. plantarum and P. parvulus were revealed
to be the most susceptible species to the AMPs secreted by S. cerevisiae ER.

Table 4. Minimum inhibitory concentration (MIC), half-inhibitory concentration (IC50) and biocidal
effect (Log of [CFU/mL] reduction) of fraction 8 kDa determined against six lactic acid bacte-
ria species.

Lactic Acid Bacteria MIC
(mg/mL)

IC50
(mg/mL)

LOG of [CFU/mL] Reduction

[Fraction 8 kDa]
2.0 mg/mL

L. brevis ISA 4385 >2.0 1.71 -
L. hilgardii ISA 4387 2.0 1.70 1.16

L plantarum ISA 4395 2.0 1.50 1.06
L. mesenteroides subsp. cremoris ISA 4383 2.0 1.17 0.67

P. parvulus ISA 4401 2.0 1.20 1.90
P. pentosaceus ISA 4379 >2.0 1.58 0.22

MIC was defined as the lowest concentration of the fraction 8 kDa that prevents any visible growth (measured by
absorbance) of yeast culture; IC50 was defined as the lowest concentration of the fraction 8 kDa that induces a
50% reduction of LAB growth as compared with the control assay (measured by absorbance). Log of [CFU/mL]
reduction corresponds to the number of logarithms (Logs) that cell density [CFU/mL] decreased in the fraction
8 kDa assay, from an initial value of 105 CFU/mL to a final value determined when the respective control assay
reached the stationary growth phase.
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4. Conclusions

In the present work, we found that the industrial fuel-ethanol starter S. cerevisiae ER
secretes the same GAPDH-derived AMPs that were previously identified in S. cerevisiae
wine strains [37,38]. In addition, we also demonstrate that these AMPs exert an antimi-
crobial effect against several LAB and B. bruxellensis strains. However, the level of AMPs
naturally secreted by ER during alcoholic fermentation is not sufficient to completely
inhibit the growth of the LAB tested (i.e., P. pentosaceus, L. mesenteroides subsp. cremoris,
L. brevis, L. hilgardii, L. plantarum) and to induce total death of the B. bruxellensis strains ana-
lyzed. One foreseeable approach to improve the biocontrol effect of S. cerevisiae ER against
fuel-ethanol contaminants could be the genetic modification of this strain to over-express
and over-produce these GAPDH-derived AMPs. Nevertheless, the present study raised
experimental evidence that it is worth exploring the biocontrol potential of S. cerevisiae ER
against fuel-ethanol fermentations microbial contaminants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8050233/s1, Table S1: List of microorganisms used
in the present study and their origin; Table S2: Comparison of malic acid consumption during
growth assays performed with Levilactobacillus brevis, Lentilactobacillus hilgardii, Lactiplantibacillus
plantarum, Leuconostoc mesenteroides subsp. cremoris, Pediococcus parvulus, and Pediococcus pentosaceus,
inoculated in a cell-free supernatant pre-fermented by S. cerevisiae ER, without any treatment (Control
assay) and after a pepsin treatment (pepsin assay). Data represented correspond to means ± SD
(error bars) of two independent biological assays; Table S3: Proteins identified in fraction 8 kDa by
LC-MS/MS with Unused Protein Score above 1.3 and 95% confidence; Table S4: Peptides identi-
fied by LC-MS/MS in fraction 8 kDa derived from glyceraldehyde-3-phosphate dehydrogenase-1
protein, TDH1 gene; Table S5: Peptides identified by LC-MS/MS in fraction 8 kDa derived from
glyceraldehyde-3-phosphate dehydrogenase protein-3, TDH3 gene. Figure S1: Culturable cells (CFU)
and optical density (OD) of Hanseniaspora guilliermondii in the antimicrobial tests (AMT) without
addition of Fraction 8 kDa (Control) and with addition of 1 mg/mL of Fraction 8 kDa (AMT). Data
represented correspond to mean values of triplicate independent assays ± SD (error bars). Different
letters located over the error bars indicate significant differences (p < 0.05); Figure S2: Absorbance
(404 nm) comparison of the blank with the GAPDH-derived AMPs present in the fraction 8 kDa
determined by indirect ELISA. Values represented correspond to the means ± SD (error bars) of
three absorbance measurements. Different letters located over the error bars indicate significant differ-
ences (p < 0.05); Figure S3: (A–F) Growth inhibition (%) of B. bruxellensis strains in function of fraction
8 kDa concentration (0.0, 0.5, 1.0, 1.5 and 2.0 mg/mL). The percentage of growth inhibition (measured
by absorbance) was determined when the respective control assay reached the stationary growth
phase, ca 48 h; (G–L) Culturability (CFU/mL) of B. bruxellensis strains in function of time (days) in
the absence of fraction 8 kDa (Control) and in the presence of 0.5, 1.0, 1.5 and 2.0 mg/mL of fraction
8 kDa (Fr 8 kDa). (A,G) ISA 1649; (B,H) ISA 1700; (C,I) ISA 1791; (D,J) ISA 2104; (E,K) ISA 2116;
(F,L) ISA 2211. Data represented correspond to means ± SD (error bars) of triplicate independent
assays. Different letters located over the error bars indicate significantly different values (p < 0.05);
Figure S4: (A–F) Growth inhibition (%) of LAB in function of fraction 8 kDa concentration (0.0, 0.5, 1.0,
1.5 and 2.0 mg/mL). The percentage of growth inhibition (measured by absorbance) was determined
when the respective control assay reached the stationary growth phase, ca 48 h; (G–L) Culturability
(CFU/mL) of LAB in function of time (days) in the absence of fraction 8 kDa (Control) and in the
presence of 0.5, 1.0, 1.5 and 2.0 mg/mL of fraction 8 kDa (Fr 8 kDa). (A,G) L. brevis; (B,H) L. hilgardii;
(C,I) L. plantarum; (D,J) L. mesenteroides subsp. cremoris; (E,K) P. parvulus; (F,L) P. pentosaceus. Data
represented correspond to means ± SD (error bars) of triplicate independent assays. Different letters
located over the error bars indicate significantly different values (p < 0.05).
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