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Abstract

Saccharomyces cerevisiae probiotic properties are effective for the treatment of infections by
the opportunistic pathogen Candida albicans. Here, we assessed the anti-Candida effect of
cell-free supernatants (CFSs) from three different fecal isolates and one ATCC strain of
S. cerevisiae. We evaluated C. albicans growth inhibition through CFUs, and the impairment
of virulence factors (adhesion, biofilm formation, and metabolic activity) by crystal violet
and XTT assays. An untargeted metabolomic analysis of the CFSs was also performed.
The CFSs moderately reduced C. albicans growth, but they could impair C. albicans vir-
ulence by reducing its capacity to adhere and to form a biofilm, and by decreasing the
metabolic activity of biofilm-embedded fungal cells. The untargeted metabolomic analysis
indicated an overexpression of N-acetyl-DL-tryptophan and other molecules derived from
its metabolism (kynurenic acid and indole-3-acrylic acid), the dipeptides glycyl-L-leucine,
prolyl-leucine, and γ-L-glutamyl-L-leucine, and the unconventional nucleotide inosine
in the CFSs from fecal isolates, as compared to the reference strain. Further studies are
warranted to better characterize the metabolome of these CFSs. Should the effects described
here also be confirmed in vivo, the possible future employment of S. cerevisiae CFSs as a
postbiotic aid to the current antifungal therapy may be considered.

Keywords: Saccharomyces cerevisiae; cell-free supernatants (CFS); Candida albicans; postbiotics;
virulence traits; biofilm; untargeted metabolomics

1. Introduction
Yeasts have been used to raise bread and to produce beer and wine at least since

10,000 BC [1]. Saccharomyces cerevisiae (S. cerevisiae), one of the most commonly used,
has been gradually “domesticated” by its long-lasting association with human activities,
especially the fermentation processes [2–6]. Currently, S. cerevisiae is widely employed
as a “cell factory” in food and pharmaceutical industries, because its metabolism can
be engineered to produce a wide range of different chemicals from low-value-added,
but large-volume type products (such as ethanol and biofuels) to high-value-added, but
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low-volume type products (pharmaceuticals) [7,8]. The presence of S. cerevisiae in human-
related environments and its wide employment in the food industry allowed it to adapt
to several body sites where it normally dwells as a commensal, such as skin [9], mucosal
membranes [10,11], breast milk [12], and respiratory [13,14] and intestinal tracts [11,15,16].
These sites also offer shelter to other species of fungi, as well as to bacteria and protozoa,
thus becoming colonized by a resident microbiota [17]. The rupture of such a finely balanced
microbial environment may cause disease onset. Several conditions, such as Inflammatory
Bowel Disease (IBD), seem to be caused by an altered mycobiota composition [15,16,18,19].
To date, scant results are available on the role of commensal fungi in these diseases. Species
like Candida albicans (C. albicans) are known to live in constant interplay with the human
immune system, behaving like classic opportunistic pathogens. Differently, the role of other
fungi traditionally considered as commensals (such as S. cerevisiae) is less clear. Some studies
suggest the involvement of S. cerevisiae in gut inflammation, because it has been found to be
enriched both in stool samples of IBD patients [15,20,21] and in the gut mucosa of Crohn’s
Disease (CD) patients [11]. Other studies, though, indicate a positive role for S. cerevisiae in
the gut colonization of CD pediatric patients [16]. In addition, S. cerevisiae, together with the
cognate species Saccharomyces boulardii, has been shown to exert antimicrobial activity also
against pathogenic bacteria, such as some Salmonella serovars [22]. The idea of a beneficial
role of S. cerevisiae on human health is also reinforced by its pharmaceutical applications as a
probiotic [17]. In addition, S. cerevisiae metabolic products, obtained through the production
of fungal cell-free supernatants (CFSs), have been demonstrated to stimulate Bacillus subtilis
spore germination (making the bacteria more vulnerable), with important applications in
the food industry, where B. subtilis often occurs as a contaminant [23]. Furthermore, they
can inhibit the biofilm formation of Staphylococcus aureus [24] and Listeria monocytogenes [25],
important contaminants greatly feared in the food industry.

The Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) revised the definition of probiotics in 2001, as follows: “pro-
biotics are live microorganisms which, when administered in adequate amounts, confer
a health benefit on the host” [26,27]. Probiotics, by definition, are alive, and they are re-
quired to have an efficacious number of viable cells when they are administered to humans.
However, most probiotic preparations, especially at the end of their shelf-life, can include
potentially large numbers of dead and injured microorganisms, whose potential influence
on probiotic functionality has received little attention to date [28,29]. Indeed, it has been
demonstrated that bacterial lysates from respiratory pathogens are effective in preventing
pediatric respiratory diseases, possibly through mechanisms of trained immunity [30]; in
a recent work by our group, we demonstrated that a Cutibacterium acnes bacterial lysate
was able to improve vaginal epithelial cell response to pathogens responsible for vaginal
infections [31]. Therefore, the term “postbiotic” has been introduced to indicate all those
“preparations of inanimate microorganisms and/or their components (and product of their
metabolism, including CFSs) that confer a health benefit on the host” [32].

C. albicans is a dimorphic fungus and a member of the human mycobiota [33]. In
its yeast form, it behaves as a harmless commensal, and it dwells in the mucosae of the
oropharynx, genital, and gastrointestinal tracts within the human body [34]. Upon immune
system impairment, C. albicans can undergo dimorphic transition and shift to its hyphal
form, becoming thus an opportunistic pathogen responsible for oral–pharyngeal candidia-
sis, esophageal candidiasis, genital tract infections (such as vulvovaginal candidiasis, VVC),
and severe nosocomial bloodstream infections [34,35]. The colonization of the mouth,
vagina and gut by Candida occurs very early in life, typically during infancy. Within the
gut, C. albicans is forced into its yeast form by a competent immune system. In this form,
the fungus has a positive role in shaping the composition of a healthy microbiota and in
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inhibiting inflammatory responses. In addition, the presence of C. albicans in the gut has
been associated with an increase in splenic IgG-producing B cells and systemic antifungal
IgG, which confer protection from candidemia [36–40]. C. albicans is a leading cause of
nosocomial infections, with mortality rates often exceeding 40% despite treatment [41,42].
The handling of systemic infections by Candida and other fungal pathogens is complicated
by the availability of only three classes of antifungal drugs, namely the azoles that target
ergosterol biosynthesis, the echinocandins that inhibit fungal cell wall biosynthesis, and the
polyenes that bind to ergosterol in the fungal cell membrane, leading to cell lysis [43,44].
In addition to our limited arsenal of antifungals, the development of multidrug-resistant
strains and the emergence of intrinsically resistant pathogens are increasing.

Increasing evidence indicates that specific strains of S. cerevisiae have probiotic prop-
erties, and they have been used successfully for the treatment of bacterial and fungal
infections, especially by C. albicans [45]. The latter and S. cerevisiae coexist pacifically in
the gut, but in different contexts, such as in oropharyngeal candidiasis and in VVC, the
use of S. cerevisiae as a probiotic has been demonstrated to be protective against C. albicans
infections [46–48]. However, these data make use of alive yeasts as probiotics, or of dead
whole yeast cells. In the present work, we prepared CFSs (containing metabolites and other
molecules produced and secreted by alive yeasts) from three different fecal isolates and
one ATCC reference strain of S. cerevisiae. We investigated the effects of CFSs on C. albicans
growth and its capacity to adhere to abiotic substrates and to form a biofilm; in addition, we
assessed whether the CFSs affect the metabolic activity of biofilm-embedded Candida cells.
We then analyzed the overexpression of metabolites by the three S. cerevisiae strains isolated
from human stools in comparison to the reference S. cerevisiae ATCC strain. By comparing
our results with data from the literature, we tried to understand if the overexpression of
certain metabolites could provide a potentiated activity of such CFSs against C. albicans.

2. Materials and Methods
2.1. Fungal Strains

Four strains of S. cerevisiae were selected to produce cell-free supernatants (CFSs).
Strains 66, 83, and 84 were obtained by fecal isolates of 3 different healthy subjects, and they
had been already genotypically and phenotypically characterized [49]. Strain 87, a reference
strain (S. cerevisiae ISM 68/119-ATCC 9763), was purchased from LTA S.r.l. (Milano, Italy).
The effects of S. cerevisiae CFSs were assessed on the Candida albicans strain SC5314 (ATCC
MYA-2876). All the strains were stocked at −80 ◦C in cryovials containing plastic beads
(Pro-Lab Diagnostics, Bromborough, UK). The fungi were thawed by collecting a single
bead with a sterile inoculating loop, transferring it into Sabouraud Dextrose Broth (SDB,
Condalab, Madrid, Spain), and incubating it overnight at 37 ◦C. Then, 10 µL of each
suspension was seeded onto fresh Sabouraud Dextrose Agar (SDA, Oxoid, Fisher Scientific,
Milan, Italy) plates and incubated for 24 h at 37 ◦C to obtain single colonies and to check
the viability and purity of each strain (Figure 1).

2.2. Preparation of S. cerevisiae Cell-Free Supernatants (CFSs)

S. cerevisiae cell-free supernatants (CFSs) were prepared according to a previously
described protocol [50], with minor modifications. Briefly, the S. cerevisiae strains were
subcultured through passages in fresh SDA plates and incubated overnight at 37 ◦C, to have
the fungi in their exponential growth phase. For each strain, a suspension of 106 CFU/mL
in SDB was prepared and incubated for 24 h at 37 ◦C. Then, 1 mL of each fungal suspension
was added to tubes containing 14 mL of RPMI-1640 medium (Sigma-Aldrich, Saint-Louis,
MO, USA), which were then incubated at 37 ◦C for 48 h. The medium RPMI-1640 was
chosen according to the protocol set up by De Marco and coworkers [50]. At the end of the
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incubation, the concentration of each strain was measured spectrophotometrically with a
Sunrise Microplate Reader (Sunrise, Tecan, Salzburg, Austria) to ascertain that the fungi
continued to grow. The suspensions were then centrifuged at 3000 rpm for 10 min, and
the supernatants obtained by centrifugation (i.e., the cell-free supernatants) were collected.
After measuring the pH (with values ranging from 7.0 to 7.4), every CFS was sterilized
by filtration through 0.22 µm filters, divided into 1 mL aliquots in cryovials, and stored at
−80 ◦C. The protocol described is summarized in Figure 1.

Figure 1. Schematization of the protocol used for the preparation of S. cerevisiae CFSs. S. cerevisiae
strains were thawed, grown in SDB for 24 h, and seeded onto SDA to obtain single colonies. Isolated
colonies were washed and resuspended in SDB at a concentration of 106 CFU/mL and grown for
24 h. Then, 1 mL of each culture was transferred to RPMI-1640 media, where the yeasts were
allowed to grow for a further 48 h. Finally, the fungal suspensions were centrifuged, and the cell-free
supernatants (CFSs) were collected. After measurement of the pH and sterilization through 0.22 µm
filters, the CFSs were aliquoted and stored frozen at −80 ◦C. Created in BioRender. Ardizzoni, A.
(2026) https://BioRender.com/remublw.

2.3. Effects of S. cerevisiae CFSs on C. albicans Growth

The day before each experiment, C. albicans was subcultured onto fresh SDA plates
and incubated overnight at 37 ◦C, allowing the fungus to reach the exponential growth
phase. On the day of the experiment, a loopful of Candida was collected from the plate and
washed in 1× PBS. Then, after spectrophotometric measurement, its concentration was
assessed using a stored curve set up in our laboratory, which associates optical density (OD)
values with a specific fungal concentration. The Candida was then diluted to a working
strength concentration of 106 CFU/mL. To assess C. albicans growth efficiency, 500 µL of
fungal suspension (106 CFU/mL) was added to tubes containing 500 µL of the different
CFSs or RPMI (used as a negative control) and incubated at 37 ◦C for 24 h under agitation.
The fungal suspensions were then serially diluted, and 20 µL from each dilution was seeded
as spots onto SDA plates. The plates were incubated at 37 ◦C for 24 h to allow for fungal
growth, then the CFUs were counted. The CFU values obtained from the Candida grown
with the CFSs were normalized as percentages, compared to the CFU values of the control,
i.e., Candida grown in RPMI-1640, which were considered 100%. CFU values similar to or
higher than the CFU value of the control were assigned the 100% value as well. The data
were then drawn into heatmaps that reported the mean percentage of CFU values from
5 independent experiments.
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2.4. Effects of S. cerevisiae CFSs on C. albicans Adhesion, Biofilm Formation, and Biofilm
Metabolic Activity

The day before each experiment, Candida was subcultured onto fresh SDA plates and
incubated overnight at 37 ◦C, allowing the fungus to reach the exponential growth phase.
A loopful of Candida was then collected from the plate, washed in 1× PBS, its concentration
was measured by OD determination, and a suspension of 106 CFU/mL was prepared.

For the assessment of adhesion, 100 µL of Candida suspension was added to the wells
of a 96-well microtiter plate (Greiner, Milano, Italy) containing 100 µL of each CFS. As a
control, 100 µL of Candida suspension was added to 100 µL of sterile RPMI-1640. The plate
was incubated for 2 h at 37 ◦C with 5% CO2, and the adhesion was evaluated by crystal
violet (CV) staining, using a protocol previously described [51]. Briefly, the supernatants
were removed, each well was washed with warm PBS to remove non-adherent fungal
cells, and 100 µL of the 1% crystal violet (CV, Sigma-Aldrich, St. Louis, MO, USA) was
added. After 5 min, the CV was removed, and 1 wash with warm PBS was performed
before adding 100 µL of 33% acetic acid (ITW Reagents, Monza, Italy) to each well. The
adhesion of C. albicans was quantified by evaluating the optical density (OD) at the 570 nm
wavelength using a spectrophotometer (Sunrise, Tecan, Männedorf, Switzerland). Each
condition was tested in triplicate across 3 independent experiments.

To assess the capacity of Candida to form a biofilm, 100 µL of Candida suspension
(106 CFU/mL) was added to the wells of 96-well microtiter plates (Greiner) containing
100 µL of each CFS. As a control, 100 µL of Candida suspension was added to 100 µL
of sterile RPMI-1640. The plates were incubated for 24 h at 37 ◦C with 5% CO2, and
the biofilm formation was then evaluated by CV staining, using a protocol previously
described [52–54]. Briefly, at the end of incubations, the supernatants were removed, and
each well was washed 3 times with warm PBS. Then, biofilms were fixed for 15 min with
99% methanol (ITW Reagents) and stained for 5 min with 1% CV. After removal of the
dye, the wells were washed with distilled water and finally treated with 33% acetic acid
for 10 min to solubilize the residual staining. The biofilm of C. albicans was quantified by
evaluating the optical density (OD) at the 540 nm wavelength using a spectrophotometer.
The cut-off value for the presence of a biofilm was an optical density of at least 1.5. Each
condition was tested in quadruplicate across at least 3 independent experiments.

To evaluate the metabolic activity of C. albicans biofilm, 100 µL of Candida suspension
was added to the wells of 96-well microtiter plates (Greiner) containing 100 µL of each CFS.
As a control, 100 µL of Candida suspension (106 CFU/mL) was added to 100 µL of sterile
RPMI-1640. The plates were incubated for 24 h at 37 ◦C with 5% CO2, and an XTT reduction
assay was performed, according to previously established protocols [52–54], with slight
modifications. Briefly, after the end of incubation, the supernatants were removed, and the
wells were washed 3 times with warm PBS. Then, 100 µL of a 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) solution containing 10 mM Menadione
(Sigma-Aldrich) was added to each well, and the plates were incubated for a further 2.5 h
at 37 ◦C with 5% CO2. Finally, 80 µL was collected from each well, transferred to another
96-well plate, and the absorbance was measured immediately by a spectrophotometer
at a wavelength of 492 nm. Each condition was tested in quadruplicate across at least
3 independent experiments.

2.5. Liquid Chromatography–Electrospray/High-Resolution Mass Spectrometry
(HPLC-ESI/HRMS)

The CFSs, which had been stored at −80 ◦C, were thawed and centrifuged at 18,000× g
for 10 min and transferred to Amicon-Ultra 0.5 tubes. Then, the HPLC-ESI/HRMS analysis
was performed following the method described in a previous paper by our group [55], with
minor modifications. Briefly, the amended parameters were the following: the separation
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was performed at 0.3 mL/min flow; the mobile phase composition, kept at 2% B for 1 min
after injection, was linearly raised to 35% B in 30 min; methanol was kept at 98% up to
minute 39.9 and lowered to 2% at minute 40, with a total runtime of 50 min; Sheath Gas 37
and Aux Gas 28 were the nitrogen flows used to assist the ionization; the capillary voltage
was set at 3.5 kV (or 3.2 kV for negative ionization); 243 ms was the maximum injection
time; finally, the fragmented precursors were dynamically excluded for 10 s.

2.6. Compounds Discoverer Data Analysis

Raw files (quadruplicate samples from each different CFS) were processed by Com-
pound Discoverer (CD) 3.3.2.31 (Copyright 2014–2023 Thermo Fisher Scientific Inc.,
Waltham, MA, USA) using a slightly modified processing workflow template for Un-
targeted Metabolomics with Statistics Detect Unknowns with ID Using Local Databases, as
previously described [55]. Briefly, the core of the workflow consisted of Spectra selection
from raw files (Retention Time limited from 0.2 to 45 min), Retention Time Alignment
(ChromAlign) with respect to a QC sample file, and Compound Detection and Grouping
with RT tolerance of 0.3 min and 5 ppm mass deviation. Then, Gap Filling, SERRF QC
Correction, and Background removal were performed along with Compound Annotation
using Predicted Composition and different types of databases (mzCloud, mzVault, Metabo-
lika, ChemSpider, MassList) [56]. The detected compounds were used for the differential
analysis of sample groups (Nested Design; Generated Ratios: S. cerevisiae CFS 66/CFS Ref,
CFS 83/CFS Ref, and CFS 84/CFS Ref). According to the confidence level of identification,
each compound was assigned a full match (colour code: green), a partial match (colour
code: orange), or no match (colour code: red) for each of the annotation sources listed
above. Only those compounds that were assigned a name by the software and whose
annotation sources returned at least 3 full matches, or 2 full matches plus 2 partial matches,
were included in the tables. Moreover, to improve clarity, an identification level has been
indicated, according to data from the literature [57].

2.7. Statistical Analysis

The statistical analyses have been carried out using GraphPad Prism 10 software
(GraphPad, Boston, MA, USA). All the experiments have been repeated at least 3 times, and
each experiment consisted of at least 3 technical replicates for every condition tested. The
columns depicted in the graphs represent the average values ± SEM. The Shapiro–Wilk
test was used to analyze data distribution within each experimental group. Statistical
differences among groups were assessed through One-Way ANOVA, followed by Dunnet’s
multiple comparisons test or by the Kruskal–Wallis test, then followed by an Uncorrected
Dunn’s test. Values of p ≤ 0.05 were considered significant.

3. Results
3.1. CFS Production and Characteristics

Four strains of S. cerevisiae were employed for the present study: three fecal isolates
(strains 66, 83, and 84) obtained from healthy subjects who followed Western and omnivore
diets and had not been treated with prebiotics and/or probiotics for 1 month, nor with
antibiotics for at least 3 months [49] and one ATCC strain (strain 87, referred to as CFS
Ref). Four different batches of CFSs were prepared and employed for the experiments de-
scribed. All batches were checked for the fungal concentration that had been reached before
supernatant collection, and for the pH values of the supernatants. Before collecting the su-
pernatants, the fungal growth ranged between 4.1 × 106 CFU/mL and 7.8 × 106 CFU/mL
(with an average growth of 6.4 × 106 CFU/mL), and the pH values were always very close
to neutral, ranging between 7.0 and 7.2, with an average value of 7.1.

https://doi.org/10.3390/jof12020081

https://doi.org/10.3390/jof12020081


J. Fungi 2026, 12, 81 7 of 15

3.2. Effects of S. cerevisiae CFSs on C. albicans Growth, Adhesion, Biofilm Formation and
Metabolic Activity of Biofilm-Embedded Fungi

To evaluate the effects of the CFSs on Candida growth, C. albicans SC5314 was incubated
with the different CFSs for 24 h, then seeded onto SDA plates. For every condition, the CFU
values counted were expressed as a percentage of the CFU value of the control (considered
as 100% growth) and the results were reported on heatmaps. After 24 h, the growth of
Candida was not affected by incubation with CFS 66, while the incubation with the other
CFSs exhibited a reduction in fungal growth. Such growth reduction reached statistical
significance when C. albicans was incubated with CFS Ref (Figure 2A).

Figure 2. Effects of S. cerevisiae CFSs on C. albicans growth, adhesion, biofilm formation, and metabolic
activity. (A) C. albicans SC5314 grown onto SDA plates, after 24 h of incubation with, or without (Ctrl),
S. cerevisiae CFSs (CFSs 66, 83, 84, and Ref). The CFU values have been normalized and expressed as
percentages relative to the CFU value of the control, which has been arbitrarily assigned the value of
100%. The values are represented with heatmaps with colours shading from blue (high percentages)
to white (low percentages). ** p ≤ 0.01. (B) Adhesion evaluated after C. albicans SC5314 incubation
for 2 h with, or without (Ctrl), the CFSs (CFSs 66, 83, 84, and Ref). * p ≤ 0.05. (C) Biofilm formation
assessed after C. albicans SC5314 incubation for 24 h with, or without (Ctrl), the CFSs (CFSs 66, 83, 84,
and Ref). * p ≤ 0.05. (D) Metabolic activity of biofilm-embedded C. albicans SC5314 cells after 24 h of
incubation with, or without (Ctrl), the CFSs (CFSs 66, 83, 84, and Ref). *** p ≤ 0.001.

Moreover, after 2 h of contact with the CFSs, a reduced adhesion capacity of C. albicans
was observed after incubation with all but CFS Ref, when compared to the control. Notably,
such reduction reached statistical significance only for C. albicans incubated with CFS 83
(Figure 2B). Upon extending the CFS contact time to 24 h, in order to allow C. albicans to
form a biofilm, the fungal cells treated with all the CFSs exhibited an impairment in their
biofilm formation capacity: crystal violet staining returned OD values lower than the cutoff
value of 1.5; in contrast, the control C. albicans cells, grown without CFSs, were able to
form a biofilm, as shown by the OD values well above the cut-off value (Figure 2C). To
determine whether the impairment of biofilm formation was due to a reduction in fungal
metabolic activity, an XTT assay was performed. The results show that 24 h contact with
the CFSs impaired the metabolic activity of biofilm-embedded C. albicans cells compared to
the control, and this impairment reached statistical significance across all C. albicans cells
incubated with CFSs (Figure 2D).
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3.3. Untargeted Metabolomic Analysis of CFSs from S. cerevisiae

An untargeted metabolomics approach was used to compare the metabolomes of
the CFSs from the different S. cerevisiae strains (CFSs 66, 83, 84, and Ref), both in positive
and negative ionization mode. Principal Component Analysis (PCA) showed significantly
different metabolomic profiles among the four CFSs (Figures 3A and 4A). A hierarchical
clustering analysis, carried out to compare the four metabolomes, revealed distinct clusters
of metabolites overexpressed (blue areas) or downregulated (red areas) in CFSs 66, 83, 84,
and Ref (Figures 3B and 4B).

Figure 3. (A) Principal Component Analysis (PCA) of the metabolomes from CFSs 66, 83, 84, and Ref,
analyzed in positive ionization mode. (B) Hierarchical clustering analysis in positive ionization mode,
carried out to compare the metabolomes from CFSs 66, 83, 84, and Ref, according to Compound
Discoverer (CD) 3.3.2.31 analysis. The blue regions include clusters of overexpressed metabolites, and
the red regions include clusters of downregulated metabolites in CFSs 66, 83, 84, and Ref. (C) Chart
maps of significant (p < 0.01, Log2 Fold Change = 2) upregulated (red) or downregulated (green)
metabolites in CFSs 66, 83, and 84 as compared to CFS Ref analyzed in positive ionization mode.
Data are from quadruplicate samples from each CFS.
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Figure 4. (A) Principal Component Analysis (PCA) of the metabolomes from CFSs 66, 83, 84, and
Ref, analyzed in negative ionization mode. (B) Hierarchical clustering analysis in negative ionization
mode, carried out to compare the metabolomes from CFSs 66, 83, 84, and Ref, according to Compound
Discoverer (CD) 3.3.2.31 analysis. The blue regions include clusters of overexpressed metabolites, and
the red regions include clusters of downregulated metabolites in CFSs 66, 83, 84, and Ref. (C) Chart
maps of significant (p < 0.01, Log2 Fold Change = 2) upregulated (red) or downregulated (green)
metabolites in CFSs 66, 83, and 84 as compared to CFS Ref analyzed in negative ionization mode.
Data are from quadruplicate samples from each CFS.

Chart maps obtained by positive ionization mode analysis were drawn to show the
comparison of the metabolites occurring in the CFSs from S. cerevisiae clinical isolates
with the metabolites occurring in the reference CFS. Specifically, 97 metabolites were
downregulated, and 46 metabolites were upregulated in CFS 66 as compared to CFS Ref;
81 metabolites were downregulated, and 265 metabolites were upregulated in CFS 83
as compared to CFS Ref; 59 metabolites were downregulated, and 252 metabolites were
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upregulated in CFS 84 as compared to CFS Ref (Figure 3C). Chart maps obtained by
negative ionization mode show that 41 metabolites were downregulated, and 9 metabolites
were upregulated in CFS 66 as compared to CFS Ref; 34 metabolites were downregulated,
and 77 metabolites were upregulated in CFS 83 as compared to CFS Ref; 24 metabolites
were downregulated, and 51 metabolites were upregulated in CFS 84 as compared to CFS
Ref (Figure 4C).

A more detailed analysis of the upregulated metabolites included in the specific blue
areas was carried out to compare CFSs 66, 83, and 84 to CFS Ref, both in positive and
negative ionization mode. The identified overexpressed compounds in these areas returned
different levels of identification according to the Annotation Sources used by the CD
software 3.3.2.31 and listed in Supplementary Tables S1 and S2.

According to the results of the analysis in positive ionization mode, N-acetyl-
DL-tryptophan (two full matches and two partial matches) and indole-3-acrylic acid
(five full matches) were upregulated in all the CFSs with respect to CFS Ref. Imidazolelac-
tic acid (three full matches and one partial match) was upregulated only in CFS 66, and
kynurenic acid (five full matches and one partial match) was upregulated only in CFS
83. Notably, in CFS 83, leucine-containing molecules (i.e., glycyl-L-leucine, prolylleucine,
g-L-glutamyl-L-leucine) were also upregulated (Table S1).

The analysis in negative ionization mode returned a small number of upregulated com-
pounds. Interestingly, inosine (three full matches and one partial match) was upregulated
in CFS 84 (Table S2).

4. Discussion
S. cerevisiae and C. albicans often dwell in the same ecological niches within the human

body, where they compete for attachment to epithelial cells [58]; such competition, if effec-
tive on the S. cerevisiae side, may inhibit colonization and dissemination of C. albicans [46].
It has been reported, in a recently published study, that not only S. cerevisiae per se, but also
cell-free supernatants (CFSs) obtained from a combination of probiotics of bacterial and
fungal origin (including S. boulardii) can affect C. albicans dimorphic transition [59].

Therefore, in the present study, we prepared CFSs from four S. cerevisiae strains
(three fecal isolates and one ATCC strain), and we assessed their activity against C. albicans.
Four different batches of CFSs were prepared, which were necessary to carry out the many
experiments described in this paper. For every batch, the yeasts’ CFU values as well as
the final CFS pH were measured, and no batch-to-batch differences were observed, which
attests to the reproducibility of the method employed. In particular, the similar CFU values
of each strain at the end of the 48 h incubation period indicate that the conditions chosen
to grow S. cerevisiae allowed the yeasts to survive and reproduce, thus indicating that the
CFSs mainly contain molecules originating from the metabolic activity of living cells, rather
than dead cells or parts of dead cells.

pH values around 7.0, in combination with the presence of serum, low percentages
of CO2, and other facilitating conditions, allowed C. albicans to undergo the dimorphic
transition and to shift to its hyphal form, which is associated with fungal pathogenesis [33].
However, the neutral pH of S. cerevisiae CFSs was not sufficient per se to allow C. albicans
to express its virulence. Indeed, several virulence factors of C. albicans were impaired,
which may be ascribed to the S. cerevisiae-secreted molecules occurring in the CFSs, which
overcome the advantage provided by the neutral pH. We initially evaluated the impairment
of C. albicans growth; after 24 h incubation with the CFSs, none were able to stop C. albicans
from growing. The CFSs from two out of the three fecal isolates reduced C. albicans growth,
but this reduction did not reach statistical significance, indicating that the fungus survived
and retained its ability to replicate, albeit at a lower rate. In contrast, the CFS Ref, obtained
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from the ATCC strain, was able to significantly reduce C. albicans growth after 24 h of
incubation. However, the capacity to survive and to replicate did not account, per se,
for fungal pathogenicity. Indeed, Candida virulence traits may have been affected by the
incubation of the fungus with the CFSs. C. albicans in its hyphal form behaves as an
opportunistic pathogen by adhering to biotic and abiotic substrates, and this capacity to
adhere is the first step leading to biofilm formation [60]. The results of the present study
show that the adhesion capacity of C. albicans to an abiotic substrate was impaired after
2 h of incubation with all the CFSs. Such impairment likely persisted throughout the
24 h of incubation, because the biofilm mass production remained well below the cut-off
value, and the metabolic activity of the sessile fungal cells incubated with all the CFSs
was significantly reduced compared to the untreated Candida. Therefore, notwithstanding
the moderate CFS effects on C. albicans growth, the impairment of its virulence factors,
such as the diminished capacity to adhere, the reduced ability to form a structured biofilm,
and the hindered metabolic activity of biofilm-embedded fungal cells, is clinically relevant
because the impairment reduces the possibility for Candida to exert its pathogenic activity.
It follows that the CFSs must contain one or more components responsible for the observed
effects. Therefore, we carried out an untargeted metabolomic analysis comparing the
expression of metabolites in the CFSs from the fecal isolates versus the CFS from the
reference ATCC S. cerevisiae strain (CFS Ref). The principal component analysis, together
with the hierarchical clustering analysis of overexpressed and downregulated compounds,
indicated that the metabolomic profiles of CFS 83 and CFS 84 were more similar, whereas
the metabolomic profile of CFS 66 was more similar to the metabolomic profile of CFS
Ref. The analysis of the single compounds within the hierarchical clustering showed an
upregulation of N-acetyl-DL-tryptophan and other molecules derived from its metabolism
(kynurenic acid and indole-3-acrylic acid) in the CFSs from fecal isolates. Kynurenic acid
increases in osmotic stress conditions [61]; it has a variety of cytoprotective, neuroprotective,
and neuronal signalling properties, and it is the terminal element of an irreversible reaction
of most tryptophan degradation pathways. Interestingly, kynurenic acid has been shown
to be potentially useful as a nutraceutical [62]. The literature reports several properties
for indoles, such as antioxidant, anti-inflammatory, and neuroprotective activity. Indole-3-
acrylic acid [63,64] has also been reported to promote intestinal epithelial-barrier function
and to mitigate inflammatory responses. Recently, indole and its derivatives have also been
reported to inhibit the filamentation and biofilm formation of C. albicans, which may partly
explain the inhibition of C. albicans virulence traits by S. cerevisiae CFSs [63,65]. Inosine, a
metabolite upregulated in the CFS from strain 84, is a non-canonical nucleotide that exerts
antioxidant, anti-inflammatory, and neuroprotective effects [66], and it has a positive impact
both on the host and on its resident microbiota. Inosine has antioxidant, anti-inflammatory,
pro-axogenic, and neuroprotective functions, and for these reasons, it is also employed as
a therapeutic supplement for nerve injury, inflammation, and oxidative stress [66,67]. In
CFS 83, an upregulated production of glycyl-L-leucine, prolyl-leucine, and γ-L-glutamyl-L-
leucine was observed. These dipeptides primarily serve as precursors of their constituent
amino acids. Leucine, the common component of these dipeptides, is an essential branched-
chain amino acid that is vital for human health as it cannot be synthesized by the body and
must be obtained from one’s diet. Indeed, several γ-glutamyl compounds, including γ-L-
glutamyl-L-leucine, are widely distributed in many animal and vegetal tissues [68]. Leucine
has many biological properties, and it is involved in protein metabolism, energy regulation,
and cellular signalling. Indeed, leucine has been reported to have a positive effect on lipid
metabolism and insulin sensitivity and, therefore, was proposed as a potential agent for the
prevention and treatment of metabolic diseases, including obesity and type 2 diabetes [69].
It follows that the overproduction of this metabolite (and/or its precursors) by specific
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strains of S. cerevisiae that reside in the human gut may play an important biological role
and have a major impact on human health. Validating the role of these overexpressed
metabolites is beyond the scope of the present work. Notwithstanding this limitation, by
combining the results of the present study with data from the literature, we hypothesize
that one or more of such overexpressed molecules may play a role in the impairment effects
observed on CFS-treated C. albicans. Further studies, including mechanistic validation
of such metabolites, are warranted to test the effects of these purified metabolites on
C. albicans. To increase the identification confidence of inosine (one of the overexpressed
metabolites) from probable to possibly confirmed structure, an inosine reference standard
solution was used to confirm the [M + H]+ molecular ion mass-to-charge ratio, along with
its fragmentation spectrum and retention time, as detailed in previous work [55].

Notwithstanding these preliminary results obtained by in vitro studies, we hypothe-
size that the anti-Candida activity of CFSs from S. cerevisiae has the potential for a possible
future inclusion in a postbiotic formulation. Further studies aimed at the precise charac-
terization of the S. cerevisiae strains used for the production of CFSs are required, since
preparations derived from undefined microorganisms cannot match the definition of post-
biotics [32]. In addition, since the results presented here match the data from the literature
that demonstrate anti-Candida effects of CFSs obtained by a pool of probiotics (including
S. boulardii) [59], further studies are warranted to better characterize the anti-Candida ac-
tivity of S. cerevisiae CFSs, as well as the overexpressed metabolites highlighted by the
untargeted metabolomic analysis.
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Compound Discoverer (CD) 3.3.2.31 analysis; Table S2: Compounds overexpressed in CFS 66, CFS 83,
and CFS 84 with respect to CFS Ref, identified in negative ionization mode according to Compound
Discoverer (CD) 3.3.2.31 analysis.

Author Contributions: Conceptualization, E.P. and A.A.; methodology, E.P. and A.A.; software, L.S.
and A.A.; validation, E.P. and A.A.; formal analysis, L.S., E.P. and A.A.; investigation, L.S., G.T., G.B.,
M.D.B., M.T.F., D.P. and A.A.; resources, E.P. and A.A.; data curation, E.P. and A.A.; writing—original
draft preparation, E.P. and A.A.; writing—review and editing, L.S., D.P., E.P. and A.A.; visualization,
L.S., E.P. and A.A.; supervision, A.A.; project administration, A.A.; funding acquisition, E.P. and A.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the FAR Dipartimentale 2024 (Ardizzoni) and by the FAR
Dipartimentale 2025 (Pericolini).

Institutional Review Board Statement: This study was approved by the local research ethics commit-
tee on 10 November 2015 (reference number 225-15, Comitato Etico Provinciale, Azienda Policlinico
di Modena, Italy).

Informed Consent Statement: Written informed consent had been obtained from all the enrolled
subjects.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge the “Fondazione Cassa di Risparmio di Modena” for
funding the HPLC-ESI/HRMS QExactive system at the Centro Interdipartimentale Grandi Strumenti
(CIGS) of the University of Modena and Reggio Emilia. We would like to thank Cinzia Rosselli,
Translation Office, Management Staff of UniMORE, for proofreading the English text.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/jof12020081

https://www.mdpi.com/article/10.3390/jof12020081/s1
https://www.mdpi.com/article/10.3390/jof12020081/s1
https://doi.org/10.3390/jof12020081


J. Fungi 2026, 12, 81 13 of 15

References
1. Money, N.P. The Rise of Yeast: How the Sugar Fungus Shaped Civilization; Oxford University Press: Oxford, UK, 2018;

ISBN 978-0-19-874970-7.
2. Cavalieri, D.; McGovern, P.E.; Hartl, D.L.; Mortimer, R.; Polsinelli, M. Evidence for S. cerevisiae Fermentation in Ancient Wine. J.

Mol. Evol. 2003, 57, S226–S232. [CrossRef]
3. Fay, J.C.; Benavides, J.A. Evidence for Domesticated and Wild Populations of Saccharomyces Cerevisiae. PLoS Genet. 2005, 1, e5.

[CrossRef]
4. Legras, J.; Merdinoglu, D.; Cornuet, J.; Karst, F. Bread, Beer and Wine: Saccharomyces cerevisiae Diversity Reflects Human History.

Mol. Ecol. 2007, 16, 2091–2102. [CrossRef]
5. Goddard, M.R.; Anfang, N.; Tang, R.; Gardner, R.C.; Jun, C. A Distinct Population of Saccharomyces cerevisiae in New Zealand:

Evidence for Local Dispersal by Insects and Human-aided Global Dispersal in Oak Barrels. Environ. Microbiol. 2010, 12, 63–73.
[CrossRef]

6. Liti, G. The Fascinating and Secret Wild Life of the Budding Yeast S. cerevisiae. eLife 2015, 4, e05835. [CrossRef] [PubMed]
7. Nielsen, J. Yeast Systems Biology: Model Organism and Cell Factory. Biotechnol. J. 2019, 14, 1800421. [CrossRef] [PubMed]
8. Walker, G.; Stewart, G. Saccharomyces cerevisiae in the Production of Fermented Beverages. Beverages 2016, 2, 30. [CrossRef]
9. NIH Intramural Sequencing Center Comparative Sequencing Program; Findley, K.; Oh, J.; Yang, J.; Conlan, S.; Deming, C.; Meyer,

J.A.; Schoenfeld, D.; Nomicos, E.; Park, M.; et al. Topographic Diversity of Fungal and Bacterial Communities in Human Skin.
Nature 2013, 498, 367–370. [CrossRef]

10. Sobel, J.D.; Vazquez, J.; Lynch, M.; Meriwether, C.; Zervos, M.J. Vaginitis Due to Saccharomyces cerevisiae: Epidemiology, Clinical
Aspects, and Therapy. Clin. Infect. Dis. 1993, 16, 93–99. [CrossRef]

11. Liguori, G.; Lamas, B.; Richard, M.L.; Brandi, G.; Da Costa, G.; Hoffmann, T.W.; Di Simone, M.P.; Calabrese, C.; Poggioli, G.;
Langella, P.; et al. Fungal Dysbiosis in Mucosa-Associated Microbiota of Crohn’s Disease Patients. J. Crohn’s Colitis 2016, 10,
296–305. [CrossRef]

12. Boix-Amorós, A.; Martinez-Costa, C.; Querol, A.; Collado, M.C.; Mira, A. Multiple Approaches Detect the Presence of Fungi in
Human Breastmilk Samples from Healthy Mothers. Sci. Rep. 2017, 7, 13016. [CrossRef]

13. Tawfik, O.W.; Papasian, C.J.; Dixon, A.Y.; Potter, L.M. Saccharomyces cerevisiae Pneumonia in a Patient with Acquired Immune
Deficiency Syndrome. J. Clin. Microbiol. 1989, 27, 1689–1691. [CrossRef]

14. Williams, J.S.; Mufti, G.J.; Powell, S.; Salisbury, J.R.; Higgins, E.M. Saccharomyces cerevisiae Emboli in an Immunocompromised
Patient with Relapsed Acute Myeloid Leukaemia. Clin. Exp. Dermatol. 2007, 32, 395–397. [CrossRef]

15. Ott, S.J.; Kühbacher, T.; Musfeldt, M.; Rosenstiel, P.; Hellmig, S.; Rehman, A.; Drews, O.; Weichert, W.; Timmis, K.N.; Schreiber, S.
Fungi and Inflammatory Bowel Diseases: Alterations of Composition and Diversity. Scand. J. Gastroenterol. 2008, 43, 831–841.
[CrossRef]

16. Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.-P.; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.;
et al. Fungal Microbiota Dysbiosis in IBD. Gut 2017, 66, 1039–1048. [CrossRef]

17. Ji, J.; Jin, W.; Liu, S.; Jiao, Z.; Li, X. Probiotics, Prebiotics, and Postbiotics in Health and Disease. MedComm 2023, 4, e420. [CrossRef]
18. Schulze, J.; Sonnenborn, U. Yeasts in the Gut. Dtsch. Ärzteblatt Int. 2009, 106, 837–842. [CrossRef] [PubMed]
19. Li, Q.; Wang, C.; Tang, C.; He, Q.; Li, N.; Li, J. Dysbiosis of Gut Fungal Microbiota Is Associated with Mucosal Inflammation in

Crohn’s Disease. J. Clin. Gastroenterol. 2014, 48, 513–523. [CrossRef]
20. Iliev, I.D.; Funari, V.A.; Taylor, K.D.; Nguyen, Q.; Reyes, C.N.; Strom, S.P.; Brown, J.; Becker, C.A.; Fleshner, P.R.; Dubinsky,

M.; et al. Interactions Between Commensal Fungi and the C-Type Lectin Receptor Dectin-1 Influence Colitis. Science 2012, 336,
1314–1317. [CrossRef] [PubMed]

21. Chiaro, T.R.; Soto, R.; Zac Stephens, W.; Kubinak, J.L.; Petersen, C.; Gogokhia, L.; Bell, R.; Delgado, J.C.; Cox, J.; Voth, W.; et al. A
Member of the Gut Mycobiota Modulates Host Purine Metabolism Exacerbating Colitis in Mice. Sci. Transl. Med. 2017, 9, eaaf9044.
[CrossRef] [PubMed]

22. Gut, A.M.; Vasiljevic, T.; Yeager, T.; Donkor, O.N. Anti-Salmonella Properties of Kefir Yeast Isolates: An in Vitro Screening for
Potential Infection Control. Saudi J. Biol. Sci. 2022, 29, 550–563. [CrossRef]

23. Li, J.; Sun, Y.; Chen, F.; Hu, X.; Dong, L. Pressure and Temperature Combined With Microbial Supernatant Effectively Inactivate
Bacillus Subtilis Spores. Front. Microbiol. 2021, 12, 642501. [CrossRef] [PubMed]

24. Kim, Y.J.; Yu, H.H.; Park, Y.J.; Lee, N.-K.; Paik, H.-D. Anti-Biofilm Activity of Cell-Free Supernatant of Saccharomyces cerevisiae
against Staphylococcus aureus. J. Microbiol. Biotechnol. 2020, 30, 1854–1861. [CrossRef]

25. Kim, Y.J.; Yu, H.H.; Song, Y.J.; Park, Y.J.; Lee, N.-K.; Paik, H.-D. Anti-Biofilm Effect of the Cell-Free Supernatant of Probiotic
Saccharomyces cerevisiae against Listeria Monocytogenes. Food Control 2021, 121, 107667. [CrossRef]

26. Food and Agricultural Organization of the United Nations; World Health Organization. Health and Nutritional Properties of
Probiotics in Food Including Powder Milk with Live Lactic Acid Bacteria; FAO: Rome, Italy, 2001.

https://doi.org/10.3390/jof12020081

https://doi.org/10.1007/s00239-003-0031-2
https://doi.org/10.1371/journal.pgen.0010005
https://doi.org/10.1111/j.1365-294X.2007.03266.x
https://doi.org/10.1111/j.1462-2920.2009.02035.x
https://doi.org/10.7554/eLife.05835
https://www.ncbi.nlm.nih.gov/pubmed/25807086
https://doi.org/10.1002/biot.201800421
https://www.ncbi.nlm.nih.gov/pubmed/30925027
https://doi.org/10.3390/beverages2040030
https://doi.org/10.1038/nature12171
https://doi.org/10.1093/clinids/16.1.93
https://doi.org/10.1093/ecco-jcc/jjv209
https://doi.org/10.1038/s41598-017-13270-x
https://doi.org/10.1128/jcm.27.7.1689-1691.1989
https://doi.org/10.1111/j.1365-2230.2007.02375.x
https://doi.org/10.1080/00365520801935434
https://doi.org/10.1136/gutjnl-2015-310746
https://doi.org/10.1002/mco2.420
https://doi.org/10.3238/arztebl.2009.0837
https://www.ncbi.nlm.nih.gov/pubmed/20062581
https://doi.org/10.1097/MCG.0000000000000035
https://doi.org/10.1126/science.1221789
https://www.ncbi.nlm.nih.gov/pubmed/22674328
https://doi.org/10.1126/scitranslmed.aaf9044
https://www.ncbi.nlm.nih.gov/pubmed/28275154
https://doi.org/10.1016/j.sjbs.2021.09.025
https://doi.org/10.3389/fmicb.2021.642501
https://www.ncbi.nlm.nih.gov/pubmed/34093462
https://doi.org/10.4014/jmb.2008.08053
https://doi.org/10.1016/j.foodcont.2020.107667
https://doi.org/10.3390/jof12020081


J. Fungi 2026, 12, 81 14 of 15

27. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. The
International Scientific Association for Probiotics and Prebiotics Consensus Statement on the Scope and Appropriate Use of the
Term Probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef]

28. Fiore, W.; Arioli, S.; Guglielmetti, S. The Neglected Microbial Components of Commercial Probiotic Formulations. Microorganisms
2020, 8, 1177. [CrossRef]

29. Holmes, E.; Kinross, J.; Gibson, G.R.; Burcelin, R.; Jia, W.; Pettersson, S.; Nicholson, J.K. Therapeutic Modulation of Microbiota-
Host Metabolic Interactions. Sci. Transl. Med. 2012, 4, 137rv6. [CrossRef]

30. Esposito, S.; Soto-Martinez, M.E.; Feleszko, W.; Jones, M.H.; Shen, K.-L.; Schaad, U.B. Nonspecific Immunomodulators for
Recurrent Respiratory Tract Infections, Wheezing and Asthma in Children: A Systematic Review of Mechanistic and Clinical
Evidence. Curr. Opin. Allergy Clin. Immunol. 2018, 18, 198–209. [CrossRef]

31. Ricchi, F.; Kenno, S.; Pedretti, N.; Brenna, G.; De Seta, F.; Ardizzoni, A.; Pericolini, E. Cutibacterium Acnes Lysate Improves
Cellular Response against Candida albicans, Escherichia coli and Gardnerella vaginalis in an in Vitro Model of Vaginal Infection. Front.
Cell. Infect. Microbiol. 2025, 15, 1578831. [CrossRef]

32. Salminen, S.; Collado, M.C.; Endo, A.; Hill, C.; Lebeer, S.; Quigley, E.M.M.; Sanders, M.E.; Shamir, R.; Swann, J.R.; Szajewska, H.;
et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) Consensus Statement on the Definition and
Scope of Postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649–667. [CrossRef]

33. Kumamoto, C.A.; Gresnigt, M.S.; Hube, B. The Gut, the Bad and the Harmless: Candida albicans as a Commensal and Opportunistic
Pathogen in the Intestine. Curr. Opin. Microbiol. 2020, 56, 7–15. [CrossRef]

34. Ardizzoni, A.; Wheeler, R.T.; Pericolini, E. It Takes Two to Tango: How a Dysregulation of the Innate Immunity, Coupled with
Candida Virulence, Triggers VVC Onset. Front. Microbiol. 2021, 12, 692491. [CrossRef]

35. Lopes, J.P.; Lionakis, M.S. Pathogenesis and Virulence of Candida albicans. Virulence 2022, 13, 89–121. [CrossRef] [PubMed]
36. Rao, C.; Coyte, K.Z.; Bainter, W.; Geha, R.S.; Martin, C.R.; Rakoff-Nahoum, S. Multi-Kingdom Ecological Drivers of Microbiota

Assembly in Preterm Infants. Nature 2021, 591, 633–638. [CrossRef]
37. Kawakita, M.; Oyama, T.; Shirai, I.; Tanaka, S.; Akaki, K.; Abe, S.; Asahi, T.; Cui, G.; Itoh, F.; Sasaki, M.; et al. Cell Wall N-Glycan

of Candida albicans Ameliorates Early Hyper- and Late Hypo-Immunoreactivity in Sepsis. Commun. Biol. 2021, 4, 342. [CrossRef]
38. Doron, I.; Leonardi, I.; Li, X.V.; Fiers, W.D.; Semon, A.; Bialt-DeCelie, M.; Migaud, M.; Gao, I.H.; Lin, W.-Y.; Kusakabe, T.;

et al. Human Gut Mycobiota Tune Immunity via CARD9-Dependent Induction of Anti-Fungal IgG Antibodies. Cell 2021, 184,
1017–1031.e14. [CrossRef] [PubMed]

39. Bacher, P.; Hohnstein, T.; Beerbaum, E.; Röcker, M.; Blango, M.G.; Kaufmann, S.; Röhmel, J.; Eschenhagen, P.; Grehn, C.; Seidel,
K.; et al. Human Anti-Fungal Th17 Immunity and Pathology Rely on Cross-Reactivity against Candida albicans. Cell 2019, 176,
1340–1355.e15. [CrossRef] [PubMed]

40. Shao, T.-Y.; Ang, W.X.G.; Jiang, T.T.; Huang, F.S.; Andersen, H.; Kinder, J.M.; Pham, G.; Burg, A.R.; Ruff, B.; Gonzalez, T.; et al.
Commensal Candida albicans Positively Calibrates Systemic Th17 Immunological Responses. Cell Host Microbe 2019, 25, 404–417.e6.
[CrossRef]

41. Revie, N.M.; Iyer, K.R.; Robbins, N.; Cowen, L.E. Antifungal Drug Resistance: Evolution, Mechanisms and Impact. Curr. Opin.
Microbiol. 2018, 45, 70–76. [CrossRef]

42. Dadar, M.; Tiwari, R.; Karthik, K.; Chakraborty, S.; Shahali, Y.; Dhama, K. Candida albicans—Biology, Molecular Characterization,
Pathogenicity, and Advances in Diagnosis and Control—An Update. Microb. Pathog. 2018, 117, 128–138. [CrossRef]

43. Perfect, J.R. The Antifungal Pipeline: A Reality Check. Nat. Rev. Drug Discov. 2017, 16, 603–616. [CrossRef]
44. Robbins, N.; Caplan, T.; Cowen, L.E. Molecular Evolution of Antifungal Drug Resistance. Annu. Rev. Microbiol. 2017, 71, 753–775.

[CrossRef]
45. Sabbatini, S.; Monari, C.; Ballet, N.; Mosci, P.; Decherf, A.C.; Pélerin, F.; Perito, S.; Scarpelli, P.; Vecchiarelli, A. Saccharomyces

cerevisiae–Based Probiotic as Novel Anti-Microbial Agent for Therapy of Bacterial Vaginosis. Virulence 2018, 9, 954–966. [CrossRef]
46. Roselletti, E.; Perito, S.; Sabbatini, S.; Monari, C.; Vecchiarelli, A. Vaginal Epithelial Cells Discriminate Between Yeast and Hyphae

of Candida albicans in Women Who Are Colonized or Have Vaginal Candidiasis. J. Infect. Dis. 2019, 220, 1645–1654. [CrossRef]
47. Pericolini, E.; Gabrielli, E.; Ballet, N.; Sabbatini, S.; Roselletti, E.; Cayzeele Decherf, A.; Pélerin, F.; Luciano, E.; Perito, S.; Jüsten, P.;

et al. Therapeutic Activity of a Saccharomyces Cerevisiae-Based Probiotic and Inactivated Whole Yeast on Vaginal Candidiasis.
Virulence 2017, 8, 74–90. [CrossRef]

48. Gaziano, R.; Sabbatini, S.; Roselletti, E.; Perito, S.; Monari, C. Saccharomyces Cerevisiae-Based Probiotics as Novel Antimicrobial
Agents to Prevent and Treat Vaginal Infections. Front. Microbiol. 2020, 11, 718. [CrossRef] [PubMed]

49. Raimondi, S.; Amaretti, A.; Gozzoli, C.; Simone, M.; Righini, L.; Candeliere, F.; Brun, P.; Ardizzoni, A.; Colombari, B.; Paulone, S.;
et al. Longitudinal Survey of Fungi in the Human Gut: ITS Profiling, Phenotyping, and Colonization. Front. Microbiol. 2019,
10, 1575. [CrossRef]

https://doi.org/10.3390/jof12020081

https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.3390/microorganisms8081177
https://doi.org/10.1126/scitranslmed.3004244
https://doi.org/10.1097/ACI.0000000000000433
https://doi.org/10.3389/fcimb.2025.1578831
https://doi.org/10.1038/s41575-021-00440-6
https://doi.org/10.1016/j.mib.2020.05.006
https://doi.org/10.3389/fmicb.2021.692491
https://doi.org/10.1080/21505594.2021.2019950
https://www.ncbi.nlm.nih.gov/pubmed/34964702
https://doi.org/10.1038/s41586-021-03241-8
https://doi.org/10.1038/s42003-021-01870-3
https://doi.org/10.1016/j.cell.2021.01.016
https://www.ncbi.nlm.nih.gov/pubmed/33548172
https://doi.org/10.1016/j.cell.2019.01.041
https://www.ncbi.nlm.nih.gov/pubmed/30799037
https://doi.org/10.1016/j.chom.2019.02.004
https://doi.org/10.1016/j.mib.2018.02.005
https://doi.org/10.1016/j.micpath.2018.02.028
https://doi.org/10.1038/nrd.2017.46
https://doi.org/10.1146/annurev-micro-030117-020345
https://doi.org/10.1080/21505594.2018.1464362
https://doi.org/10.1093/infdis/jiz365
https://doi.org/10.1080/21505594.2016.1213937
https://doi.org/10.3389/fmicb.2020.00718
https://www.ncbi.nlm.nih.gov/pubmed/32373104
https://doi.org/10.3389/fmicb.2019.01575
https://doi.org/10.3390/jof12020081


J. Fungi 2026, 12, 81 15 of 15

50. De Marco, S.; Sichetti, M.; Muradyan, D.; Piccioni, M.; Traina, G.; Pagiotti, R.; Pietrella, D. Probiotic Cell-Free Supernatants
Exhibited Anti-Inflammatory and Antioxidant Activity on Human Gut Epithelial Cells and Macrophages Stimulated with LPS.
Evid.-Based Complement. Altern. Med. 2018, 2018, 1756308. [CrossRef]

51. Spaggiari, L.; Squartini Ramos, G.B.; Squartini Ramos, C.A.; Ardizzoni, A.; Pedretti, N.; Blasi, E.; De Seta, F.; Pericolini, E.
Anti-Candida and Anti-Inflammatory Properties of a Vaginal Gel Formulation: Novel Data Concerning Vaginal Infection and
Dysbiosis. Microorganisms 2023, 11, 1551. [CrossRef] [PubMed]

52. Pierce, C.G.; Uppuluri, P.; Tristan, A.R.; Wormley, F.L.; Mowat, E.; Ramage, G.; Lopez-Ribot, J.L. A Simple and Reproducible
96-Well Plate-Based Method for the Formation of Fungal Biofilms and Its Application to Antifungal Susceptibility Testing. Nat.
Protoc. 2008, 3, 1494–1500. [CrossRef]

53. Mazaheritehrani, E.; Sala, A.; Orsi, C.F.; Neglia, R.G.; Morace, G.; Blasi, E.; Cermelli, C. Human Pathogenic Viruses Are Retained
in and Released by Candida albicans Biofilm in Vitro. Virus Res. 2014, 179, 153–160. [CrossRef]

54. Paulone, S.; Malavasi, G.; Ardizzoni, A.; Orsi, C.F.; Peppoloni, S.; Neglia, R.G.; Blasi, E. Candida albicans Survival, Growth and
Biofilm Formation Are Differently Affected by Mouthwashes: An in Vitro Study. New Microbiol. 2017, 40, 45–52.

55. Spaggiari, L.; Pedretti, N.; Ricchi, F.; Pinetti, D.; Campisciano, G.; De Seta, F.; Comar, M.; Kenno, S.; Ardizzoni, A.; Pericolini, E.
An Untargeted Metabolomic Analysis of Lacticaseibacillus (L.) Rhamnosus, Lactobacillus (L.) Acidophilus, Lactiplantibacillus (L.)
Plantarum and Limosilactobacillus (L.) Reuteri Reveals an Upregulated Production of Inosine from L. Rhamnosus. Microorganisms
2024, 12, 662. [CrossRef]

56. Züllig, T.; Zandl-Lang, M.; Trötzmüller, M.; Hartler, J.; Plecko, B.; Köfeler, H.C. A Metabolomics Workflow for Analyzing Complex
Biological Samples Using a Combined Method of Untargeted and Target-List Based Approaches. Metabolites 2020, 10, 342.
[CrossRef]

57. Schrimpe-Rutledge, A.C.; Codreanu, S.G.; Sherrod, S.D.; McLean, J.A. Untargeted Metabolomics Strategies—Challenges and
Emerging Directions. J. Am. Soc. Mass. Spectrom. 2016, 27, 1897–1905. [CrossRef]

58. Hallen-Adams, H.E.; Suhr, M.J. Fungi in the Healthy Human Gastrointestinal Tract. Virulence 2017, 8, 352–358. [CrossRef]
59. Kumar, S.A.S.; Krishnan, D.; Jothipandiyan, S.; Durai, R.; Hari, B.N.V.; Nithyanand, P. Cell-Free Supernatants of Probiotic

Consortia Impede Hyphal Formation and Disperse Biofilms of Vulvovaginal Candidiasis Causing Candida in an Ex-Vivo Model.
Antonie Van Leeuwenhoek 2024, 117, 37. [CrossRef]

60. Ponde, N.O.; Lortal, L.; Ramage, G.; Naglik, J.R.; Richardson, J.P. Candida albicans Biofilms and Polymicrobial Interactions. Crit.
Rev. Microbiol. 2021, 47, 91–111. [CrossRef]
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