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Abstract

Biocontrol, a practice for using living organisms to target plant pathogens, offers a prom-
ising, sustainable agricultural strategy. This study involves epiphytic yeasts isolated from
Vitis vinifera ssp. sylvestris and ssp. vinifera as natural antagonists against Aspergillus car-
bonarius, Botrytis cinerea, and Penicillium expansum. Twenty-one of 37 yeasts were chosen
based on the Pathology Intensity (PA) score during preliminary in vivo screening. Fol-
lowing identification, dual-culture assays, VOC production, copper tolerance, and com-
mercial fungicide resistance were assessed. On YPD and GJ medium, Saccharomyces iso-
lates were the strongest antagonists, whereas P. terricola UMY197 inhibited Penicillium and
Aspergillus. H. uvarum UMY1473 was notably effective against B. cinerea. VOC analysis
confirmed that S. cerevisine UMY1430 was the most effective against Aspergillus, likely ow-
ing to its production of oxalic acid, while S. cerevisine UMY1438 was a producer of various
esters and phenylethyl alcohol. C. intermedia UMY189, M. pulcherrima UMY1472, H.
uvarum UMY1473, and S. cerevisine UMY1436 were the most copper-resistant. Yeast activ-
ity on chemical fungicide SWITCH (up to 1 g/L) depended on culture media usage; in fact,
a higher viability on YPD than on GJ was observed, where only 4 yeasts were able to grow.
Thus, since several yeasts exhibit promising inhibitory activity through various mecha-
nisms and against different molds, the use of synthetic consortia could represent a pow-
erful and essential tool in field trials to limit fungicide use while preventing the emergence
of resistance.

Keywords: biocontrol; sustainability; yeasts; Saccharomyces cerevisiae; non-Saccharomyces;
Aspergillus carbonarius; Botrytis cinerea; Penicillium expansum

1. Introduction

Grapevine (Vitis vinifera L.) is one of the most economically important crops world-
wide. However, its nutrient-rich tissues make it highly susceptible to fungal pathogens,
which pose a serious threat to yield and postharvest quality. To mitigate these losses, syn-
thetic fungicides have traditionally been widely applied in viticulture. Nevertheless, the
environmental and health-related concerns associated with pesticide use have increased
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the demand for sustainable alternatives. Consequently, scientific and regulatory efforts
are increasingly focused on exploiting natural resources and biological control methods
to strengthen plant defense mechanisms and manage fungal infections in vineyards and
during storage [1,2].

Several fungal pathogens are responsible for significant pre- and postharvest losses
in grape production. Aspergillus carbonarius is responsible for Aspergillus bunch rot and is
especially prevalent in Mediterranean regions, where its incidence is exacerbated by cli-
mate change [3,4]. Moreover, it can produce the mycotoxin ochratoxin A (OTA). Botrytis
cinerea, a necrotrophic fungus, infects various grapevine organs (stems, leaves, berries,
and seeds), making it one of the most devastating postharvest pathogens for fruits and
vegetables [5,6]. Botrytis cinerea often infects grapes at flowering and remains latent until
after veraison, when higher sugar levels and lower antifungal defenses increase suscepti-
bility, making it problematic to manage not only postharvest but also in the vineyard.
Senescing floral tissues and sugars from ripening or wounded berries then promote dis-
ease development [2]. Its high adaptability and complex life cycle make effective control
particularly challenging. Additionally, Penicillium expansum causes blue mold decay by
colonizing fruit wounds at all stages of the supply chain [7].

Despite the continued reliance on synthetic fungicides, their effectiveness is decreas-
ing due to the development of pathogen resistance [8]. Current legislation (Regulation
(EC) No 396/2005) sets maximum residue levels (MRLs) for pesticides, and monitoring
programs regularly detect residues on grape skins and pulp [9]. Multi-resistant botrytis
populations have already been reported to underscore the risk of increasing the applica-
tion rates and consequent residue accumulations. Moreover, their use contributes to
greenhouse gas emissions throughout production, transport, and application stages and
can alter grape and wine aroma profiles due to chemical residues. The wine sector already
accounts for approximately 0.3% of global annual greenhouse gas emissions, mainly from
the use of fertilizers and pesticides [10-12]. Being an easily degradable fruit, rich in carbo-
hydrates, antioxidants, minerals, and vitamins, table grape postharvest shelf life is limited
by fungal spoilage [13,14]. To preserve quality, growers apply many pesticides, but agro-
chemical residues have become a growing concern. Recent surveys show that residue lev-
els exceed legal limits in several regions: 21.9% of 32 Egyptian samples [15], 28% of 25
Iranian samples, with 85 different pesticides [16], and 18 highly toxic pesticides were
found in 860 Chinese samples [17]. Therefore, all these agrochemicals raise concerns about
environmental toxicity and human health risks [18]. These pressures motivate biocontrol
alternative exploration in order to meet regulatory standards and a consumer preference
for “residue-free”, high-quality product [19].

Current intensive viticultural strategies often fail to ensure residue-free products de-
spite being aimed at producing “healthy” crops [20,21]. In this context, biological control
agents (BCAs) represent a promising alternative, contributing to enhanced food safety
and environmental sustainability [22]. Among BCAs, yeasts and yeast-like fungi have
gained attention due to their natural occurrence on fruit surfaces, ease of cultivation, en-
vironmental resilience, and proven antagonistic activity against plant pathogens [23,24].
Their long-standing use in winemaking also facilitates consumer acceptance, and several
strains have already been registered for commercial biocontrol applications [25,26].

Yeasts offer several advantages over other microbial antagonists, including a well-
established safety profile in food systems and a low risk of producing harmful metabolites
or causing infections [27,28]. An ideal biocontrol yeast should be effective under harsh
environmental conditions, require minimal nutrients, and exert antagonistic effects
against a broad spectrum of pathogens affecting different fruit crops [29,30]. Additionally,
they should be eco-compatible and non-pathogenic to humans [31]. Both Saccharomyces
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and non-Saccharomyces yeasts have been studied extensively for their biocontrol potential
in pre- and postharvest settings [32-37].

Microbial biodiversity in viticultural environments is shaped by macro-, meso-, and
microclimatic factors [38—40], and it is further influenced by local adaptation and vineyard
management practices [41]. Interest in indigenous microorganisms associated with grape
berries is growing, as bio-fungicides have been shown not to reduce microbial community
diversity [42].

The development of yeast-based BCAs begins with the isolation and screening of
strains from natural sources, particularly fruit surfaces. Understanding their mechanisms
of action is essential to optimize their efficacy and ensure safe application [31]. Freimoser
and collaborators [23] provide a detailed overview of these mechanisms, which are central
to biocontrol efficacy. Also, antagonistic yeasts can suppress pathogenic fungi through a
combination of direct and indirect mechanisms, such as competition for nutrients and
space, iron sequestration, secretion of lytic enzymes, production of volatile organic com-
pounds (VOCs), oxidative stress tolerance, and biofilm formation [21,32].

The yeast genera frequently reported for their biocontrol capabilities include Pichia,
Aureobasidium pullulans, Metschnikowia, Hanseniaspora, Wickerhamomyces anomalus, Meyero-
zyma guilliermondii, Candida, Rhodotorula, and Kloeckera [10,33,43,44]. The variable perfor-
mance of BCAs across different hosts and environments has limited their broader com-
mercialization. However, several yeast-based biocontrol products are now available in
various formulations (granules, wettable powders, dusts, and liquid suspensions) and can
be applied during both pre- and postharvest stages. This is particularly advantageous
given the restriction on chemical fungicides in the 30 days preceding harvest [33,45].

The research aims at identifying promising biological control agents capable of in-
hibiting the proliferation of three major fungal pathogens affecting grapevines: Aspergillus
carbonarius, Botrytis cinerea, and Penicillium expansum. Specifically, this study focuses on
evaluating the biocontrol potential of epiphytic yeasts, primarily isolated from wild and
cultivated grapes, by investigating the potential mechanisms underlying their antagonis-
tic activity.

2. Materials and Methods
2.1. Yeast Collection

A total of 37 predominant yeasts were isolated from grapes, must, and wine samples
derived from Vitis vinifera ssp. sylvestris (wild plant) and Vitis vinifera ssp. vinifera (domes-
ticated plant), collected in Georgia and Azerbaijan between 2008 and 2016. Grape samples
from V. vinifera ssp. sylvestris were harvested at the ripening stage, corresponding to berry
softening and color change. At each sampling site, three to five healthy grape bunches
were randomly selected and stored in sterile containers under refrigerated conditions un-
til processing. Approximately 25 g of grape berries were weighed into sterile stomacher
bags and mixed with sterile peptone water (Merck, Darmstadt, Germany) at a 1:1 (w/v)
ratio. The samples were manually homogenized for 3 min to extract microorganisms. For
V. vinifera ssp. vinifera, 50 mL of must and wine were collected at two time points: imme-
diately after grape crushing (prior to sulfur dioxide addition) and between 1 to 3 weeks
after the onset of spontaneous fermentation. Most of these samples originated from small-
scale, family-run wineries that do not use commercial yeast starters. Within 24 h of sam-
pling, all aliquots were supplemented with 20% (v/v) glycerol and stored at =80 °C (Ep-
pendorf, Hamburg, Germany) until further analysis. For microbiological assays, the sam-
ples were thawed at 4 °C and centrifuged at 10,000x g for 5 min (Hettich, Kirchlengern,
Germany), and the resulting pellets were resuspended in peptone water to restore the
original volume. Serial ten-fold dilutions were then prepared in peptone water, and 100
uL aliquots of the appropriate dilutions were spread onto WL nutrient agar plates (Merck,
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Darmstadt, Germany) supplemented with 0.1 g/L chloramphenicol to inhibit bacterial

growth. The plates were incubated at 25 °C (Eppendorf, Hamburg, Germany) for 3 days.

Yeast populations were quantified as colony-forming units (CFU/mL), and morphologi-

cally distinct colonies from the highest dilutions were selected, streaked, and purified by

two successive passages on WL agar. Purified isolates were stored in YPD medium (20

g/L peptone, 10 g/L yeast extract, 20 g/L glucose; Sharlau, Barcelona, Spain) supplemented

with 20% (v/v) glycerol (Scharlau, Barcelona, Spain) at =80 °C. A complete list of isolates,

along with their origin and relevant metadata, is provided in Table 1.

Table 1. Yeast collection and identification of potential BCA candidates.

Yeast Code Origin Taxonomy Cultivar Country Locality Identification
UMY163 Grape V. vinifera ssp vinifera ~ Rkatsiteli Georgia Gurjaani -
UMY186 Grape V. vinifera ssp vinifera ~ Saperavi Georgia Sagarejo -
. . . . . Candida interme-
UMY189 Grape V. vinifera ssp vinifera ~ Tavkveri Georgia Kaspi dialpseudointermedia
UMY197 Grape V. vinifera ssp vinifera As;;:‘?h Georgia Gurjaani Pichia terricola
UMY201 Grape V. vinifera ssp vinifera Goruli Georgia Gori Aureobasidium pullulans
Mtsvane
UMY205 Grape V. vinifera ssp vinifera Chinuri Georgia Kaspi Cystoft loba'sz'dmm infirmo-
miniatum
UMY209 Grape V. vinifera ssp vinifera Goruli Georgia Gori Hypopichia paragotoi
Mtsvane
UMY210 Grape V. vinifera ssp vinifera ~ Dzelshavi Georgia  Ambrolauri Pichia kluyveri
UMY213(B) Grape V. vinifera ssp vinifera Acllilgial?_ Georgia  Ambrolauri -
UMY219 Grape V. vinifera ssp vinifera Gorula Georgia Mtskheta -
UMY1419 Must V. vinifera spp sylvestris - Georgia Tedotsminda Saccharomyces cerevisiae
UMY1420 Must V. vinifera spp sylvestris - Georgia Tedotsminda -
UMY1421 Must V. vinifera spp sylvestris - Georgia  Nakhiduri -
UMY1422 Must V. vinifera spp sylvestris - Georgia  Nakhiduri Saccharomyces cerevisiae
UMY1423 Must V. vinifera spp sylvestris - Georgia  Nakhiduri Saccharomyces cerevisiae
UMY1424 Must V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1425 Must V. vinifera spp sylvestris - Azerbaijan  Guruchay  Saccharomyces cerevisiae
UMY1426 Must V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1427 Must V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1428 Must V. vinifera spp sylvestris - Azerbaijan  Guruchay  Saccharomyces cerevisiae
UMY1429 Wine-1 week V. vinifera spp sylvestris - Georgia Tedotsminda Saccharomyces cerevisiae
UMY1430 Wine-1 week V. vinifera spp sylvestris - Georgia Tedotsminda Saccharomyces cerevisiae
UMY1431 Wine-1 week V. vinifera spp sylvestris - Georgia  Nakhiduri Saccharomyces cerevisiae
UMY 1432 Wine-1 week V. vinifera spp sylvestris - Georgia  Nakhiduri Saccharomyces cerevisiae
UMY1433 Wine-1 week V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1434 Wine-1 week V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1435 Wine-1 week V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1436 Wine-1 week V. vinifera spp sylvestris - Azerbaijan Guruchay  Saccharomyces cerevisiae
UMY1437 Wine-3 weeks V. vinifera spp sylvestris - Georgia Tedotsminda -
UMY1438 Wine-3 weeks V. vinifera spp sylvestris - Georgia  Nakhiduri = Saccharomyces cerevisiae
UMY1439 Wine-3 weeks V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1440 Wine-3 weeks V. vinifera spp sylvestris - Azerbaijan  Guruchay -
UMY1470 Wine V. vinifera spp sylvestris - Italy - Pichia kudriavzevii
UMY1471 Wine V. vinifera spp sylvestris - Italy - Clavispora lusitaniae
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UMY1472
UMY1473

HBO02b*

Wine

Wine
Wine

Metschnikowia pulcher-

V. vini lvestri - Ital -

vinifera spp sylvestris aly i
Unknown - Italy Hanseniaspora uvarum
Unknown - Italy Pavia -

*Isolated Cordero-Bueso et al. [32].

2.2. Fungal Pathogens and Growth Conditions

The pathogenic fungal strains used in this study were Aspergillus carbonarius
UCAF0012, Botrytis cinerea BO5.10, and Penicillium expansum UCAF0034. To obtain conid-
ial suspensions, the pathogenic fungi were grown in YPD liquid medium at 25 °C for 7-
10 days, depending on the species’ growth rate, under aerobic and static conditions. Fol-
lowing incubation, spores were harvested by adding 0.5% (v/v) Tween 20 (Merck, Ger-
many) to the culture, filtering the suspension through a double layer of sterile gauze to
remove mycelial fragments, and centrifuging at 11,504x g for 20 min (Rotina 380R, Hettich,
Kirchlengern, Germany). The resulting pellet was washed with 5 mL of sterile distilled
water supplemented with Tween 20. The concentration of the final conidial suspension
was adjusted to 1 x 10 spores/mL using a hemocytometer (Thoma counting chamber; Paul
Marienfeld GmbH, Lauda-Konigshofen, Germany), following the protocol described by
Comménil et al. [46], with slight modifications. Spore suspensions were added with 20%
(v/v) glycerol and stored at —80 °C until later use.

2.3. In Vivo Assay for Inhibitory Activity

To evaluate the inhibitory activity of the yeast collection against the three fungal
pathogens, an in vivo test was performed by following the protocol by Cordero-Bueso et
al. [32] with some minor modifications. The healthy grape berries used in the assay were
of two table varieties (Prime, South Africa, and Thomson Seedless, India). Yeast pre-cul-
tures were prepared in YPD 24-48 h before.

Cells were harvested by centrifugation at 2900 g x for 15 min at 10 °C (Rotina 380 R,
Hettich, Kirchlengern, Germany), washed twice with 10 mL sterile distilled water, resus-
pended in 5 mL, and adjusted to 1 x 106 CFU/mL based on ODeso measurements. Grape
berry surfaces were disinfected in 2.5% (v/v) sodium hypochlorite for 5 min, rinsed three
times with sterile water, and sterilization was verified using the final rinse. For each treat-
ment, three berries were wounded (5 mm incision) using a sterile scalpel and submerged
in the 1 x 106 CFU/mL yeast suspension for 5 min, then incubated at 25 °C for 24 h. The
wounds were then inoculated with 20 uL of conidial suspension (1 x 10¢ spores/mL) of A.
carbonarius, B. cinerea, or P. expansum. Each yeast—pathogen combination was tested in
triplicate, with appropriate untreated, pathogen-only, and yeast-only controls. All sam-
ples were incubated at 25 °C for 14 days under continuous light. Controls included grape
berries: (a) untreated (no yeast or mold inoculation), (b) inoculated with a single fungal
pathogen only, and (c) treated with yeast only. Disease severity was assessed visually ac-
cording to the Pathology Intensity (PA) scale described by Parafati et al. [47]: 1. no visible
symptoms; 2. soft rot; 3. mycelium formation; 4. mold sporulation.

2.4. Yeast Identification

Genomic DNA was extracted following the protocol of Querol et al. [48]. The quality
of the extracted DNA was verified by electrophoresis on a 0.8% (w/v) agarose gel (Schar-
lau, Barcelona, Spain) run at 100 V for 45 min. The D1/D2 domain of the 265 rDNA subunit
was amplified using the NL1 (5'-GCATATCAATAAGCGGAGGAAAAG-3") and NL4 (5'-
GGTCCGTGTTTCAAGACGG-3') primer pairs, as described by [49]. PCR reactions were
carried out using an Eppendorf Mastercycler RealPlex4. The 25 pL reaction mixture con-
tained: 1x reaction buffer, 0.2 mM dNTPs, 1 mM MgCls, 0.5 uM of each primer (NL1 and
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NL4), 1 U of Tag DNA polymerase (New England Biolabs, Ipswich, MA, USA), and 100
ng of genomic DNA. PCR products were verified on 0.8% agarose gels stained with eth-
idium bromide (0.5 ug/L) and visualized under UV light. Amplicon purification was ob-
tained using the EuroClone purification kit (EuroClone, Milan, Italy), and DNA quantifi-
cation was performed using the Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Sequencing of the purified amplified fragments was carried out us-
ing Eurofins Genomics (Ebersberg, Germany). The obtained D1/D2 sequences were com-
pared against reference sequences available in the GenBank database (NCBI, Bethesda,
MD, USA) using the BLASTn algorithm of the National Center for Biotechnology Infor-
mation (NCBI) to determine the taxonomic identity of each yeast isolate. Sequences were
deposited in the NCBI database.

2.5. In Vitro Dual Assays

To evaluate the antagonistic activity of the selected yeasts, corresponding to PA level
1 or 2 against A. carbonarius, B. cinerea, and P. expansum, in vitro screenings were con-
ducted. Depending on the type of assay, three different culture media were employed:
Grape Juice Medium (G]J; 3% agar), prepared according to Fugelsang and Edwards [50]
with minor modifications: the medium was prepared using grape must free of SOz and
distilled water, with a final total concentration of agar at 3% (ratio 1:1). The two solutions were
autoclaved separately, then combined when the temperature of the mixture cooled to 55-60°C,
poured into sterile Petri dishes, and allowed to solidify before use. YPD (1% yeast extract, 2%
peptone, 2% glucose) and PDA (4 g/L potato extract, 20 g/L dextrose, 15 g/L agar) were also
used. All media components were sourced from Scharlau (Barcelona, Spain).

2.5.1. Dual Culture Plate Method

To evaluate potential biocontrol activity, a two-round dual-culture plate assay was
performed. In the initial qualitative test (Round #1), 5 pL of a fresh conidial suspension (1
x 106 spores/mL) of the pathogenic fungi was inoculated at the center of PDA plates. Yeast
cultures (5 puL) were spotted at a distance of 2.5 cm from the center. The plates were incu-
bated at 25 °C for 10 days under constant light and 80% relative humidity [32]. Antago-
nistic activity was assessed by visual inspection of the interaction zone between yeast and
mold and recorded as either positive (+) or negative (-). A second qualitative assessment
was then carried out with a modified setup: 5 pL of conidial suspension was inoculated
on the left side of the plate, while 30 UL of yeast suspension was dropped along a line on
the right side. After 10 days of incubation at 25 °C under constant light, inhibition zones
were visually evaluated to confirm or reject antagonistic potential.

For the second screening (Round #2) yeasts showing positive antagonistic activity in
the first round were subjected to a quantitative assay. Plates were prepared by pouring 10
mL of PDA, followed by an overlay of 5 mL of soft PDA (7 g/L agar) containing yeast cells
at a final concentration of 1 x 106 CFU/mL. Once solidified, 5 uL of the conidial suspension
was inoculated on the surface. After incubation, radial fungal growth was measured, and
the inhibition percentage was calculated using the following formula:

DC-DA

Inhibition (%) = (25

) x 100 1)

where DC is the diameter of the fungal colony in the control (without yeast), and DA is
the diameter of the fungal colony in the assay with the antagonist [51]. Each experiment
was performed in triplicate to ensure reproducibility.
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2.5.2. Yeast Resistance to Copper

Copper resistance was assessed for all yeasts selected after in vivo screening. A 0.2
M stock solution of copper (II) sulfate pentahydrate (CuSOs-5H20) was prepared and ster-
ilized through a 0.2 um membrane filter. Defined volumes of the stock solution were
added to molten agar-based media (YPD and GJ) to obtain final Cu?* concentrations rang-
ing from 20 to 900 mg/L (i.e., 20, 64, 100, 200, 300, 400, 500, 600, 700, 800, and 900 mg/L).
Control plates without copper were also included. The supplemented media were poured
into 6-well cell culture plates (Thermo Scientific™ Nunc™, Thermo Fisher Scientific, Wal-
tham, MA, USA) and allowed to solidify. Previously cultured cells, resuspended in sterile
water and adjusted to 1 x 105 CFU/mL, were spotted (5 pL) at the center of each well. Plates
were incubated at 25 °C for 5 days. Yeast growth was evaluated by visual inspection based
on colony development. All assays were conducted in triplicate.

2.5.3. Yeast Tolerance to the Commercial Fungicide

To assess the tolerance of the previously selected yeasts to a commercial fungicide,
their growth was tested in the presence of SWITCH® (Syngenta, Basel, Switzerland), a for-
mulation containing 37.5% Cyprodinil and 25% Fludioxonil. Yeast suspensions were pre-
pared as described in Section 2.5.2. A stock solution of the fungicide was prepared and
added to the molten YPD and GJ agar media to obtain final concentrations of 0.5 g/L and
1 g/L. The supplemented media were poured into 6-well cell culture plates to solidify.
Then, 5 pL of each yeast suspension was spotted at the center of the wells. Plates were
incubated at 25 °C for 5 days. Yeast growth was assessed by visual inspection based on
the presence or absence of visible colonies. All experiments were performed in triplicate.

2.6. Microbial Secondary Volatile Metabolites

Additional tests were conducted to evaluate the production of VOCs. A double Petri
dish assay [45] with modifications was employed for visual assessment. This method in-
volves the simultaneous co-incubation of yeast and mold on separate Petri plates, which
are then sealed together, upside down, using layers of parafilm, ensuring no direct contact
between the pathogen and the antagonist. For this experiment, the yeast culture was pre-
pared as described in Section 2.5.2, and 100 pL was inoculated onto YPD and GJ media
plates. In parallel, PDA plates were prepared by inoculating 100 uL of the pathogen sus-
pension at a concentration of 1032 CFU/mL. The incubation was carried out at 25 °C for 6
days. Plates containing only pathogens were used as controls. The experiment was per-
formed in triplicate. Following incubation, the mycelial growth of the pathogen was quan-
tified using the SketchAndCalc software v5.5.5 [52], and the inhibition was calculated us-
ing the formula derived from the Dual Culture Plate method:

AC—AA)

Inhibition (%) = (*-==) x 100 @)

where AC is the area of the growth without the antagonistic yeast (control), while AA is
the area of the mycelium growth with the antagonistic yeast [51].

2.7. VOC Profiles

The VOC analysis was performed in two experimental models: (a) in 20 mL vials as
a qualitative trial and (b) 200 mL glass jars with 60 mm plates inside as a quantitative trial.
For the following experiments, two culture media were applied: grape juice medium (GJ)
and PDA. (a) Briefly, 2 mL of the first culture medium was dispensed onto one side of a
sterile glass tube and allowed to solidify under aseptic conditions. Preliminary tests with
mold alone highlighted the possibility of spores germinating with the air available in the
vial. Following solidification, the tube was rotated 180°, and an additional 2 mL of the
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second culture medium was added to the opposite side and similarly left to solidify, cre-
ating a biphasic medium configuration. Inoculation was carried out as described in the
Double Petri Dish test protocol, using 5 pL of the antagonist and 5 pL of the pathogen,
respectively, on GJ and PDA media. The vials were sealed and incubated for 6 days at 25
°C. Three experimental conditions were considered: (1) the pathogen alone on PDA (Con-
trol 1), (2) the yeast alone on GJ (Control 2), and (3) both GJ and PDA media with the
culture cells. The screening experiment was conducted in a single trial. During the evalu-
ation, an interaction between yeast and pathogen, excluding the area of released volatiles
in Control 1 and Control 2, was normalized for statistical analysis. (b) Two 60 mm plates
with the respective media (G] and PDA) and inoculum were placed inside the glass jar
along with an internal standard —100 mg/L of 2-methyl-1-pentanol. Inoculation followed,
as described above. Double parafilm was used for jar closures, and daily monitoring of
VOC release kinetics was conducted for up to 5 days.

VOCs produced in a vial model were analyzed using Solid Phase Microextraction
(SPME) coupled with Gas Chromatography-Mass Spectrometry (GC-MS), following the
protocol of [53] with some modifications. The SPME fiber used was a carboxen-polydime-
thylsiloxane-divinylbenzene (CAR-PDMS-DVB; 50/30 um x 1 cm) fiber (Supelco, Belle-
fonte, PA, USA). The SPME procedure was carried out using an HTA autosampler (HTA,
Brescia, Italy) under the following conditions: incubation for 10 min at 50 °C without agi-
tation, extraction for 30 min at 50 °C, and desorption for 20 min. For the quantitative
model, the procedure was carried out with manual extraction for 30 min and desorption
for 20 min. Meanwhile, the jars were maintained at 20 + 2 °C.

The GC-MS analysis was performed using a Perkin Elmer Autosystem XL Gas Chro-
matograph coupled with a Turbomass Mass Spectrometer (Perkin Elmer, Milan, Italy).
The separation of VOCs for both models was achieved using a MEGA-5 MS column (30 +
5m x 0.250 mm x 0.25 pm) (MEGA S.r.l, Milan, Italy), with helium as the carrier gas at a
flow rate of 1 mL/min. The oven temperature was initially set at 40 °C, held for 5 min, then
ramped at 1.5 °C/min to 220 °C and held for 10 min. The transfer line temperature was set
to 230 °C, and the source temperature was set to 250 °C. The mass spectrometer operated
in electron ionization mode at 70 eV with full scan mode. The detector recorded m/z in
the range of 33 Da to 350 Da. Ions for the identification of target molecules were selected
based on the National Institute of Standards and Technology (NIST) MS Search 2.0 library,
with a minimum fitting value (R) of 90%.

2.8. Statistical Analysis

The obtained data were analyzed using statistical tools and expressed as mean *
standard deviation. Differences between experimental groups were assessed using anal-
ysis of variance (ANOVA), with post hoc comparisons performed using the Tukey HSD
test. Statistical analysis was conducted using Statgraphics Centurion 19-X64 (© 2022 The
Plains, VA, USA) [54], with significance set at p < 0.05. For the analysis of VOC production,
statistical evaluations were carried out using the SPSS Win 12.0 program (SPSS Inc., Chi-
cago, IL, USA) [55]. Principal component analysis was performed using Statistica 12 soft-
ware (Statsoft Inc., Tulsa, OK, USA) [56].

3. Results
3.1. Inhibition Activity by In Vivo Test and Yeast Identification

Yeast characterization according to PA intensity indicated that about 57% of the iso-
lates (21 out of 37) were able to inhibit one of the three tested mold species, with activity
levels up to PA2. In particular, 76.2% were active against P. expansum (16 out of 21), while
approximately 9.5% (2 out of 21) showed inhibitory activity against B. cinerea. None of the
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analyzed yeasts reached PA1 in the presence of A. carbonarius, whereas 14.3% exhibited
potential inhibition corresponding to PA2 (3 out of 21). Interestingly, only one isolate
(UMY201) was active at the PA2 level against two pathogens, P. expansum and A. carbonar-
ius. Among the 21 yeasts exhibiting inhibitory activity, 6 were isolated from V. vinifera
and 15 from V. sylvestris. Nevertheless, although most yeasts in the microbial collection
exhibited antifungal activity originating from V. sylvestris, it should be noted that approx-
imately 75% of the entire collection was isolated from wild grapevines. Therefore, it can-
not be definitively concluded that a wild environment necessarily constitutes a richer res-
ervoir of potential BCA candidates.

Species identification demonstrated that 52% of these promising yeasts belonged to
the S. cerevisine species (UMY1419, UMY1422-23, UMY1425, UMY1428, UMY1429-32,
UMY1436, and UMY1438) and that they were all associated with the wild grapevine.
Other identified yeasts included the following: Candida intermedia/pseudointermedia
UMY189, Pichia terricola UMY197, Aureobasidium pullulans UMY201, Cystofilobasidium in-
firmominiatum UMY205, Hypopichia paragotoi UMY209, Pichia kluyveri UMY210, Pichia
kudriavzevii UMY1470, Clavispora lusitanine UMY1471, Metschnikowia pulcherrima
UMY1472, and Hanseniaspora uvarum UMY1473 (Table 1).

3.2. Assessment of the Fungal Mycelium Growth in In Vitro Test
3.2.1. Confrontation Assays

All 21 selected yeast isolates were evaluated through in vitro assays to verify their
antagonistic activity as potential BCAs against the proliferation of A. carbonarius, B. cinerea,
and P. expansum. This approach allows for the identification of yeasts capable of inhibiting
fungal growth, either through competition for space and nutrients or via the production
of antifungal compounds. In the initial screening phase (Round #1), 11 out of 21 yeasts
demonstrated antifungal activity by limiting mycelial development. This inhibitory effect
was confirmed when the fungal mycelium failed to overgrow the yeast biomass. The re-
maining 10 isolates showed no influence on fungal growth. Additionally, inhibition effi-
cacy varied according to the target pathogen. Among the active antagonists, UMY189,
UMY201, UMY1429-30, UMY1432, UMY1438, UMY1470, and UMY1471 were effective
against P. expansum. UMY1436 and UMY1473 inhibited the growth of B. cinerea. In con-
trast, UMY189, UMY201, UMY205, UMY1430, UMY1470, and UMY1471 inhibited the
growth of A. carbonarius (Figure 1).

o=

o

Figure 1. Example of the second screening step (round #2) of: (a) A. carbonarius growth on a medium
without antagonistic yeast (Control); (b) Inhibition of A. carbonarius conidial growth by UMY205;
(c) Inhibition of A. carbonarius conidial growth by UMY1470; (d) Inhibition of A. carbonarius conidial
growth by UMY189.

Among the tested yeasts, UMY189 exhibited the strongest inhibitory effect against P.
expansum, UMY1471 showed the highest antagonistic activity against A. carbonarius, while
UMY1473 demonstrated notable inhibitory capacity against B. cinerea.
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Overall, as in vivo tests on grapes showed, non-Saccharomyces yeasts could exert
greater potential in reducing mycelial growth, with several isolates exhibiting more than
70% inhibition (Table 2).

Table 2. Conidial growth inhibition ability (%) assessed by evaluating the pathogen’s mycelium

growth by yeast species (nd = not determined).

Fungal Pathogen Inhibition (%)

Yeast Speci
eas pecies A. carbonarius B. cinerea P. expansum
UMY189 Candida zntermed.za/pseudomter— 85.3 nd 911
media
UMY201 Aureobasidium pullulans 80.6 nd 84.9
UMY205 Cystoﬁlobaszd;z;n;mﬁrmomzma— 79.4 nd nd
UMY1429 Saccharomyces cerevisiae nd nd 20.5
UMY1430 Saccharomyces cerevisiae 58.2 nd 16.4
UMY1432 Saccharomyces cerevisiae nd nd 48.6
UMY1436 Saccharomyces cerevisiae nd 85.96 nd
UMY1438 Saccharomyces cerevisiae nd nd 33.6
UMY1470 Pichia kudriavzevii 60 nd 75.3
UMY1471 Clavispora lusitaniae 90.6 nd 85.6
UMY1473 Hanseniaspora uvarum nd 88.18 nd

3.2.2. Double Petri Dish Test

A double Petri dish assay was conducted to investigate the antagonistic mechanisms
of yeasts via VOCs and their effects on pathogen myecelial growth. Besides the standard
YPD-PDA laboratory condition, the GJ-PDA pair was employed to more closely mimic a
grape-like environment.

Statistical analysis revealed that G] medium significantly enhanced inhibition (p <
0.05) compared to YPD for both Saccharomyces and non-Saccharomyces yeasts against all
three pathogens (Table 3). In our study, the highest inhibition of P. expansum on GJ me-
dium revealed five statistically distinct inhibition groups. Nine S. cerevisiae isolates and
one Pichia species (UMY 197) achieved 100% inhibition. In contrast, yeast responses on
YPD medium were less differentiated. The highest inhibition was recorded for UMY1470
and UMY210. Regarding B. cinerea, using GJ medium (100%), UMY205, UMY1436, and
UMY1473 were observed to inhibit mold growth. For A. carbonarius, significant inhibition
differences were also evident among yeast groups on the GJ medium. Full inhibition
(100%) was observed only for UMY1436. Additionally, 12 isolates achieved >90% inhibi-
tion, 11 of which were S. cerevisiae, with only UMY197 representing non-Saccharomyces
(Figure 2).
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Table 3. Antagonistic activity of yeast against mold in the double Petri dish test (expressed as

growth reduction %, mean + standard error, statistically homogeneous groups). * Grape juice me-

dium (GJM), ** Yeast extract—peptone—-dextrose medium (YPD). Different letters correspond to sig-

nificant differences (p <0.05).

Yeast Species Fungal Pathogen
B. cinerea P. expansum A. carbonarius
GJM * YPD ** GJM YPD GJM YPD
UMY189 C. intermedia 3819269 ab o0 *311 71801486 o) (o 1 17 ab 82.03 £ 471 cdef 220 1699
abc abc bc
. 93.88 +10.59
UMY197 P. terricola  53.08+125ab 0+0.0a 100£0.0d  68.62+0.28ab 90.73 +8.21 def Cd
UMY201 A. pullulans 633 =412 ab 78‘29; 376 4034+2135a 41.97+12.28 ab 52.50 + 14.22 be 49'21;10‘38
UMY205 & firmomin- 00 coop OTBEAIZ o 0 1019ab 404342498 ab 13.03+858ab 012 F 1215
iatum abc abc
UMY209 H. paragotoi 5623 +18.7 ab 1541; 238 0305+ 6.88 bed 54.09 + 51.45 ab 84.65 + 7.46 cdef 57'91;11‘11
. 35.78 +30.7
UMY210  P. kiuyveri 4858 +11.4 ab e 7411 +4.22 abc 74.62 +43.96b 8625 +3.45 cdef 100+0.0d
UM;(Ml S. cerevisine 3118 +279a 13'4481; 233 0109+867cd 6661 +7.13ab 97.24 +3.68 def 68'03(;2'12
UM;{MZ S. cerevisize  42.59 +26.7 ab 42‘12;29'2 100200d  6229+413ab 99.92 +0.13 ef 33'54;43‘52
UM;{m S. cerevisize  29.88 £29.5 a 33‘6;;‘;32'4 100£0.0d  55.04 +12.57 ab 94.21 + 7.86 def 55.94 + 8.39 bc
UM;{MZ S. cerevisiae  39.75+ 355 a 35‘0a2bl::30‘5 100+£0.0d 69.40 £5.50 ab 95.10 + 8.49 def 56'11;;16'17
UMgm S. cerevisice  2826+26.6a 3.18+55a  100+0.0d  55.08 + 14.45 ab 97.44 + 3.78 def 69'1?; ;1‘44
UM;{MZ S. cerevisiaze 46.82 +40.7 ab 31'7;;_;29'2 100+0.0d 55.27 +8.29 ab 96.69 + 4.51 def 55'68;;28’19
UM5143 S. cerevisine 43.04 +12.3 ab 16'82;; 152 100+0.0d 59.42 +1.67 ab 96.70 +3.73 def 47'991;_;24'49
UM;{M?) S. cerevisiaze 43.56 +17.4 ab 36'4;;_;16'1 106 +0.0d 61.30£8.30ab 98.57 +2.48 ef 59'21,;21’63
UMY143 . cerevisiaze  55.05 + 14.6 ab 46.24+13.5 100+0.0d 48.81+11.28ab 99.16 + 1.46 ef 7190+ 1.56
2 abc bed
UM;{ME‘ S. cerevisiee  100+0.0b  100+00c 65.63+222ab 72.86+83ab  100+0.0f  39.4+445 ab
UM;{M?) S. cerevisiaze 45.02 +19.9 ab 66'8all;(:18'8 100+0.0d 64.67+1.04ab 99.33 +1.16 ef 54'87;;19'59
UM;{W P. kudriavzevii 36.6 +24.6 ab 71.51 + 16 abc 81'71;" ;6'13 77.27 +26.76 ab 91.60 + 5.75 def 74'3?; 53'44
UM}“‘W C. lusitaniae 27.83+264 a 48‘52;19'5 82.92 +1.02bc 46.43 +18.70 ab 67.26 +22.52 cd 67'8?; dl?"m
Y147 2.2 %20 7419 + 18. 77 +811
UMYWT 1 icherrima 322342042 022200 63064304 bed 5447 + 1653 ab 9+1899  6577+8
abc cde bed
UM;147 H. uvarum ~ 100+0.0b  100£00c 61.4+246ab 28.08+208a 518+53a  1.68+29a
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In general, inhibition levels on YPD agar were lower and more variable. Complete inhi-
bition was achieved by UMY210, while UMY197 again showed strong performance (>90%).

(b) (c)
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Figure 2. Double Petri dish test—no contact conidial growth of P. expansum (a), B. cinerea (b), and A.
carbonarius (c) on PDA plates, co-incubated with a sealed second Petri dish containing GJ and YPD

medium either without antagonistic yeast (control) or with antagonistic yeast.

To date, only a few studies have evaluated VOC-mediated antagonists on grape juice
medium. The comparison of 21 antagonistic yeasts against three fungal pathogens that
widely affect grapevines represents one of the first datasets demonstrating complete inhi-
bition of all tested molds under the conditions mentioned above.

3.3. Role of Antifungal Volatile Organic Compounds (VOCs) as a Defense Response

The inhibition effect of VOCs released by the yeasts was studied as a reputed mech-
anism of action against the pathogenic fungi involved in the study. In our case, the vials
with two different culture media, with no contact between the antagonist yeast and mold,
were utilized to determine the production of VOCs after 6 days of incubation.

The choice of the yeast-mold interaction pair was based on a previous test using a
double Petri dish, selecting specific yeasts according to their antifungal activity against
the corresponding fungus.

PCA performed on all the interaction pairs showed moderate separation among sam-
ples and explained 39.88% of the total variance (Figure 3a). Most of them clustered to-
gether, demonstrating relatively similar behavior. UMY1432 and UMY197 are slightly
separated from the main cluster involving Penicillium interaction (Figure 3a). UMY1430,
UMY1438, and UMY197 were the yeasts that diverged from the rest of the results in the
analysis with the presence of A. carbonarius. Indeed, UMY1430 produces more oxalic acid
than the other yeasts (Figure 3b). Thus, for Aspergillus, the inhibition might be caused by
oxalic acid production. Phenylethyl alcohol also showed some significance in the interac-
tions between Aspergillus and UMY1438. Besides, UMY1438 released mostly esters: pen-
tadecanoic acid 3-methylbutyl ester, octanoic acid 3-methylbutyl ester, dodecanoic acid
ethyl ester, and nonanoic acid ethyl ester, suggesting a possible synergistic effect of these
VOCs against pathogen growth. On the other hand, UMY197 produced fewer esters than
UMY1438.
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Figure 3. Principal component analysis (PCA) loading plot of (a) the variables considered interac-
tion-yeasts-mold; (b) volatile organic compounds (VOCs) of the selected interactions with possible

antifungal properties.

Besides, ethyl acetate production was demonstrated to be higher in non-Saccharomy-
ces yeasts, while for S. cerevisiae its presence was almost not detected. M. pulcherrima
UMY1472 and P. kudriavzevii UMY1470, in the presence of P. expansum, stand out signifi-
cantly from other yeasts for this compound —a pattern that also applies to H. uvarum
UMY1473 in interaction with B. cinerea and M. pulcherrima UMY1472, as well as to C. lusi-
taneae UMY1471 and P. kluyveri UMY210 in vials with A. carbonarius.

Continuous kinetics as a trial assay was performed in the presence of S. cerevisiae
UMY1430 with B. cinerea. The assay demonstrated a time-dependent evolution of VOCs
with a progressive increase in total emissions and a characteristic delay in ester formation,
which typically appeared at later stages of the process. Esters reached their highest abun-
dance on days 3 and 4. Specifically, 1-butanol 3-methyl acetate, sulfurous acid, 2-
ethylhexyl nonyl ester, acetic acid 2-ethylhexyl ester, and 1-pentanol 2-methyl acetate in-
creased over time, starting from days 2-3, whereas 2-methylpentyl formate showed a de-
creasing trend. Interestingly, styrene was also released. At the end of the experiment, yeast
cell counts reached 2.8 x 108 CFU/mL, while the fungal mycelial area was reduced by ap-
proximately twofold compared with the control. These observations provide deeper in-
sight into the temporal dynamics of VOC production and suggest that fungal inhibition
may result from the synergistic effect of multiple metabolites rather than a single domi-
nant compound.

A continuous kinetics assay was also performed in the presence of S. cerevisiae
UMY1430 with A. carbonarius under a less oxygen-limited environment. VOC profiles
changed markedly over time: alcohols dominated the early stages of the process and were
later consumed or transformed. A daily increase in alcohols such as ethanol, 3-methyl-1-
butanol, and 2-ethyl-1-hexanol was observed, followed by progressive ester formation,
with higher diversity and accumulation on days 3—4. For example, 1-pentanol 2-methyl
acetate and acetic acid 2-ethylhexyl ester peaked on day 3, whereas 2-ethylbutyl hexanoate
and sulfurous acid, 2-ethylhexyl nonyl ester decreased over time. Styrene was again detected.
Yeast cell density reached 2.3 x 108 CFU/mL at the end of the experiment, while the fungal
mycelial area was reduced by approximately 1.5-fold compared with the control.

Overall, these results provide deeper insights into the temporal mode of action, met-
abolic shifts during the trials, and the role of VOC dynamics in pathogen inhibition. While
one experimental setup highlighted the impact of a major inhibitory compound, the con-
tinuous kinetics approach emphasized time-dependent changes and metabolic transi-
tions, linking VOC evolution with yeast growth dynamics and pathogen suppression. The
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compounds identified appear to act as preventive volatilomes against fungal pathogens.
Additional VOCs or specific VOC clusters may be associated with yeast growth rates, par-
ticularly ethanol production. However, the ethanol production rate and concentration
were not quantified, nor was the time lag between yeast and mold growth initiation de-
termined —factors that could critically influence pathogen inhibition or growth.

3.4. Yeast Tolerance to Copper and to Fungicide
3.4.1. Copper Resistance

In the present study, we chose to use both GJ and YPD media to assess yeast re-
sistance to various concentrations of copper and a commercial fungicide. The use of these
media provides insight into the potential application of BCA candidates under vineyard-
relevant conditions.

In YPD, a more permissive medium, a broader range of copper concentrations was
tested: 20, 64, 100, 200, 300, 400, 500, 600, 700, 800, and 900 mg/L. In contrast, the GJ me-
dium was tested with concentrations of 20, 64, 100, 200, and 300 mg/L. On YPD, all yeasts
were able to grow at concentrations up to 100 mg/L Cu?, while no growth was observed
at 900 mg/L (Figure 4). However, a notable proportion of isolates showed growth at 500
mg/L (44.4%), with some even tolerating 700 mg/L (9.5%) and 800 mg/L (7.92%).

In contrast, yeast proliferation in the GJ medium was markedly reduced across all
concentrations tested. Notably, UMY189, UMY201, and UMY1472 demonstrated the high-
est tolerance at 300 mg/L Cu?, indicating their potential suitability in vineyard-like envi-
ronments. Furthermore, several yeasts exhibited intermediate tolerance on both media
types, including UMY197, UMY1470, UMY1419, UMY1428, and UMY1429, suggesting a
consistent resistance profile across different environmental conditions. A. pullulans exhib-
ited the highest copper tolerance on GJ medium and demonstrated substantial growth on
YPD medium— proliferation was evident up to 500 mg/L Cu?".

Furthermore, the highest tolerance to copper on both media was observed in
UMY189 (up to 300 mg/L on GJ and 700 mg/L on YPD), UMY1436 (up to 200 mg/L on GJ
and 800 mg/L on YPD), UMY1472 (up to 300 mg/L on GJ and 700 mg/L on YPD), and
UMY1473 (up to 200 mg/L on GJ and 800 mg/L on YPD) (Table S1). These findings high-
light the impressive performance of different yeast species and, therefore, the variability
of choices for more sustainable alternatives rather than chemical treatments.

/ N

\'\'-\_’. i

Figure 4. C. lusitanine UMY1471 (left) and P. kudriavzevii UMY1470 (right) on GJ] medium and YPD;
control, 0.5 g/L and 1 g/L fungicide.

3.4.2. Fungicide Resistance

Yeast tolerance was evaluated against the commercially available fungicide Switch®
62.5 WG (Syngenta, Basel, Switzerland), which contains the active ingredients Cyprodinil
and Fludioxonil and is widely used due to its broad-spectrum antifungal activity. The
results showed that all tested yeasts grew on YPD medium containing up to 1 g/L of
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Switch, with the exception of UMY197, UMY209, and UMY1472, which exhibited growth
comparable to the control only. In contrast, G] medium supplemented with 0.5 g/L and 1
g/L of the fungicide significantly inhibited yeast proliferation. Out of 19 yeast isolates,
only three were able to grow under these conditions: UMY1432 at 0.5 g/L, and UMY1470
and UMY1471 at 1 g/L. These two yeasts demonstrated the highest tolerance across both
media, suggesting their suitability for integrated management approaches.

4. Discussion

Most of the species identified in this study have been previously associated with both
wild and cultivated grapevines. Notably, recent research on the yeast communities of V.
sylvestris has highlighted C. lusitaniae and P. terricola as potentially specific to the Georgian
grapevine microbiota [57]. In the context of biocontrol, many of the isolated species iden-
tified in this study have already been reported as antagonistic to grapevine pathogens by
several authors [32,58-65]. These findings reinforce the potential of non-Saccharomyces
yeasts as promising candidates for use as biocontrol agents. According to Cordero-Bueso
et al. [32], wild grape-associated yeasts may be more effective as BCAs compared to those
isolated from domesticated grapevines. In this study, most of the yeasts exhibiting anti-
fungal activity (71%) originated from V. vinifera ssp. sylvestris; however, since approxi-
mately 75% of the overall collection was isolated from wild grapevines, it cannot be con-
clusively stated that a wilder environment necessarily represents a richer reservoir of BCA
candidates.

Contrary to the findings of Ferndndez-San Millan et al. [66], the antagonistic effect of
S. cerevisiae appeared to be strain-dependent rather than species-specific. Additionally,
inhibition efficacy varied according to the target pathogen. Interestingly, contrary to pre-
vious reports [66,67], neither M. pulcherrimanor P. terricola exhibited anti-mycelial activity,
which might be explained by differences between experimental planning (“lawn assay”)
and strain use. The strain dependence was also emphasized in the mentioned study. A.
pullulans is already well-established as a major BCA [47,60,68,69], recognized for its strong
colonization and persistence capabilities under both laboratory and vineyard conditions.
It has been shown to effectively control gray mold (B. cinerea) [70]. According to Ayogu et
al. [71], A. pullulans inhibited the mycelial growth of Penicillium and Botrytis by up to 75—
100% in both in vitro and in vivo conditions. Fernandez-San Millan et al. [68] identified S.
cerevisiae as one of the most effective antagonists against B. cinerea and P. expansum in plate
assays. Their study also highlighted C. lusitaniae as the most effective antifungal species
against P. expansum, with a strong inhibitory capacity against Aspergillus spp. as well.

Dual culture plate assays have demonstrated that competing yeasts can inhibit my-
celial development and form clear inhibition zones, likely through the secretion of anti-
fungal metabolites [23]. However, the effectiveness of such inhibition is highly dependent
on the yeast species involved [60,72,73], a trend that was consistently confirmed in this
study. The antagonistic activity of C. infermedia/pseudointermedia against P. expansum, and
C. lusitaniae against A. carbonarius, agreed with previous results reported by Ayogu et al.
[71]. The results showing non-Saccharomyces yeasts as more efficient mycelial growth re-
ducers further support their role as effective biocontrol agents against postharvest fungal
pathogens. For example, both A. pullulans and P. kluyveri have been reported to reduce the
fungal growth and spore germination of P. expansum [21,74]. In the case of A. carbonarius
growth, C. intermedia has been shown to not only inhibit vegetative development but also sup-
press ochratoxin A (OTA) production and interfere with fungal metabolic pathways [75].

Grape juice medium had previously been employed by Adesida [76] in a dissertation
study to recreate a grape-mimicking environment, and our findings support its relevance.
It is known that the composition of the growth medium influences both fungal prolifera-
tion and the activation of antifungal mechanisms [60,75,76]. The increased antagonistic
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activity observed on GJ] may be attributed to its chemical complexity, which includes sug-
ars, organic acids, aromatic and phenolic compounds, pectic substances, and nitrogenous
molecules [60,77]. Several studies have explored synthetic grape mediums to assess A.
carbonarius growth and ochratoxin A (OTA) production in response to essential oils [78-
80]. However, in those cases, the differences were primarily attributed to oil composition.

The antifungal potential of yeast species appears to be closely linked to their VOC
profiles and tolerance to environmental conditions. Raspor et al. [60] reported that S. cere-
visige exhibited strong antagonism on grape juice-like media enriched with glucose, po-
tentially due to its high tolerance to abiotic stress. P. kluyveri is known for its biocontrol
potential and as a producer of volatile esters and alcohols, including ethyl acetate, isobutyl
acetate, 2-phenylethyl acetate, and isoamyl alcohol [81], while P. kudriavzevii emits a more
complex volatilome, including 2-phenylethanol, phenylethyl acetate, esters, terpenes (e.g.,
cedrene), aldehydes, and aromatic hydrocarbons [82]. Among non-Saccharomyces species,
A. pullulans has been recognized as a potent VOC producer, secreting compounds such as
phenylethyl alcohol, 2-methyl-1-butanol, 3-methyl-1-butanol, 2-methyl-1-propanol, and
ethanol, which are effective against Penicillium spp. and B. cinerea [83-85] with varying
degrees of effectiveness. Likewise, C. intermedia has demonstrated VOC-mediated inhibi-
tion of B. cinerea on strawberries [86] and of A. carbonarius [75], impacting fungal biosyn-
thetic and metabolic processes [87]. The inhibitory effect of C. intermedia against A. car-
bonarius is attributed to 2-phenylethanol. According to Kirkland et al. [88], oxalic acid,
found as one of the stressor VOC in our assays, seems to promote disruption of the plant
cell wall while boosting the activities of fungal lytic enzymes that ultimately cause wilting
and disease progression as a phytopathogenic fungal virulence factor. Thus, its presence
is connected to the secretion phenomenon, for example, in the case of B. cinerea in host
plants such as tomatoes and apples [89]. But an accumulation of oxalic acid can success-
fully inhibit the development of P. expansum in kiwi fruit through patulin accumulation
[90]. Various VOCs have been linked to reduced conidial germination and fungal growth,
including phenylethyl alcohol, n-butanol, isoamyl alcohol, and 2-methyl-1-propanol
[75,84,85,91]. It is known that Saccharomyces spp. produces antifungal VOCs such as ethyl
acetate, isobutyl acetate, 2-phenylethyl acetate, 2-pentanone, isoamyl acetate, and phe-
nylethanol [92].

There is strong evidence that non-Saccharomyces yeasts produce ethyl esters, includ-
ing (or closely related to) ethyl acetate, in VOC assays, which was also highlighted in our
experiments. These compounds are likely key players in inhibiting fungal pathogens
[82,93-95]. For example, M. pulcherrima and H. uvarum have been shown to emit ethyl
acetate along with other esters and higher alcohols in VOC assays, suppressing the growth
of postharvest pathogens such as Botrytis cinerea [96,97]. However, the specific VOCs re-
sponsible for inhibition can vary on the basis of yeast—pathogen systems, e.g., Aspergillus
carbonarius, where 2-phenylethanol is more dominant than ethyl acetate [74,75]. Another
example of H. uvarum that aligns with our trials of VOCs is its capacity to produce pri-
marily ethyl acetate, which can constitute the majority of its volatilome [98]. These VOCs
exhibit strong antifungal activity, inhibiting pathogens such as Phytophthora nicotianae and
Botrytis cinerea and effectively reducing postharvest decay in fruits like tomatoes and
strawberries [99,100]. This highlights H. uvarum’s potential as a biocontrol agent, where
ethyl acetate plays a key role in limiting fungal growth and extending shelf life. However,
synergistic effects between VOCs, such as ethyl acetate combined with COz, have been
suggested to enhance antifungal activity, as observed in M. pulcherrima, A. pullulans, and
S. cerevisiae [94]. There is not much information about sulfurous acid 2-ethylhexylnonyl
ester, which was detected in our study. But sulfurous acid, 2-ethylhexyl isohexyl ester,
from a similar chemical family, is considered a secondary plant metabolite, but the litera-
ture does not suggest that it has antifungal activity [101]. Beside other volatiles, a terpene
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found in our assay —styrene—has been detected among S. cerevisine VOC profiles, alt-
hough its antifungal activity was not specifically assessed in those studies [102]. Therefore,
the antifungal effect is rarely attributed to a single compound. This synergism is further
supported by proteomic analyses showing that the full yeast volatilome elicits broader
metabolic alterations in fungal pathogens than individual components alone, underscor-
ing the importance of considering the complete VOC profile when evaluating biocontrol
potential [75].

Another important aspect influencing the potential of yeast as a biological control
agent is their tolerance to chemical stressors, including fungicides and copper. The detri-
mental impact of fungicides is well documented, reinforcing the value of BCAs as sustain-
able alternatives. Indigenous grape-associated microorganisms are naturally adapted to
the berry microenvironment [47], making fungicide tolerance a key trait for potential co-
application or staggered use alongside chemical treatments [101]. Previous studies have
highlighted species-specific differences in fungicide tolerance. For instance, P. kluyuveri
outperformed the Switch® fungicide in antagonistic assays against Botrytis cinerea [32],
whereas in Washington State vineyards, M. pulcherrima, A. pullulans, and S. cerevisiae dis-
played variable responses to commercial fungicides [102]. M. pulcherrima exhibited total
inhibition in the presence of Pristine® and Procure®, but tolerated Vivando® (metrafenone)
up to 1 mg/mL [101]. Besides, A. pullulans is ecologically dominant in vineyards regardless
of cultivar or fungicide exposure [70,102]. Therefore, these findings highlight the im-
portance of selecting biological control agents based on both their ecological adaptability
and tolerance to specific fungicides to ensure effective integration into vineyard disease
management strategies.

Yeast tolerance to copper is also a critical factor, particularly in light of new European
regulations limiting copper usage to an average of 4 kg/ha per year, not exceeding 28
kg/ha over seven years [103]. Understanding yeast resistance to copper is therefore crucial
for its potential application in biocontrol or fermentation processes in agricultural settings.
These regulations increase the relevance of identifying copper-tolerant strains. Grange-
teau et al. [104] observed tolerance values ranging from 127 to 413 mg/L, depending on
the species. Among non-Saccharomyces yeasts, A. pullulans has been repeatedly high-
lighted as one of the most copper-tolerant species [102,104,105], a trait attributed to mela-
tonin production, which plays a protective role in copper biosorption [106]. However,
copper tolerance in S. cerevisiae is potentially strain-dependent and closely associated with
the copy number of the CUP1 gene, which encodes a metallothionein responsible for cop-
per detoxification via chelation [107]. Accordingly, S. cerevisiae yeasts have been reported
to grow at copper concentrations of up to 206 mg/L, in line with our observations.

5. Conclusions

In this study, the biocontrol potential of epiphytic yeasts isolated from Vitis vinifera was
systematically evaluated against major grapevine fungal pathogens. Both Saccharomyces and
non-Saccharomyces yeasts exhibited antagonistic activity through diverse microbial strategies,
demonstrating a broad-spectrum inhibitory capacity rather than a pathogen-specific or inci-
dental effect. This suggests the potential for reducing chemical fungicide use while contrib-
uting to more sustainable disease management strategies in viticulture.

For future applications, it would be interesting to explore yeast consortia that employ
different mechanisms in order to inhibit a broader pathogen spectrum of pre- and post-
harvest diseases. Combining different modes of action can offer more efficient biocontrol
performance. Besides, future omics-based investigations could enhance the understand-
ing of yeast-mediated biocontrol in grapevine systems and guide the development of ef-
fective antagonist consortia. The results support the use of synthetic or strain-selected
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