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Abstract

Naganishia albida and Papiliotrema wisconsinensis strains isolated from extreme environments were tested as biocontrol
agents (BCAs) against Penicillium expansum on apples and as inhibitors of patulin production through the biosynthesis
of secondary metabolites. Each strain showed different capabilities in reducing P. expansum growth in in vitro and in
vivo assays through different mechanisms of action. In particular, P. wisconsinensis strains showed the highest inhibition
against the pathogen by producing VOCs. The strains displayed the highest amount of the main detected VOCs: 1-buta-
nol, 3-methyl, propanoic acid, 2-methyl, butanoic acid, and phenylethyl alcohol. All the strains showed the same efficacy
against P. expansum by producing non-VOCs in vitro. Conversely, in the in vivo assay, the cell strain suspensions com-
pletely inhibited rot symptoms and consequently the patulin production, probably due to the interaction between competi-
tion for nutrients and the activation of defence responses in the fruit. Conversely, yeast VOCs act at a metabolic level to
modulate mycotoxin biosynthesis. In contrast, cell strain suspensions that include non-VOCs achieve broader protection
through more direct antagonistic interactions. By FT-IR, the non-VOCs were mainly ascribed to a proteinaceous fraction
and exopolysaccharides. This metabolic characterization emphasizes the importance of selecting BCAs based not only on
their ability to inhibit fungal growth, but also on their impact on mycotoxin production.
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Introduction

Apple orchards in Italy cover approximately 50,000 hect-
ares of land, producing an annual output of about 2.5 million
tons (FAO 2021). Apple fruit is a product highly suscep-
tible to fungal pathogens, especially during the posthar-
vest phase, where these pathogens can significantly impact
fruit quality. Penicillium expansum is an aggressive fungal
pathogen that causes blue mould on pome fruits mainly dur-
ing postharvest storage (Luciano-Rosario et al. 2020). This
pathogen is known to produce toxic secondary metabolites,

>4 Alessandra Di Francesco
alessandra.difrancesco@uniud.it

Department of Agricultural, Food, Environmental and
Animal Sciences, University of Udine, 33100 Udine, Italy

Department of Biomedical and Neuromotor Sciences,
University of Bologna, 40127 Bologna, Italy

Published online: 02 April 2026

such as patulin and citrinin, which pose significant health
risks to consumers (Tannous et al. 2018). Patulin is a lac-
tone known to cause nausea, gastrointestinal injuries, kid-
ney damage, and even cancerous tumour growth, along with
genetic mutations and developmental defects in embryos
(European Commission 2006; Puel et al. 2010). Due to
these health risks, the European Union has set stringent
regulations for maximum allowable patulin mycotoxin lev-
els in apple products. The limits are 50 pg/L for fruit juices
and derived products, 25 pg/L for solid apple products, and
10 ug/L for baby foods, as specified in European Regula-
tion 1881/2006 and Regulation EU 915/2023. The potential
risk of patulin contamination highlights the importance of
managing fungal infections, particularly on apples, which
are among the most widely produced crops worldwide
(FAO 2021). However, susceptibility to fungal diseases
and toxin accumulation can vary based on apple cultivar
and storage conditions (Spadaro et al. 2013). Traditionally,
chemical fungicides have been used to control P. expansum;
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however, this approach faces challenges due to increasingly
restrictive laws in the EU and the reduced efficacy of some
fungicides over time (Spadaro et al. 2013). Given these
limitations, relying solely on chemical treatments is not a
sustainable strategy. Therefore, exploring alternative solu-
tions, such as biological control methods, becomes crucial
in reducing fungal contamination and ensuring food safety.
In this context, biocontrol agents (BCAs) could represent
a sustainable solution to control fruit storage pathogens.
In particular, cold-adapted yeasts, such as isolates belong-
ing to the Naganishia, Holtermanniella, and Papiliotrema
genera, which are resilient to cold and freezing tempera-
tures as well as high heat conditions (Sangorrin et al. 2014;
Tapia-Vazquez et al. 2020; De Garcia et al. 2012), could be
considered for fruit postharvest management. These yeasts
possess unique adaptations that make them suitable for use
in cold environments. In fact, during evolution, yeasts have
undergone various physiological, biochemical, and molecu-
lar modifications to survive in cold environments, including
the synthesis of cold-active enzymes and cryoprotectants
such as cold shock proteins, antifreeze proteins, sugars, and
polyols (Buzzini et al. 2012, 2018).

For these reasons, in the present study, non-pathogenic
Naganishia and Papiliotrema spp. strains, isolated during
winter from the Swedish coast and Algerian desert, were
preliminarily tested as potential BCAs against P. expansum,
also by inhibiting patulin accumulation in apples.

The biocontrol potential of the strains was investigated
using in vitro and in vivo assays. More in detail, the effi-
cacy of secondary metabolites (volatile and non-volatile)
produced by extremophilic yeast strains against blue mould
was investigated. Both metabolites were characterized by
Solid Phase Microextraction Gas Chromatography—Mass
Spectrometry (SPME-GC-MS) and Fourier Transform
Infrared Spectroscopy (FT-IR), respectively. Additionally,

the effect of VOCs and non-VOCs on patulin accumulation
in apples was evaluated.

Materials and methods
Yeasts

Sixteen psychotropic and thermotropic yeast strains
(Table 1), belonging to the mycological collection of Di4A-
University of Udine, were isolated from the Algerian Desert
and the Swedish Coast during the winter season of 2023
(Lucci et al. 2025). Purified strains were stored in a 10%
glycerol solution at -80 °C until use. The yeasts were cul-
tured on NYDA medium (8 g/L nutrient broth, 5 g/L yeast
extract, 10 g/L dextrose, and 25 g/L technical agar) (Oxoid,
UK) for 2 days at 25 °C. For the following experiments,
yeast cells were collected and suspended in sterile dis-
tilled water (SDW) containing 0.05% (v/v) Tween 20, and
the suspensions were adjusted to 1x10% cells/mL using a
hemocytometer.

Fungal pathogen and fruit

The pathogenic fungal strain P. expansum PAT27 was pro-
vided by Professor D. Spadaro, University of Turin (Spadaro
et al. 2013). This strain was selected due to its high level of
virulence on apple cultivars (Cignola et al. 2024) and ability
to produce patulin (Spadaro et al. 2013). The fungal patho-
gen was cultured on Czapek Dox Agar (39 g/L) (Oxoid, UK)
and PDA (Potato Dextrose Agar, 39 g/L) (Oxoid, UK) plates
for 5 days at 20 °C. For the following experiments, fungal
conidia were collected and suspended in SDW containing
0.05% (v/v) Tween 20, and the suspension was adjusted to
1 x 10° conidia/mL using a hemocytometer.

Table 1 Naganishia, Holtermanniella, Papiliotrema spp. strains: origin and source of sampling, sample ID, and species

Origin Sample ID Identification Source
Algerian Desert RDSH_1 Naganishia albida Desert rose
S2R(4) Holtermanniella takashimae Rocks
SP6GRAM(3) Holtermanniella takashimae Straw
Sweden Coast SYP2 Naganishia adeliensis Grass
SYPI Naganishia adeliensis Grass
SIR(1) Naganishia adeliensis Rocks
SYP(20) Naganishia adeliensis Grass
S5SBSC(13) Papiliotrema laurentii Moss
S6P1(17) Papiliotrema aurea Grass
S2R2 Papiliotrema tephrensis Rocks
S2R9 Papiliotrema fonsecae Rocks
S5SOIL(4) Papiliotrema laurentii Soil
SIBSC2 1 Papiliotrema wisconsinensis Moss
SP6 4 Papiliotrema wisconsinensis Straw
S6p2_4 Papiliotrema wisconsinensis Grass
FVG Region PASSI1 Papiliotrema flavescens Flower
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Apples cv ‘Pink Lady’ were harvested at the commercial
ripe stage (15 °Brix) in an orchard located in Friuli-Venezia
Giulia region (46°01'56.4" N, 13°13'23.6" E). Fruits were
selected to be homogeneous in size, without any visible
damage, and immediately used.

Isolation and molecular characterization of yeasts

The microbial isolates were cultured in flasks containing
NYDB (NYDA without agar). The cultures were centri-
fuged at 3500xg for 30 min, and the supernatant was dis-
carded. The cells were then frozen using liquid nitrogen and
stored at -80 °C. Genomic DNA was extracted using 150 mg
of each sample collected in sterile 2 mL tubes, following
the protocol described by Lodhi et al. (1994). To charac-
terize the cultures, the Internal Transcribed Spacer (ITS)
nucleotide region was initially examined to molecularly
identify the strains. A second /ocus, the D1/D2 domains
of the large subunit (LSU) rRNA, was analyzed. The ITS
region was amplified using the primers ITS1 (5’-TCCGT
AGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGC
TTATTATTGATATGC-3’), as described by White et al.
(1990). The LSU region was amplified with the primers
LROR (5’-ACCCGCTGAACTTAAGC-3’) and LRS5 (5’-A
TCCTGAGGGAAACTTC-3’) (Vilgalys and Hester 1990).
PCR amplifications were performed using a MiniAmp Plus
thermal cycler (Thermo Fisher Scientific, USA). For the
ITS region, the cycle started with an initial denaturation at
94 °C for 2 min, followed by 40 cycles at 94 °C for 40 s,
55 °C for 40 s, and 72 °C for 1 min, with a final extension
of 5 min at 72 °C. PCR conditions for amplifying partial
LSU rDNA differed from ITS conditions only in the anneal-
ing temperature (58 °C) and cycle extension time (90 s per
cycle), as reported by Stielow et al. (2015). PCR products
were purified and sequenced by BMR Genomics (Padova,
Italy). The obtained ITS and LSU sequences were aligned
separately using Clustal Omega implemented in SeaView
v.5.0.5 (Gouy et al. 2010). The alignments were concat-
enated to build a distance-based phylogenetic tree, which
was constructed using the Neighbor-Joining (NJ) method
with the Jukes—Cantor model as the distance metric. Boot-
strap analysis was performed with 100 replicates to assess
node support. Related sequences and those of the closest
species were retrieved from GenBank and aligned with
those analysed in this study. All the sequence information
was reported in Supplementary Table S1.

In vitro assays
Yeasts isolated from extreme environments were tested by

in vitro assays against the mycotoxigenic fungal pathogen
P expansum PAT27. To select the best potential BCAs, a

dual culture assay was conducted as reported by Cignola
et al. (2024). A fungal mycelial plug (6 mm in diameter),
previously grown on Czapek agar, was placed 30 mm from
the edge of a Petri plate containing PDA. Yeast cells were
streaked 30 mm from the opposite edge of the Petri dish.
Plates inoculated only with mycelial plugs were used as
controls. Three plates for each strain were prepared and
incubated at 20 °C for 5 d, and the experiment was con-
ducted twice. Results were expressed as the percentage of
inhibition (%) of the fungal colony growth using the equa-
tion (Dennis and Webster 1971):

dl —d2

Inhibition (%) = T

x 100

where d1 was the control fungal colony diameter and d2
was the diameter of the treated colony.

VOCs efficacy against P. expansum by in vitro assay

The Naganishia albida strain RDSH_ 1 and the Papiliotrema
wisconsinensis strains S6P2_4, SP6 4 and S1BSC2 1 dis-
played the highest percentage of inhibition against P. expan-
sum in the dual assay, and were therefore selected to verify
the potential antifungal activity of VOCs through the double
Petri dish assay (Di Francesco et al. 2015). The microbial
VOCs were tested against the mycelial growth of the patho-
gen colony. For the experiment, NYDA plates were inocu-
lated by spreading 100 pL of the antagonist cell suspension
(108 cells/mL), as described in Di Francesco et al. (2017).
After 48 h of incubation at 25 °C, the lid of each plate was
replaced with the base of a PDA plate inoculated with a
6 mm diameter pathogen mycelial plug, previously grown
on Czapek agar. The plates were sealed with a double layer
of Parafilm and incubated at 20 °C for 5 d. Each sample con-
sisted of three plates (replicates), with (treatment) or with-
out (control) the antagonist. The experiment was conducted
twice, and the colony diameter was measured using a digital
caliper. The percentage of inhibition with respect to the con-
trol was calculated as reported above.

Non-VOCs efficacy against P. expansum by in vitro
assay

The effectiveness of non-VOC compounds was evaluated
in relation to the strains that displayed the highest percent-
age of inhibition against P. expansum in the dual assay, as
previously reported. The non-VOCs assay was carried out
using sterile cellophane layers (BIORAD, USA) positioned
on PDA plates, on which 100 pL of each yeast suspension
(1x10® cells/mL) was spread. Plates were incubated at
25 °C, and after 48 h, the cellophane layer was removed. A
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mycelial plug (6 mm in diameter) from a 7-day-old colony
of P. expansum PAT27, grown on Czapek agar, was placed
in the center of the plate (Di Francesco et al. 2020). Plates
were incubated at 20 °C for 5 d. The sample unit consisted
of three plates. The control was represented by plates inoc-
ulated with sterile water. The fungal colony diameter was
measured using a digital caliper, and the experiment was
conducted twice. The percentage of inhibition relative to the
control was calculated as reported in paragraph 2.4.

VOCs analysis by SPME-GC-MS

Yeast VOCs production was analyzed using the method
described by Di Francesco et al. (2024). Ten mL of NYDA
were transferred into sterile 25 mL vials. The substrate was
then inoculated with a suspension of each selected yeast
strain (1 x 10% cells/mL). The vials were incubated at 25 °C
for 2 d. After incubation, the VOCs were extracted and
analyzed by a gas chromatograph (7890B Agilent Technol-
ogies, Santa Clara, USA) coupled with a mass spectrom-
eter detector (5977 A, Agilent Technologies, Santa Clara,
USA) equipped with an autosampler for SPME automatic
injections (PAL RSI 85, CTC). A SPME fiber (DVB/CAR/
PDMS) was selected and conditioned before use. The vials
were heated at 40 °C for 5 min, then the fiber was exposed for
30 min at the same temperature. For the desorption of vola-
tiles, the fiber was introduced into the injector at 250 °C for
5 min. Separation of the analytes was performed on a silica
capillary column with an internal diameter of 0.50 mm and
a polar stationary phase (DB-WAX, Agilent Technologies,
Santa Clara, USA) featuring a film of 0.5 um thickness. The
GC oven temperature program was as follows: 40 °C for
3 min, increased to 220 °C at a constant rate of 4 °C min™';
held at 220 °C for 1 min, increased to 250 °C at 10 °C min™';
and held for 1 min. Helium served as the carrier gas with
a constant column flow rate of 1.5 mL min ! (Tulukoglu-
Kunt et al. 2024). The transfer line temperature was kept
constant at 250 °C. The ion source and quadrupole were
adjusted to 230 °C and 150 °C, respectively. Upon exiting
the column, compounds were ionized via electron impact
at 70 eV and detected by a quadrupole mass spectrometer
over a mass/charge ratio (m/z) range from 35 to 500. Chro-
matograms were processed and analyzed using Mass Hunter
(Agilent, USA). Compound identification was performed by
comparing the spectra with the NIST Standard Reference
Database (NIST2014) and by calculating linear retention
indices (LRI) under the same chromatographic conditions,
injecting a C7—-C30 n-alkane series (Supelco, Milan, Italy).
VOCs content was reported as absolute peak area (Aprea et
al. 2012). The sample unit comprised three replicates. The
control consisted of vials with non-inoculated NYDA. The
experiment was conducted once.
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Non-VOCs analysis by FT-IR

Flasks containing 100 mL of NYDB medium (NYDA with-
out agar) were inoculated with antagonist cell suspensions
(1x10® cells/mL) and then incubated at 25 °C in a rotary
shaker (250 rpm) for 48 h. After the incubation period, the
liquid cultures were centrifuged at 5000xg for 20 min at
15 °C, and the supernatant was collected in sterile 2 mL
tubes and stored at -20 °C. The control consisted of a
growth medium without yeast inoculation. The supernatant
was lyophilized and analyzed by FT-IR (Fourier Transform
Infrared Spectroscopy) to obtain a rapid, non-destructive
characterization of its main molecular components. Infrared
spectra were recorded using a Bruker ALPHA series FT-IR
spectrophotometer (Bruker, Ettlingen, Germany) equipped
with a device for attenuated total reflectance (Diamond crys-
tal). The spectra were collected from 4000 to 400 cm ™' and
averaged over 100 scans (resolution=4 cm!). Four spectra
were measured for each sample at each sampling time.

In vivo assays

For the in vivo experiment, the two best strains for each in
vitro experiment (VOCs and non-VOCs) were selected. To
verify the VOCs’ efficacy against blue mould, P. wiscon-
sinensis strains SP6 4 and SIBSC2 1 were selected. One
hundred mL of NYDA substrate was placed at the bottom
of a sterile plastic box (26 x 16 x8 cm, LxWxH. After dry-
ing, 500 pL of each strain suspension (1 x 108 cells/mL) was
spread. The boxes were hermetically closed by Parafilm®
and incubated at 25 °C. After 48 h, Pink Lady apples, pre-
viously surface sterilized with sodium hypochlorite (0.1%
v/v) and rinsed with distilled water, were wounded (one
wound per fruit) with a sterile needle (2 mm x 2 mm x
2 mm) and inoculated with 15 pL of P. expansum PAT27
conidial suspension (1 x 10° conidia/mL). After drying (1 h),
6 apples were placed on a sterile grid inside each previously
inoculated box. Three boxes were prepared for each yeast
strain. Fruits were incubated at 20 °C for 5 d at 80% R.H,
after which pathogen incidence (%) and severity (mm) were
measured. Apples not exposed to VOCs fumigation repre-
sented the control. The experiment was conducted twice.
The strains N. albida RDSH 1 and P. wisconsinensis
S6P2 4 were selected based on their in vitro non-VOCs
performance. Apples were prepared as described above. For
this assay, fruits were artificially wounded at the equatorial
part by using a sterile nail and inoculated with 15 pL of
the yeast strain suspension (1x10® cells/mL). After dry-
ing (1 h), 20 pL of P. expansum PAT27 conidial suspension
(1x10° conidia/mL) was inoculated into the same wound.
Fruits were then incubated at 20 °C at 80% R.H. for 5 d, and
the lesion diameter (mm) was measured. Apples inoculated
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with SDW, instead of yeast suspension, represented the con-
trol. The sample unit consisted of 10 apples per replicate (3)
for each yeast. The experiment was conducted twice.

Penicillium expansum DNA quantification and
patulin content in apples

The total fungal genomic DNA was extracted from lyophi-
lized Pink Lady apple tissue (150 mg) using the protocol
described by Lodhi et al. (1994). The DNA was extracted
from apples treated with VOCs produced by P. wisconsi-
nensis S6P(4) and SIBSC2(1), and from apples treated with
non-VOCs produced by N. albida RDSH_1 and P. wiscon-
sinensis S6P2_4, as well as from the respective untreated
controls. Rotten fruit tissues were collected from the apples
prepared for the experiment described in paragraph 2.7,
after the incidence and severity measurements. Samples
were collected using a sterile cork-borer (15 mm diameter
and 10 mm in depth) at the site of the inoculation wound.
Penicillium expansum PAT27 DNA was quantified using
gPCR. PCR reaction mixtures contained 0.3 uM of each
specific primer PatF-F and PatF-R (Tannous et al. 2015),
1x SsoFast™ EvaGreen® Supermix (Bio-Rad Inc, Hercu-
les, CA, USA), molecular grade H,O, and 2 pL of DNA (20
ng/uL). Cycling conditions were as follows: initial denatur-
ation at 95 °C for 3 min; 40 cycles of 20 s at 95 °C; 20 s at
65 °C. In all positive samples, the amount of P. expansum
DNA was reported as pg of P. expansum DNA/mg of apple
tissue to normalize the data. To quantify pathogen DNA, a
standard curve was prepared with 1:10 serial dilutions of
fungal genomic DNA extracted from a pure culture of the
PAT27 strain (quantified by using Qubit® 2.0 Fluorimeter).
PCR mixtures and cycling conditions were performed as
described above. The amount of fluorescence for each sam-
ple was measured at the end of each cycle and analyzed via
CFX-Manager Software v. 2.0 (Bio-Rad Laboratories, Inc,
Hercules, CA, USA). Each sample dilution and each control
standard were replicated three times. The experiment was
conducted twice.

Patulin was extracted and analyzed according to the
AOAC 2000.02 methodology (AOAC 2002). One hun-
dred and fifty grams of apple tissue from each experimental
condition (Sect. 2.7), were collected as circular portions
(20 mm diameter and 10 mm depth), at the artificial wound-
inoculation sites. Collected tissues were stored at -20 °C and
analyzed by Eurofins Laboratoire Contaminants Alimen-
taires in Nantes (France).

Statistical analysis

Data from all experiments were analyzed using one-way
analysis of variance (ANOVA). Statistical comparison of

the means was carried out using the Tukey test (¢<0.01
and 0.05). All analyses were performed with the software
MiniTab.16 (Minitab, Inc.).

Results

Isolation and molecular characterization of yeast
strains

One hundred and seventeen colonies were morphologically
identified as yeasts using an optical microscope and then
selected and purified. All the purified cultures were char-
acterized using molecular methods. The amplification of
the ITS region yielded sequences of 620 nucleotides cor-
responding to Papiliotrema spp. for 9 of the isolates and of
500 nucleotides, corresponding to Holtermanniella spp., for
2 isolates. Sequences of 580 nucleotides corresponded to
Naganishia spp. for 5 of the isolated strains. The remaining
101 strains belonged mainly to Aureobasidium (57%), Vish-
niacozyma (7%), and Cystobasidium (4%) (data not shown).

The strains were also analyzed using an additional target
gene, LSU. Due to the variability of this locus, the sixteen
strains were identified as reported in Table 1. The phyloge-
netic tree was constructed using the concatenated alignment
of ITS and LSU loci, confirming that all isolated strains were
closely related to the genera Papiliotrema, Naganishia, and
Holtermanniella (Fig. 1), with each strain assigned to differ-
ent species: respectively P. laurentii, P. aurea, P. tephrensis,
P. fonsecae, P. wisconsinensis, and P. flavescens, N. albida,
N. adeliensis and Holtermanniella takashimae.

In vitro assay: dual culture

Selected yeast strains were evaluated through various
assays to determine their potential as BCAs. In the dual cul-
ture assay, all selected strains showed an average mycelial
growth inhibition of P. expansum of 15%.

The strains that displayed the highest inhibition of PAT27
were P. wisconsinensis strains S6P2 4, SP6 4, and N
albida strain RDSH_1, with an average inhibition rate of
25% (Fig. 2).

In vitro efficacy of VOCs against P. expansum

The experiment was conducted to verify the efficacy of
VOCs produced by the strains RDSH 1, SIBSC2 1,
S6P2 4, and SP6_4, which showed the highest inhibition
against P. expansum in the dual assay. Regarding VOCs pro-
duction, Fig. 3 shows different antifungal effects depending
on the microorganism. The strains SIBSC2 1 and SP6 4
were the most effective against the P. expansum PAT27. In
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Fig. 1 Neighbor-Joining distance-based tree based on concatenated ITS and LSU rDNA sequences. Bootstrap values (based on 100 replicates) are
shown at branch nodes. The tree was rooted with Filobasidium floriforme as an outgroup
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Fig.2 Colony diameter of Penicillium expansum PAT27 in co-culture assay with the selected sixteen yeast strains belonging to Naganishia, Papi-
liotrema and Holtermanniella genera. Different letters indicate significant differences according to Tukey test (2 <0.01)
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Fig. 3 In vitro efficacy of volatile
organic compounds (VOCs)
produced by Papiliotrema
wisconsinensis and Naganishia
albida against Penicillium
expansum PAT27 mycelial colony
growth. Data are the means of the
lesions+standard error. Different
letters indicate significant dif-
ferences according to Tukey test
(2<0.05)
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Fig.4 In vitro efficacy of non- 30
volatile organic compounds
(non-VOCs) produced by
Papiliotrema wisconsinensis

and Naganishia albida against
Penicillium expansum PAT27
mycelial colony growth. Data are
the means of two independent
experiments + standard error. Dif-
ferent letters indicate significant
differences according to Tukey
test (¢ <0.05)
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particular, P. wisconsinensis strains SIBSC2 1 and SP6 4
showed the highest inhibition against PAT27, resulting in
a significant reduction of 33% and 25% in colony growth.

In vitro efficacy of non-VOCs against Penicillium
expansum

The experiment was conducted to assess the antifungal
activity of non-volatile metabolites produced by the four
selected strains. As illustrated in Fig. 4, the inhibitory effi-
cacy of the non-VOCs did not vary significantly among the
yeast strains. Compared with the control, the inhibition rate
was 23%.

VOCs analysis by SPME-GC-MS

Volatile metabolites produced by Naganishia albida
(RDSH_1) and P wisconsinensis (S6P2 4, SP6 4,
SIBSC2 1) were analyzed by SPME/GC-MS. All the
VOC:s produced by the yeasts were reported in the Supple-
mental Table S2. The analysis of VOCs revealed distinct

RDSH_1

SIBSC2 1 S6P2_4 SP6_4

metabolite profiles for each of the four yeast strains, exclud-
ing those produced by the control (NYDA). This finding
indicated considerable metabolic diversity among strains.
Naganishia albida strain RDSH 1 exhibited the broad-
est spectrum of VOCs, producing 84 compounds, includ-
ing alcohols (1-butanol, 1-heptanol, phenylethyl alcohol),
esters (ethyl acetate), ketones (3-heptanone, 2-heptanone),
acids (acetic acid, butanoic acid), and nitrogen-containing
compounds (methylthiophosphonamidic acid, imidazole
derivatives), aromatic and heterocyclic compounds (pyr-
azines, quinoxalines, and furans). Papiliotrema wisconsi-
nensis strains S6P2_4 and SP6_4 displayed a narrow VOCs
profile, with 24 and 19 compounds detected, respectively.
These compounds suggested a limited but specific second-
ary metabolism, potentially indicative of specialized eco-
logical or physiological function, and distinctbiosynthetic
pathways. Conversely, P. wisconsinensis strain SIBSC2 1
demonstrated a different and rich VOCs profile, second
only to RDSH 1, with over 100 compounds detected.
This strain emitted a wide range of chemical classes,
including alcohols (1-butanol, 1-hexanol), esters, ketones,
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furans (2-methylfuran, furfurylmethylamphetamine), acids
(butanoic acid, propanoic acid), and aromatic compounds
(benzaldehyde, phenylethyl alcohol). Its metabolic output
included both common fermentation products and complex
secondary metabolites, indicating robust metabolic capabil-
ities. These findings highlighted the high metabolic plastic-
ity among yeast strains, particularly the potential of the P,
wisconsinensis strain SIBSC2 1 for applications requiring
a broad VOCs profile. Among the detected VOCs, four were
consistently produced by all the strains: 3-methyl-1-buta-
nol, 2-methylpropanoic acid, butanoic acid, and phenylethyl
alcohol. Despite their common presence, the relative abun-
dance (A A, absolute area) of these compounds varied across
the strains as reported in Table 2.

Non-VOCs analysis by FT-IR

The FT-IR spectroscopic measurements were carried out to
determine the main non-volatile classes of compounds pro-
duced by the strains of N. albida and P. wisconsinensis. In
Fig. 5, the infrared spectra of strains RDSH_1 (N. albida)
and S6P2_4 (P. wisconsinensis) are reported. These strains
previously showed high inhibition of P. expansum PAT27
mycelial growth in the non-VOCs assay (Fig. 4). Figure 5
also shows the spectra differences between the cultures of
the two strains (blue line) and the control (NYDB, black
line), which facilitate the interpretation of spectroscopic
results. The positive peaks are related to the yeast’s non-
volatile metabolites, while the negative peaks should be
attributed to the consumption of the culture medium. To
the best of our knowledge, there are no data in the litera-
ture about the non-VOCs synthesized by N. albida and P.
wisconsinensis. However, polysaccharides showed typical
bands at 1626 (mixed with residual water), around 1450,
1404, around 1340, and in the spectral region between 1185
and 750 cm ™! (Breierova et al. 2005; Amiri et al. 2019) as
shown in Fig. 5. Several bands indicate the composition of
exopolysaccharides and the type of glycosidic bond: 980,
920, 866, and 818 cm ' bands are attributed to mannan
(Breierova et al. 2005), 1144 and 1032 cm ™! are attributed

to glucans (Di Francesco et al. 2023), the 777 cm™ ! to both
glucans and galactans (Di Francesco et al. 2023); the 1184,
1132, around 1100, 1084, around 1050 and the 991 cm™!
to xylans (Kacurakova et al. 1999): these bands can also
be associated with the presence of xylosides based on
xylose, as in xylans. Finally, the 891 cm™! is attributed to
the B-anomeric conformation of glycosidic bonds and was
detected only as a maximum in the difference spectra (Amiri
et al. 2019; Yan et al. 2018). The presence of proteins in
non-VOCs, which could be associated to lytic enzymes or
to the peptidic fraction of polysaccharopeptides, was evi-
denced by the bands at 1586 (asymmetric stretching vibra-
tion of carboxylate in negatively charged amino acids, such
as Asp and Glu), 1520 (amide II), 1404 (symmetric stretch-
ing vibration of carboxylate), 1296, 1258 and 1246 (amide
III) cm™ ! (Socrates 1998). The carbonylic group C=0 is
typical of different classes of secondary metabolites such
as aliphatic diketones, polyketides, and lactones. The band
at around 1720 cm™ ! appearing in the difference spectrum
of both analyzed strains can be attributed to the stretch-
ing of the C=0 group present in all these classes of mol-
ecules. The enol form of diketones has a typical vibration
near 1580 cm™ !, overlapped with the asymmetric stretching
of carboxylates. The aromatic moiety of polyketides may
show several bands in the 1620—1500 cm™! spectral region
(Socrates 1998).

In vivo assays

To evaluate the in vivo biocontrol efficacy of the selected
yeast strains against P. expansum PAT27 on Pink Lady
apples, two independent experiments were conducted.
Papiliotrema  wisconsinensis  strains SP6 4 and
SIBSC2 1 showed the highest VOCs-mediated inhibition
of P. expansum growth in vitro, and were therefore used
to biofumigate artificially inoculated apple fruits. Fruit
exposed to the VOCs emitted by both strains did not exhibit
a significant reduction in disease severity compared to the
control (Table 3), except for a slight inhibition by the strain
SIBSC2 1 (14.4%). Conversely, N. albida RDSH_1 and P.

Table 2 SPME/GC-MS analyses of volatile organic compounds (VOCs) secreted by the strains Naganishia albida (RDSH_1) and Papiliotrema

wisconsinensis (S6P2 4, SP6_4, SIBSC2 1)

Absolute Area (AA)
Strains
Compound RT N. albida RDSH_1 P, wisconsinensis S6P2 4  P. wisconsinensis P. wisconsinensis SIBSC2 1
SP6 4
1-Butanol, 3-methyl 9.33 3.55E+06 ¢ 1.02E+07 a 6.20E+06b  6.0SE+06b
Propanoic acid, 2-methyl ~ 20.21  3.50E+05 ¢ 6.08E+05 b 2.22E+06a 1.31E+06a
Butanoic acid 21.92 1.24E+06b 3.11E+06 a 4.02E+06a 3.80E+06a
Phenylethyl Alcohol 29.10 2.93E+05c¢ 7.96E+05 a 8.84E+05a 4.60E+05b

The values represented the average of the absolute areas (AA) of the common compounds (3-methyl-1-butanol, propanoic acid, 2-methylbuta-
noic acid, and phenylethyl alcohol) produced by all the strains+standard error. Different letters represented statistically significant differences
among the strains for each compound, as determined by Tukey test (0 <0.05)
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Fig.5 (a) FT-IR/ATR spectra
of control (black line), non- a
VOCs synthesized by RDSH 1
(blue lines), and their difference ket
spectra (RDSH_1 — control, red
line). (b) FT-IR/ATR spectra of
control (black line), non-VOCs
synthesized by S6P2 4 (blue
lines), and their difference spectra
(S6P2_4 — control, red line). The
attribution of the bands is indi-
cated as follows: ket: diketones
and polyketides; prot: enzymes
and peptides in polysaccharopep-
tides; PS: exopolysaccharides and
polysaccharopeptides
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wisconsinensis SOP2_4 cell suspensions completely inhib-
ited P. expansum compared to the control (Table 3).

Penicillium expansum DNA quantification and apple
patulin analysis

The DNA of P. expansum (PAT27) was quantified in Pink
Lady apples exposed to volatile metabolites produced by the
strains RDSH_1 and S6P2 4 and to the strain cell suspen-
sions of SP6_4 and SIBSC2_1. Pathogen DNA was quanti-
fied by extrapolating from the standard curve the amount of
P expansum (PAT27) DNA in picograms (pg) and normal-
izing with the amount of sampled fruit tissue (mg).

wavenumber [1/cm]

In the VOCs treatment, both strains SP6 4 and
S1BSC2 1 significantly reduced the pathogen DNA con-
centration to 5.92 and 6.23 pg/mg, respectively, compared
to 19.2 pg/mg of the control. In the other assay, apples
treated with strains RDSH_ 1 and S6P2_4 showed no detect-
able fungal DNA (0.00 pg/mg), indicating a complete sup-
pression of pathogen colonization. In contrast, the untreated
control exhibited a significantly higher DNA concentration
(20.1 pg/mg), confirming an active fungal growth. These
findings further confirmed the antifungal effect of yeasts
metabolites at the molecular level, with a complete inhibi-
tion through the yeast cell suspensions and with VOCs lead-
ing to a significant reduction of P. expansum colonization
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Table 3 In vivo efficacy of volatile organic compounds (VOCs) and cell suspensions by Naganishia albida (RDSH_1) and Papiliotrema wiscon-

sinensis (S6P2_4, SP6_4, SIBSC2_1) strains

Treatment Disease severity (mm)
VOCs Control 9.42+0.73 a

P, wisconsinensis SP6_4 9.22+044 a

P. wisconsinensis SIBSC2 1 8.06£0.33 b
Cell suspension Control 9.42+0.97 a

N. albida RDSH_1 0.00+0.00 b

P. wisconsinensis S6P2 4 0.00+0.00 b

Values represented Penicillium expansum PAT27 severity (mm) (average of three replicates+standard error). Different letters represented sig-
nificant statistical differences among the treatments for each type of compound, as determined by Tukey test (¢ <0.05)

Fig.6 DNA quantification of 25
Penicillium expansum (pg/mg)
on apple treated with volatile
organic compounds (VOCs)

and yeast cell suspensions by
Naganishia albida RDSH(1)
and Papiliotrema winsconsiensis
S6P2_4, SP6_4, and SIBSC2_1.
Each value was the average of
three replicates +standard error.
Different letters represented

[\
(=)

HH

Ju—
(9]

S
H o

W

significant differences among the
treatments (strains) for each type
of compound, as determined by

P. expansum DNA (pg/mg)

——

b b

Tukey test (0<0.05) 0
Control

Table 4 Effect volatile metabolites (VOCs) and cell suspensions by
Naganishia albida RDSH 1, Papiliotrema wisconsinensis S6P2 4,
and P. wisconsinensis SP6_4 and SIBSC2_on apple patulin content

(nglkg)

Treatment Patulin (png/kg)
VOCs Control 8404340

P. wisconsinensis SP6_4 390 + 160

P. wisconsinensis SIBSC2_1 220 + 88
Cell suspension  Control 3700+ 1500

N. albida RDSH_1 1200 + 480

P. wisconsinensis S6P2_4 33+13

on fruits (Fig. 6). Through HPLC analysis, patulin content
in treated apples was significantly reduced compared to the
water control in both (Table 4). In particular, patulin levels
in the non-VOCs control samples were higher than in the
VOCs control, 3700 and 840 ng/kg, respectively. The dif-
fusible metabolites produced by P. wisconsinensis S6P2_4
and N. albida RDSH_1 reduced the mycotoxin content by
99.1% and 67.5%, respectively, compared to the control.
Regarding volatile compounds, P. wisconsinensis SP6_4
and S1BSC2 1 inhibited patulin production compared to
the control by 50.5% and 73.8%, respectively.
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SP6_4
VOCs

S1BSC2_1 Control RDSH(1) S6P2 4

Cell suspension

Discussion

Naganishia albida and P. wisconsinensis strains demon-
strated significant antagonistic activity against P. expansum
by producing volatile and non-volatile metabolites. These
findings align with previous reports that highlighted the
antifungal potential of these microorganisms (Vidal et al.
2024). For instance, Miccoli et al. (2019) showed that Papi-
liotrema terrestris strain LS28 effectively reduced P. expan-
sum infection and patulin contamination in apples during
postharvest storage, supporting the relevance of basidio-
mycetous yeasts as promising BCAs. The current study
expands upon this evidence by demonstrating similar antag-
onistic efficacy by yeasts strains isolated from extreme envi-
ronments, further confirming their potential as eco-friendly
alternatives to chemical fungicides. The role of volatile
and diffusible compounds produced by the yeasts revealed
important insights into their antagonistic mechanisms. In
fact, both VOCs and non-VOCs contributed to the inhibi-
tion of P. expansum in in vitro assays. Inhibition mediated
by the volatile fraction was more pronounced in N. albida,
suggesting that strain-specific metabolic profiles may play a
key role in antagonism. Nevertheless, in vivo experiments
revealed that the P. wisconsinensis strains’ cell suspensions
were more effective in reducing both disease severity and
fungal sporulation (data not reported).
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The present study carefully analysed the volatilomes
of individual yeast strains to evaluate the composition of
a potential protective atmosphere that they create. At the
same time, it should be considered that the yeast volatilome
could interfere with the pathogen communication system
and growth, as well as the host aroma and microbial com-
munity. However, most studies to date have focused on the
unidirectional effect of the microbial VOCs produced by a
single microbial entity in regard to another microbial spe-
cies (Schulz-Bohm et al. 2015; Splivallo et al. 2015; Tilocca
et al. 2020). The different results obtained between in vitro
and in vivo assays suggested that VOCs exhibited stronger
antifungal activity in contained environments. Their vola-
tility and rapid diffusion may limit their efficacy in com-
plex biological systems, such as in the presence of fruits
(Di Francesco et al. 2024; Hood et al. 2010; de Paiva et al.
2016).

VOCs emitted by N. albida RDSH_1 and P. wisconsinen-
sis strains SP6_4, S6P2 4, and SIBSC2_ 1 exhibited notable
antifungal potential in vitro; conversely, the in vivo effi-
cacy was less marked. A better understanding of the entire
ecosystem in which microbial species interact, including
a series of biotic and abiotic factors, would be necessary
(Tilocca et al. 2020).

Although VOCs did not significantly reduce disease
severity in artificially inoculated apples, they markedly
inhibited patulin production. Specifically, SP6 4 and
S1BSC2 1 significantly reduced patulin content, indicat-
ing that these VOCs interfered with P. expansum second-
ary metabolism rather than directly affecting colonization or
virulence mechanisms. This dissociation between pathogen
growth inhibition and mycotoxin suppression suggests a
potential regulatory effect of VOCs on patulin biosynthetic
pathways (Li et al. 2019). Similar outcomes were previ-
ously reported by some authors (Alasmar et al. 2020; Huang
et al. 2021) who showed that volatile metabolites of various
chemical classes, such as esters, alkanes, alcohols, terpenes,
ketones, aldehydes, and aromatic hydrocarbons, inhibited
Penicillium spp. growth and mycotoxin production. Com-
pounds like phenylethyl alcohol and 3-methyl-1-butanol,
detected across all yeast strains in this study, have been
reported to suppress fungal sporulation and secondary
metabolite production (Contarino et al. 2019; Bennett et al.
2012). Thus, while VOCs alone may not exhibit full bio-
control activity in vivo, their ability to suppress patulin syn-
thesis could represent a valuable complementary strategy
to reduce foodborne toxin risks in postharvest systems. In
contrast, yeast cell suspension persisted longer at the infec-
tion site, providing more sustained protection (Zhao et al.
2022), likely due to the different mechanisms of action,
such as competition for nutrients and space, antibiosis, and
parasitism. In fact, through the presence of yeast cells and

secondary metabolites, the exerted mechanisms of action
included the production of lytic enzymes, biofilm formation,
siderophores, and even direct mycoparasitism, all of which
contribute to the long-term suppression of pathogens in vivo
(Wu et al. 2024; Rodrigues et al. 2024). Secondary metab-
olites, such as VOCs and non-VOCs, could also enhance
the physical and chemical properties of fruits, improving
their storage (Di Francesco et al. 2020a; Dudas et al. 2026).
The induced resistance is characterised by the activation of
host defence mechanisms as described by Li et al. (2024)
in blueberry fruits, where volatile metabolites produced by
Metschnikowia pulcherrima strain T-2 increased the flavo-
noid content, such as quercetin, kaempferol, and myricetin,
compared to the untreated fruits. A recent study reported that
secondary metabolites produced by the strain Meyerozyma
caribbica BBJ induced resistance in apple tissues, causing
an up-regulation of defense-related genes coding for chitin-
ase enzymes (Dudas et al. 2026).

FT-IR spectroscopic analysis has already proven to be
suitable for a preliminary characterization of non-vola-
tilemetabolites classes produced by antagonist bacteria (Di
Francesco et al. 2023) or yeast-like fungi (Di Francesco et
al. 2020b; Francesco et al. 2021; Oztekin et al. 2025). Due
to the lack of a specific characterization of the secondary
metabolites produced by N. albida and P. wisconsinen-
sis strains, the identification of their non-volatile fractions
was performed based on existing literature (Bills and Gloer
2016; Kiyama et al. 2018; Sandargo et al. 2019; Wu et al.
2022; Santra et al. 2023; Sum et al. 2023; Pinar et al. 2024,
Wadhwa et al. 2024).

The FT-IR spectra of the non-volatile fractions (Fig. 5)
are dominated by absorption bands typical of high-molec-
ular-weight compounds, mainly proteinaceous material and
polysaccharides. In particular, the spectral region between
1700 and 1500 cm™* shows bands at 1626 cm™ (amide I) and
1520 cm™ (amide II), which are characteristic of peptide
bonds and therefore indicate the presence of amide-contain-
ing compounds, such as proteins, peptides, or glycoproteins.
Additional contributions in the amide III region (1300-
1240 cm™) further support the occurrence of proteinaceous
components. This last spectral region showed the main dif-
ferences between strain RDSH_1 (peak at 1246 cm™) and
strain S6P2 4 (peak at 1258 cm™). Because the amide III
band is influenced by protein conformation and molecular
environment, this shift may reflect differences in the over-
all composition or structural organization of proteinaceous
fractions between the two strains (Kiyama et al. 2018; Pinar
et al. 2024). However, FT-IR analysis alone does not allow
identification of specific proteins or enzymatic activities,
and therefore these observations should be interpreted as
indicative of compositional differences rather than evidence
of particular functional biomolecules. The most intense and

@ Springer



Journal of Plant Pathology

informative features occur in the carbohydrate fingerprint
region (1260-800 cm™), where several diagnostic bands
enable identification of various fungal polysaccharides
(Fig. 5). Among these, exopolysaccharides are long-chain
carbohydrates secreted by fungi as a protective barrier,
possess notable antimicrobial properties, and are primarily
composed of mannose, glucose, galactose, and xylose units
(Pinar et al. 2024). Although the overall spectral profiles
of the two strains are similar, clear differences are evident,
particularly in the 1150-950 cm™ region (Fig. 5). Strain
RDSH 1 exhibits characteristic bands of glucans (1144
and 1032 cm™) (Di Francesco et al. 2024) and mannans
(980 cm™) (Breierova et al. 2005), which are absent in strain
S6P2 4. In contrast, strain S6P2 4 shows distinctive bands
of xylans (1132, 1084, and 991 cm™) (Kacurakova et al.
1999; Yao et al. 2016). These findings indicate strain-spe-
cific differences in the composition of exopolysaccharides,
which may reflect distinct metabolic strategies and could be
related to their biological activity, such as enhanced com-
petition for space through more efficient biofilm formation
by the yeast (Liu et al. 2025), or reduced pathogen adhesion
capability (Oztekin et al. 2025). In particular, B-glucan- and
mannan-rich yeast polysaccharides are widely reported as
bioactive (e.g., antimicrobial and immunomodulatory), and
differences in their relative abundance may result in distinct
biological outcomes (Baek et al. 2024; Liu et al. 2021). It
should be emphasized that FT-IR spectroscopy provides
information on functional groups and compound classes,
and therefore enables only a preliminary and comparative
characterization of non-volatile metabolites rather than
unequivocal identification of specific chemical structures.
Based on these preliminary spectroscopic data, the com-
position of non-volatile metabolites could be further inves-
tigated by other analytical (chromatography), structural
(NMR), and morphological (SEM) techniques (Oztekin et
al. 2025).

A particularly relevant outcome of this study was the sig-
nificant reduction in patulin accumulation in apples treated
with the yeast strains’ metabolites. This reduction occurred
even in cases where pathogen colonization was not com-
pletely suppressed, highlighting a dissociation between
fungal presence and mycotoxin biosynthesis. This finding
was supported by molecular quantification of P. expansum
DNA, which revealed that VOCs produced by strains SP6_4
and S1BSC2 1 significantly reduced fungal DNA levels
compared to the untreated control. These reductions sug-
gest that the pathogen may still be present to some extent.
At the same time, patulin biosynthesis is considerably sup-
pressed, suggesting that VOCs primarily interfere with
secondary metabolism rather than fungal colonization. In
contrast, RDSH_1 and S6P2 4 cell suspensions completely
suppressed fungal colonization, with DNA levels below the
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detection limit. However, the reduction in patulin content
was 67.6% for RDSH 1 and almost complete for S6P2 4.
These data indicate that the cell suspensions achieved both
pathogen inhibition and toxin suppression. Overall, the data
highlight that application of the yeast in its current form may
be more effective in vivo. The absence of detectable fungal
DNA following this treatment suggests a fungicidal or at
least strongly fungistatic effect of the strains (Rodrigues et
al. 2024).

The reduction in patulin levels by the application of the
yeast cell suspensions may also result from the interaction
of multiple antagonistic mechanisms, such as competition
for nutrients and space, and induction of host resistance
(Castoria et al. 1997). In particular, competition is crucial
since the availability of nutrients, space, and other physi-
cal resources is generally limited for the pathogen (Palm-
ieri et al. 2022). Also, the rapid growth of a BCA allows
it to occupy the niche, thus excluding the pathogen. This
mechanism of action may involve biofilm formation and
exopolysaccharide production by the microorganism (Klein
and Kupper 2018).

In the present study, the combined analyses of pathogen
DNA quantification and patulin content strongly supports
the hypothesis that yeast VOCs can act at a metabolic level
to modulate mycotoxin biosynthesis or lead to the forma-
tion of less toxic desoxypatulinic acid (Castoria et al. 2011).
In contrast, non-VOCs achieve broader protection through
more direct antagonistic interactions. Conversely, Zheng et
al. (2017) reported that the antagonistic yeast Rhodosporid-
ium kratochvilovae LS11 stimulated patulin biosynthesis by
P. expansum in apple wounds, although the overall contami-
nation of apples was reduced.

This distinction emphasizes the importance of selecting
BCA strains based not only on their ability to inhibit fungal
growth, but also on their impact on mycotoxin production,
both of which are essential for effective postharvest biocon-
trol strategies (Wu et al. 2024). These findings are especially
significant, given the established health risks associated with
patulin exposure and the strict regulatory limits imposed
by food safety authorities. The reduction in patulin levels
could be attributed to a combination of factors, including
the suppression of P. expansum metabolism, competition for
nutrients, and possibly direct biodegradation or adsorption
of the toxin by yeast cells, a phenomenon that has been pre-
viously observed in other yeast species such as S. cerevisiae
and Rhodotorula mucilaginosa (Zhao et al. 2022; Hassan et
al. 2021). The observed biocontrol effects likely result from
multiple mechanisms, including the production of inhibitory
metabolites, competition for space and nutrients, and possi-
ble modification of the microenvironment, such as pH alter-
ation or oxygen depletion. Yang et al. (2025) demonstrated
that S. cerevisiae effectively reduced patulin contamination
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in apple juice by physical adsorption and enzymatic deg-
radation. The study also highlighted the yeast’s tolerance
to high patulin concentrations and its ability to grow well
under such conditions, supporting the idea that yeast-medi-
ated inhibition involves competition for nutrients and pro-
duction of inhibitory compounds. Also, Coelho et al. (2008)
found that Pichia ohmeri and S. cerevisiae degraded over
83% and 96% of patulin, respectively, in apple juice. These
multifaceted strategies are advantageous in postharvest set-
tings, where microbial competition is dynamic and environ-
mental conditions fluctuate. The current results demonstrate
that these yeasts possess desirable characteristics for practi-
cal application as BCAs. From an applied perspective, the
use of N. albida and P. wisconsinensis could represent a
sustainable and effective alternative to synthetic fungicides
in managing P. expansum infections during apple storage.
Their dual action, both as inhibitors of fungal disease and
as reducers of patulin levels, offers an alternative strategy
to chemical fungicides. Future research should evaluate the
performance of these yeasts under extended storage dura-
tion and within a synergistic application system. Also, the
interactions with native fruit microbiota will be crucial for
real-world implementation. Overall, this study contributes
valuable evidence supporting the integration of extremo-
phile yeasts into postharvest disease management programs
and opens the door to further innovation in the biological
control of mycotoxigenic pathogens.
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