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Abstract

Grapevine trunk diseases threaten sustainable viticulture, while wine lees remain an underexploited biocontrol-relevant
by-product within the circular economy framework. An integrated bioprocess was developed to upgrade lees into high-
molecular-weight biomolecule mixtures and low-molecular-weight peptide-enriched fractions through a defined sequence
of unit operations: fermentation design by using Saccharomyces monocultures and sequential inoculations with non-Sac-
charomyces strains, ultrasound-assisted autolysis, enzymatic hydrolysis, and 3 kDa ultrafiltration. The antifungal activity
of the products was tested in vitro and in vivo against Phaeomoniella chlamydospora and Phaeoacremonium minimum, the
two main pathogens that cause Petri disease in grapevine. The results demonstrated that high-molecular-weight autolysates
showed no inhibition. The post-hydrolysis fractions reduced mycelial growth of Phaeoacremonium minimum by 45%—75%
and Phaeomoniella chlamydospora by 40%-57%, and decreased conidiation by up to 92% and 61%, respectively. They
also reduced symptoms (wood discoloration) by 47%—52% and 35%—73% and endophytic fungal growth by 63%—84%
and 80%91% respectively. Those results indicate an association between hydrolysis and the appearance of antifungal
activity. Untargeted metabolomics employing liquid chromatography—mass spectrometry (UHPLC-ESI-TIMS-QTOF)
highlighted strain- and fermentation-dependent secondary metabolite signatures, with 448 features differentiating across
fermentation conditions. Activity-based correlation fingerprinting identified 49 putative biomarkers negatively associated
with pathogen growth. Overall, fermentation design functions as a controllable upstream quality parameter, offering a
scalable circular economy pathway for the production of antifungal bioproducts derived from winery waste.

Highlights

e Wine lees were converted into peptide-enriched mixtures by bioprocessing.
e Hydrolyzed fractions inhibited two grapevine trunk disease pathogens.

o LC-MS revealed yeast-dependent low-molecular-weight signatures.
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Introduction

Wine lees, the sediment formed at the bottom of the fermen-
tation tank or barrels, represent the second major winery by-
product, accounting for about 25% (De Iseppi et al. 2020).
They are mainly composed of dead and alive yeast cells,
containing proteins and peptides, polysaccharides, lipids,
polyphenols, and their composition depends on numerous
parameters, like the yeast species/strains and the grape cul-
tivars (Bordiga 2016; De Iseppi et al. 2020; Niculescu and
Ionete 2023). Due to high oxygen demand (Pons-Mercadé
et al. 2021) and various insoluble particles, lees are consid-
ered environmental pollutants, making their disposal costly
for the wine industry. Given the global interest on innova-
tive processing for value-addition, the development of effi-
cient strategies for the recovery of high-value compounds
from winemaking by-products is a critical priority for the
agri-food industry. Wine lees represent a high-potential
winery side-stream for the development of natural antimi-
crobial solutions, enriched in bioactive substances such as
peptides and metabolites possibly useful for the control of
plant pathogens, through engineered bioprocessing. The
bioactivity of microbial metabolites and their antimicrobial
properties have been extensively studied for years (Bérdy
2005) as well as their use in phytoprotection (Das et al.
2026). Several small peptides and proteins are also well-
known for their activity against microorganisms, oxidative
reactions, enhancing plant immune system, etc. (Marcos et
al. 2008). Oligopeptides, usually formed by 2-50 amino
acid residues, can exhibit different biological functions, and
they may exist as an independent entity or be produced after
hydrolysis from the parent protein (Akbarian et al. 2022).
The bioactivity of peptides is critically dependent on their
physicochemical properties, including net positive charge
(Mookherjee and Hancock 2007), amphipathicity (Chen et
al. 2021), hydrophobicity (Allen and Pellois 2022), steric
hindrance (Sagan et al. 2003) and specific structural motifs
(Brango-vanegas et al. 2024) that enable interactions with
fungal cell components.

The use of peptides with antimicrobial activity for the
control of plant pathogens is a new trend in plant pathology
with promising results. Peptides isolated by microorganisms
have demonstrated to exhibit functions against powdery
mildew (Romero et al. 2007; Sanchez-Vallet et al. 2010),
downy mildew (Deravel et al. 2014; Colombo et al. 2020),
and bunch rot (Zhang et al. 2018) in vivo. The possibility of
using bioactive compounds of wine lees for the control of
grapevine trunk pathogens, to the best of our knowledge,
has never been taken into consideration previously.

Against this background, particular attention has been
directed to Phaeomoniella chlamydospora and Phaeoacre-
monium minimum, two ascomycetes fungi associated with
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Petri disease, one of the most severe Grapevine Trunk Dis-
eases (GTDs), which affects young grapevines. They col-
onize the wood tissue, causing wood discoloration by the
appearance of brown striking, wood necrosis, “tiger stripes”
on leaves, stunted growth, wilting, apoplexy or even the
death of the plant (Gramaje et al. 2018). Petri disease lacks
effective chemical control measures, especially since the
ban of sodium arsenite due to its risks to human health (del
Pilar Martinez-Diz et al. 2021), making biocontrol strate-
gies an attractive alternative solution.

This work provides a multidisciplinary approach to
assessing whether industrial wine lees can be converted into
bioactive mixtures through a defined, controllable biopro-
cessing and downstream fractionation strategy, offering a
novel solution for the agri-food sector. The central hypoth-
esis is that controlled fermentation schemes, yeast autolysis,
and protein hydrolysis would release bioactive molecules,
such as peptides, capable of inhibiting fungal growth and
reducing symptoms caused by the pathogens. To test this,
mixed and monoculture fermentations, using selected oeno-
logical yeasts, were carried out to generate lees with distinct
biochemical profiles. From these, high- and low-molecular-
weight biomolecule mixtures (HMW-BM and LMW-BM)
were prepared and evaluated in vitro and in vivo for anti-
fungal and phytoprotective activity. Finally, untargeted
metabolomics was employed to characterize the chemical
fingerprint of the most active mixtures. The experimental
design is illustrated in Fig. 1.

Materials and methods
Wine lees production
Yeast strains and pre-cultures

This study employed two Saccharomyces cerevisiae strains,
a newly isolated indigenous strain (S1) (Tzamourani et
al. 2023) and a commercial strain (S3), along with a com-
mercial Hanseniaspora sp. strain (H), known to enhance
aromatic complexity in mixed cultures with S. cerevisiae
(Tzamourani et al. 2026).The strains were preserved at
-20 °C in Yeast Peptone Dextrose (YPD) broth [g/L: 10
yeast extract (Condalab, Spain), 10 bacteriological peptone
(Condalab, Spain), 20 dextrose (Merck, Germany)] supple-
mented with 30% glycerol (Merck, Germany). Before start-
ing the experiments, the cultures were incubated twice on
YPD agar [g/L: 10 yeast extract (Condalab, Spain), 10 bac-
teriological peptone (Condalab, Spain), 20 dextrose (Merck,
Germany), 20 agar (Condalab, Spain)] at 28 °C for 48 h.
The precultures were used to inoculate fermentation.
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Fig. 1 Graphical illustration of experimental design for in vitro assays
(a) and in vivo assays (b). S1, S3: products obtained from monoculture
fermentation with Saccharomyces cerevisiae strain S1 and S3, respec-
tively, STH, S3H: products obtained from mixed cultures fermentation
with strain S1 and Hanseniaspora sp. strain H, and Saccharomyces
cerevisiae strain S3 and Hanseniaspora sp. strain H, respectively,
HMW-BM: High Molecular Weight Biomolecule mixtures, LMW-
BM: Low Molecular Weight Biomolecule mixtures, M1S3, M2S3,

S1S83S1THS3H —

Fermentation medium

The mixtures used for the in vitro assays were produced
from wine lees created by fermentation in a laboratory grape
juice medium that simulated wine conditions. The medium
contained 250 mL/L white grape must, 5 g/L yeast extract
(Condalab, Spain), 1 mL/L Tween 80 (Merck, Germany)
and final total sugar concentration of 180 g/L [90 g/L D-glu-
cose (Merck, Germany) and 90 g/L D-fructose (Merck, Ger-
many)]. Prior to yeast inoculation, the grape juice medium
(GJ) was sterilized by filtration using a 0.45 pm nitrate
cellulose membrane (Millipore, Molsheim, France). Con-
sequently, the effectiveness of sterilization was verified by
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M3S3: products obtained from monoculture fermentation with Sac-
charomyces cerevisiae strain S3 in musts M1, M2 and M3, respec-
tively, M1S3H, M2S3H, M3S3H: products obtained from mixed cul-
tures fermentation with strain S3 and Hanseniaspora sp. strain H in
musts M1, M2 and M3, respectively, P1: product resulted from mixing
of products M1S3, M2S3, M3S3, P2: product resulted from mixing of
products M1S3H, M2S3H, M3S3H

plate counting in YPD agar (28 °C for 48 h). Microbiological
analysis of the filtered grape juice confirmed the absence of
viable, culturable cells, indicating effective sterilization. For
in vivo assays the medium for fermentation was grape must.
Three different monovarietal grape musts of Greek variet-
ies were used: (i) Savatiano (M1) from the region of Attica,
Greece, (ii) Roditis (M2) and (iii) Moschofilero (M3), from
the region of Nemea, Greece. The use of three different
grape musts in the in vivo experiments aimed to minimize
the impact of grape variety on the metabolites production in
the resulting wine lees. The resultant products were named
MI1S3, M2S3, M3S3, each produced from a different must
produced via separate monoculture fermentation schemes,
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and M1S3H, M2S3H, M3S3H, each produced from a differ-
ent must via mixed culture fermentation schemes.

Fermentation assays

Triplicate experiments were carried out in sterile Duran bot-
tles at 18 °C under slight orbital spinning conditions (150 1/
min) in order to mimic the thermodynamic forces that gen-
erate rotational motion of the medium under industrial con-
ditions (Rollero et al. 2018). Four different modalities were
conducted to create the mixtures for the in vitro experiments:
(i) pure culture of S1 (ii) pure culture of S3, (iii) a sequential
mixed modality, where H strain was inoculated 48 h before
S1, and (iv) H strain was inoculated 48 h before S3. Two
modalities were conducted to create the mixtures for the
in vivo experiments: i) pure culture of S3, iii) a sequential
mixed modality, where H strain was inoculated 48 h before
S3. In all trials, both the single and mixed cultures were
inoculated at a concentration of 1 x 10° viable cells/mL. In
Online Resource ESM 1, Table S1 illustrates the coding
of inoculation modalities. The musts were microbiologi-
cally analyzed by aseptically plate spreading 0.5 mL of the
sample on YPD agar prior to inoculation, and no culturable
colonies were detected. Fermentations took place under
slight orbital spinning conditions. Fermentations’ kinetics
were monitored by weighing the bioreactors twice daily or
more. After the completion of fermentation processing, all
the quantity of the fermented products from each fermentor
was centrifuged at 5,000 x g for 10 min. The yeast biomass
was then washed once with Ringer’s solution (Merck, Ger-
many), and all biomass was aseptically collected in sterile
50 mL Falcon tubes. Biomass was determined based on wet
weight measurements.

Population dynamics

Samples were collected at 0, 24, 48, 72, 96, and 192 h
throughout the fermentation process, and the recovered lees
were subsequently subjected to classical microbiological
analysis. Briefly, the samples were serially diluted in tenfold
steps, and appropriate dilutions were plated onto the corre-
sponding culture media. Yeast growth in monocultures was
assessed by plating onto YPD agar medium and incubating
at 28 °C for 48 h before colony enumeration (expressed as
CFU/mL). For sequential inoculation experiments, yeast
growth was monitored using two different agar media sub-
strates: (a) YPD agar and (b) Wallerstein Laboratory Nutri-
ent Agar (WL) (Condalab, Spain), enabling differentiation
between S. cerevisiae and Hanseniaspora sp. On WL agar,
after 72 h of incubation at 28 °C, S. cerevisiae colonies
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appeared white, while Hanseniaspora sp. colonies devel-
oped a blue coloration. All data correspond to the average
values recovered from triplicate fermentations and dupli-
cated analysis. Population dynamics and biomass produc-
tion were visualized in GraphPad Prism 5 software.

Yeast autolysis and determination of total protein
content of HMW-BM mixtures

Biomass samples were centrifuged at 1,500 r/min at room
temperature using 50 mL Falcon tubes. The solid fraction
obtained after centrifugation was subjected to ultrasound
treatment, employing a 1:1 dilution ratio in lysis buffer
(Tris-HC1 50 mmol/L, NaCl 150 mmol/L, EDTA 1 mmol/L
and Triton X-100 0.05% (Merck, Germany) combined with
a 15-minute ultrasound optimized protocol at room tem-
perature (Ntourtoglou et al. 2025). Following the autolysis
process, the autolysates were centrifuged again, and the pro-
tein content was determined based on the Bradford method
(Bradford 1976), using Quick Start™ Bradford Protein
Assay Kit (Bio-Rad). In brief, samples were first diluted 1:4
with deionized water and volumes of 20 uL were added over
ImL of Bradford Dye Reagent, previously warmed to room
temperature. Samples were incubated at room temperature
for 5 min, and then the absorbance was read at 595 nm. The
protein content, C (mg/L), was estimated based on a cali-
bration curve, using Bovine Serum Albumin (BSA) (Merck,
Germany) as a standard protein (y=0.0011x+0.1207,
R*=0.9958) (Online Resource ESM_1, Table S1). Based
on total biomass input, approximately 2 mg protein was
recovered per gram of biomass. The resulting products con-
sisted of the HMW-BM mixtures, and were subsequently
divided into two parts: (a) one used for the in vitro experi-
ments (HMW-BM- S1, S3, S1H and S3H), and (b) one used
for protein hydrolysis to produce the LMW-BM mixtures,
which were also used in the in vitro assays.

Protein hydrolysis and delivery of low-
molecular-weight bioactive fractions” (LMW-
BM mixtures)

For the enzymatic hydrolysis of proteins contained in
HMW-BM mixtures, samples were first diluted in 1:2 ratio
with deionized water. The enzyme Flavourzyme® (500 Ul/g,
d=1.1 g/mL, Merck, Germany) was used at a concentration
of 44 LAPU/mg of protein, for 2 h stirring at pH 5. The
enzyme was deactivated by adding 6 mol/L HCI until the
pH was below 3. The solution was centrifuged to remove
solid particles. Ultrafiltration of the supernatant was fol-
lowed, with 3 kDa MW cut-off value membrane (Ami-
con® Ultra-15 3 K, Millipore), to obtain products of low
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molecular weight, rich in peptides. The concentration of
free alpha-amino nitrogen (FAN, mg N,/L) in the superna-
tant of these mixtures, was measured using an automatic
enzymatic analyzer (Hyperlab Smart, Steroglass), based on
NOPA method (Dukes and Butzke 1998) (Online Resource
ESM 1, Table S1). The resultant LMW products tested in
vitro were LMW-BM-S1, S3, S1H, and S3H. For in vivo
tests, the LMW products used were P1 and P2. P1 was
produced by mixing three LMW products (M1S3, M2S3,
M3S3), each originating from a different must produced via
separate monoculture fermentation schemes. P2 was pro-
duced by mixing three LMW products (M1S3H, M2S3H,
M3S3H), each from a different must produced via mixed
culture fermentation schemes. The proportion of all prod-
ucts was 1:1:1.

Preparation of microbial inoculum for
inhibition assays

The fungal strains used for the in vitro experiments, Pm.
minimum and Pa. chlamydospora (Gkikas et al. 2021),
were previously isolated from infected grapevine wood and
belong to the microbial collection of the Laboratory of Plant
Pathology of the Agricultural University of Athens. The
fungi were grown on Petri dishes containing Potato Dex-
trose Agar (PDA) (Merck, Germany) at 24 °C for 18 days
in the dark.

In vitro evaluation for fungal growth and conidia
production

HMW-BM and LMW-BM mixtures were evaluated for
their in vitro ability to reduce the growth and sporulation of
Pm. minimum and Pa. chlamydospora. Considering similar
studies in the literature (Jang et al. 2006; Sun et al. 2022)
preliminary experiments have been conducted to test the
effectiveness of two concentrations, 10 and 20 pg/mL, of
each of the HMW-BM and LMW-BM mixtures, to identify
the most effective low concentration (data are not shown).
Since at the concentration of 20 pg/mL there was total inhi-
bition of the mycelium growth and no differences were
observed, the concentration of 10 pg/mL has been selected
for the following experiments.

The effectiveness of HMW-BM and LMW-BM mixtures
was evaluated in PDA (Merck, Germany) growth medium
amended with 10 pg/mL of each biomolecule mixture indi-
vidually. The same procedure was followed for both fungi.
In brief, an agar plug from an actively growing colony
of the fungus on PDA was placed in the center of a petri
dish (5.2 cm diameter). The dishes were placed in the dark
at 24 °C and the diameter (cm) of the fungal growth was

recorded at 18 days post inoculation (dpi). For sporulation
measurements, the edge of the fully grown fungal culture
was cut with a cork borer (6 mm diameter) and vortexed
three times, for 30 s each time, in 1mL sterilized distilled
H,0. Sporulation of both fungi was assessed under a light
microscope by using a Neubauer counting chamber and
expressed relative to the conidiation in the control treatment,
which was set at 100% (Tsioka et al. 2024). The sporulation
of the fungi in the presence of the evaluated products was
assessed at 18 dpi. All biomolecule mixtures were tested in
triplicates (3 petri dishes) and the experiment was repeated
three times (n=9).

In vivo evaluation for phytoprotective effect

Products P1 and P2 were evaluated for their phytoprotec-
tive effect in vivo Detached canes (=25 cm) with three buds,
from Syrah cultivar, were surface sterilized by immersing
them for 10 min in 10% chloride solution, 5 min in 70%
ethanol solution and rinsed 5 min in sterilized water. Sub-
sequently, rooting hormone powder (indolylbutyric acid
0.25%, Radicin, Phytorgan) was applied to canes before
they were placed for rooting in autoclaved soil amended
with 25% perlite, in a controlled conditioning chamber of
25 °C and a photoperiod of 14 h of light and 10 h of dark-
ness. Three weeks later, 650 mL of products P1 and P2 with
a concentration of 10 pg/mL of each biomolecule mixture
individually, were applied in soil. For control, sterilized,
distilled water was used. One week after the products appli-
cation, a 2 mm hole was opened in artificially inoculated
rooted cuttings and 20 uL of conidia suspension (1x 108
conidia/mL) of Pm. minimum or Pa. chlamydospora were
inoculated inside the hole. Artificially inoculated rooted
cuttings were incubated in the chamber for 4 months. For
control, 20 pL Potato Dextrose Broth (PDB) was placed in
the hole instead of conidia. Measurements of the wood dis-
coloration caused by the two pathogens, were conducted at
112 dpi. Wood tissue 1 cm around the inoculation point was
also collected at 112 dpi for endophytic fungal DNA, lignin,
and phenolic compounds quantification.

Endophytic fungal DNA relative quantification using
Real time PCR

For the endophytic relative quantification of the fungal
DNA, wood tissue from 1 cm around the inoculation point
was pulverized in the presence of liquid nitrogen. DNA
isolation from wood around the inoculation point was
conducted according to Christopoulou et al. (2024). DNA
concentration was measured by using a NanoView Pho-
tometer (FastGene, Model: FG-NP02). The primers used
for the quantification of Pm. minimum were 5’-AGG TCG
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GGG GCC AAC-3’ and 5°-AGG TGT AAA CTA CTG
CGC-3’, and for the quantification of Pa. chlamydospora
were 5-CTC CAA CCC TTT GTT TAT C-3’ and 5’-TGA
AAG TTG ATA TGG ACC C-3’ (Tegli et al. 2000). Real
time PCR analyses were performed in an Applied Biosys-
tems StepOnePlus PCR System and for the amplification
reactions, Maxima SYBR Green qPCR Master Mix (2X)
(Thermoscientific) was used. The results were analyzed
with StepOne v.2.3 software. Fungal DNA quantity val-
ues were normalized relative to plant DNA based on the
grapevine housekeeping gene EFly (XM _003633372.1),
using the primer pair 5’-GAAGGTTGACCTCTCGGATG
-3’ and 5’-AGAGCCTCTCCCTCAAAAGG-3’. Two Step
PCR cycling started with an initial denaturation at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for
15 s, and an annealing step at 60 °C for 1 min. All samples
were tested in triplicates and the experiment was repeated
thrice.

Lignin and phenolic compounds quantification in
wood tissue

Lignin extraction and quantification was performed accord-
ing to Schenk and Schikora (2015) and fractions containing
cell-wall bound phenolics and soluble phenolics were col-
lected for further quantification using Folin and Ciocalteu
(1927) method, with slight modifications. Briefly, to each
sample were added 5 volumes of H,O, equal volume of
Folin-Ciocalteu reagent (PanReac AppliChem, Spain) and
4 volumes of Na,CO; (Merck, Germany). Incubation took
place for 90 min in the dark and absorbance was measured
at 750 nm. All samples were tested in triplicates.

LC-MS untargeted analysis

Untargeted metabolomic analysis was conducted for the
hydrolyzed products (LMW-BM), which displayed the most
promising antifungal effect in vitro. Sample preparation
involved a simple 1:30 dilution of the extract with Milli-
Q water [offered ultrapure water, 18.2 MQ-cm (Millipore,
Bedford, MA, USA) (20 uL diluted to 600 pL)], followed
by filtration through 0.22 pm PTFE syringe filters, and trans-
fer into 2 mL amber LC-MS glass vials. Each experimental
group comprised 3 biological replicates, each analyzed in
duplicate analytical injection (N=2 x 2), with both injections
retained as separate observations to preserve intra-sample
variance information rather than suppressing it through
averaging (Glaab and Schneider 2015). For the untargeted
analysis an UHPLC-ESI-TIMS—-QTOF (Ultra-High Per-
formance Liquid Chromatography coupled to Electrospray
Ionization Trapped lon Mobility Quadrupole Time-of-Flight
Tandem Mass Spectrometry) instrument was used. In detail,
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the samples were analyzed with an Elute PLUS LC series
system (Bruker, Bremen, Germany) coupled to the TIMS-
TOF Pro 2 (Bruker, Bremen, Germany) mass spectrometer.
Chromatographic separation, mass spectrometer acquisi-
tion parameters, including source settings, fragmentation
conditions, and calibration protocol, were identical to those
reported by Arapitsas et al. (2026) method on an Acquity
UPLC HSS T3 1.8 um x 2.1 mm x 100 mm (Waters, Mas-
sachusetts). LC-MS data were acquired using DDA (Data-
Dependent Acquisition), capturing ions in the range from
20 to 1300 m/z. The column oven was set at 40 °C, and the
flow was 0.35 mL/min for the 10 pL of injected sample.
The injection sequence was randomized using Random.org
to minimize instrumental bias.

Statistical analysis and LC-MS data analysis

Data on fungal growth, conidiation, wood discoloration mea-
surements, pathogens’ DNA quantification, lignin and phe-
nolic compounds quantification were analyzed by one-way
analysis of variance (ANOVA), followed by Dunnett’s test
for multiple comparisons with the control (P-value<0.05),
using the statistical software Minitab 19.

The acquired liquid chromatography raw spectrometric
data were processed using MetaboScape (v2025b) (Per-
gande et al. 2024). Bucket lists for feature-data collected
in positive and negative ionization modes were generated
using the T-Rex 4D algorithm using a mass error of <5.0
ppm and retention time tolerance of 20 s.

Statistical analysis and data visualization (heatmaps and
Principal Components Analysis — PCA- plots) of features
was conducted using MetaboAnalyst 6.0 (Montreal, QC,
Canada). Prior to statistical analysis, features with near-
constant abundance across experimental conditions were
removed using an interquartile range filter (IQR <40th
percentile), and data were subjected to Pareto scaling nor-
malization. The biomarkers underwent statistical clustering
via Tukey-Kramer HSD pairwise comparisons (JMP 17,
Statistical Discovery LLC, Cary, NC). Significant mark-
ers were identified through ANOVA (P-value<0.05) for
both ESI+and ESI— modes, with additional filtering for
FDR<0.05 (Benjamini-Hochberg). Fold change (FC) and
log2FC were calculated for strain and fermentation con-
trasts. A correlation heatmap analysis was performed, on
row-wise z-scored intensities, in order to determine the
most relevant biomarkers for each of the two pathogen inhi-
bition activities. Finally, putative biomarkers were selected
based on intermediate negative correlations (» < -0.3) with
pathogen growth, and the r<—0.3 exploratory threshold
was applied consistent with the FDR tolerance used in the
upstream ANOVA filtering.
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Metabolite annotation adhered to the four-level identifi-
cation framework proposed by Sumner et al. (2007). Level
1 (identified compounds) required at least two orthogonal
parameters obtained under identical conditions (e.g., accu-
rate mass, retention time, MS/MS spectrum, and CCS)
matched to authentic standards. Level 2 (putatively anno-
tated compounds) was assigned based on accurate mass and
MS/MS spectral similarity against public databases (Mass-
Bank, AnalyteList Bruker HMDB Library 2.0, MSDIAL
ESI(+)-MS/MS library containing 16,232 authentic stan-
dards) and an in-house library, using a mass error<5.0 ppm
and retention time deviation<0.5 min. Level 3 (putatively
characterized compound classes) was based on diagnostic
MS/MS fragmentation patterns and physicochemical prop-
erties characteristic of specific metabolite classes. Features
that could not be structurally assigned but were consistently
detected and quantified were classified as Level 4 (unknown
compounds). Manual curation using MetFrag (https://msbi.
ipb-halle.de/MetFrag/index.xhtml, accessed on 24 February
2026), and HMDB (https://hmdb.ca/metabolites, accessed
on 24 February 2026) was performed for low-confidence
matches to improve annotation reliability.

Results
Alcoholic fermentation and production of wine lees

The fermentation kinetics, expressed as CO: release (g/L)
and the variation in CO: production rate, over time is
depicted in Online Resource ESM 1, Fig. S1. Alcoholic
fermentation was successfully completed in all trials, with
durations ranging from 57 to 203 h. Fermentation time was
significantly shorter in the S. cerevisiaze monocultures of
both strains compared to the mixed fermentations, and the
fermentation rate was also significantly higher. However,
no sluggish or stuck fermentations were observed. Addi-
tionally, the evolution of the total viable population (TVP)
across all fermentation modalities exhibited similar kinetics
(Online Resource ESM 1, Fig. S2A), indicating compa-
rable microbial growth patterns among the different inocu-
lation strategies. The dynamics of viable yeast populations
(log CFU/mL) of the two species dominating alcoholic fer-
mentation are presented in Online Resource ESM 1, Fig.
S2. In the sequential inoculation modalities, the non-Sac-
charomyces population predominated prior to the inocula-
tion of S. cerevisiae, actively contributing to the early stages
of fermentation. However, within 48 h after the addition of
S. cerevisiae, Hanseniaspora sp. was consistently outcom-
peted, maintaining approximately a 1 log CFU/mL lower
population than the dominant S. cerevisiae strain for the
remainder of the process (Online Resource ESM 1, Fig.

S2B). Despite these population shifts, no significant differ-
ences were observed in the overall biomass yield (Online
Resource ESM 1, Fig. S3), which ranged from 16.3% to
19.8% (w/v). Consequently, the mixtures produced from
wine lees derived from mixed-culture fermentations were
expected to differ in chemical composition compared to
those obtained from monoculture fermentation schemes, as
both inoculated strains were detected at the end of the fer-
mentation process in the lees.

Effect of high and low molecular weight
biomolecule mixtures on fungal growth

HMW-BM and LMW-BM mixtures were tested for their
antifungal properties against Pm. minimum and Pa. chla-
mydospora in vitro. None of the HMW-BM mixtures were
able to reduce fungal growth for both fungi (Fig. 2a and
b). On the other hand, all LMW-BM mixtures were able
to reduce pathogens’ growth (Fig. 2a and b). Specifically,
LMW-BM S1, S3, SIH and S3H mixtures reduced at 18
dpi Pm. minimum growth by 45%, 72%, 57% and 75%, and
Pa. chlamydospora growth by 40%, 51%, 46% and 57%,
respectively.

Effect of high and low molecular weight
biomolecule mixtures on fungal sporulation

None of the HMW-BM mixtures affected conidia produc-
tion at 18 dpi (Fig. 2e and f). On the other hand, LMW-BM
mixtures were able to significantly reduce sporulation for
both fungi. Sporulation of Pm. minimum was significantly
restricted by all LMW-BM mixtures except for LMW-BM
S1 mixture which displayed a non-statistically significant
reduction (Fig. 2e). LMW-BM S3, S1H and S3H mixtures
reduced Pm. minimum sporulation at 18 dpi by 52%, 56%
and 92% respectively. Pa. chlamydospora produced less
conidia in the presence of all LMW-BM mixtures with the
exception of LMW-BM S1H mixture, where the reduction
was not statistically significant (Fig. 2f). LMW-BM S1, S3
and S3H mixtures reduced Pa. chlamydospora sporulation
at 18 dpi by 47%, 43% and 61%, respectively.

Phytoprotective effect of P1 and P2 products and
restriction of endophytic fungal growth

Both products, P1 and P2, were able to reduce the wood dis-
coloration caused by Pm. minimum and by Pa. chlamydo-
spora with a statistically significant difference (Fig. 3a).
Products P1 and P2 reduced wood discoloration caused
by Pm. minimum by 47% and 52%. They also reduced
symptoms caused by Pa. chlamydospora by 35% and 73%
respectively.
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Fig. 3 Length of wood discoloration caused by Pm. minimum (P. min.) minimum (P. min.) DNA and Phaeomoniella chlamydospora (P. ch.)

and Pa. chlamydospora (P. ch.) (a) at 112 dpi, treated with 10 pg/ml DNA (b) in artificially inoculated rooted cuttings at 112 dpi, treated
LMW-BM mixtures (P1 and P2). Columns represent the means of three with P1 and P2 products. Columns represent the means of three biolog-
biological replicates with 12 artificially inoculated rooted cuttings per ical replicates with 3 artificially inoculated rooted cuttings per replicate
replicate (n=36) and the vertical bars indicate standard errors. Col- (n=9) and the vertical bars indicate standard errors. Columns with an
umns with an asterisk (*) are significantly different from the control asterisk (*) are significantly different from the control, as determined
as determined by one-way analysis of variance (ANOVA), followed by one-way analysis of variance (ANOVA), followed by Dunnett’s test
by Dunnett’s test for multiple comparisons with the control (P-value for multiple comparisons with the control (P-value<0.05)

<0.05). Relative quantification of the endophytic Phaeoacremonium

Pathogens’ DNA relative quantification was performed  chlamydospora’s DNA relative quantification indicated
on mock-inoculated rooted cuttings (negative control), con- that there was a statistically significant reduction of patho-
firming the absence of Pm. minimum’s and Pa. chlamydo-  gens’ DNA in artificially inoculated rooted cuttings treated
spora’s DNA prior to the inoculation (data not shown).  with products P1 and P2 (Fig. 3b). Specifically, P1 and P2
The results of the endophytic Pm. minimum’s and Pa.
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reduced Pm. minimum’s DNA by 63% and 84%, and Pa.
chlamydospora’s DNA by 80% and 91%, respectively.

Lignin and phenolic compounds quantification

The results of lignin and phenolic compounds quantification
showed that there was no statistically significant difference
between plants treated with the mixtures and the control
(Online Resource ESM 1, Fig. S4).

Metabolomic analysis

Global metabolomic fingerprinting and fermentation-
dependent variation

The untargeted LC-MS analysis of the samples registered
3,029 features in ESI+and 858 in ESI-(Online Resource
ESM 2), with the PCA plot of Fig. 4a showing the distribu-
tion of the samples when all features were used. The first
principal component (PC1) appeared to capture a trend in
mixed culture fermentation conditions on the right (LMW-
BM HS1 and HS3) and monoculture conditions (LMW-BM
S1 and S3) on the left. Along the second principal compo-
nent (PC2), there was a tendency for the separation of the
mixtures obtained from S. cerevisiae strain S1 (LMW-BM
S1 and S1H), which cluster on the positive values of PC2,
from the mixtures obtained from S. cerevisiae strain S3
(LMW-BM 83 and S3H), which tend to cluster on the nega-
tive values of PC2.

Differential metabolite profiling between mono- and
mixed-culture fermentations

The heatmap (Fig. 4b) displays a clear separation between
monoculture derived (LMW-BM S1 and S3) and mixed cul-
ture derived (LMW-BM S1H and S3H) mixtures, confirm-
ing that mixed culture fermentations with Hanseniaspora
sp. were the dominant factor influencing the metabolomic
profile. The left cluster, corresponding to monocultures,
shows extensive red—blue contrast (red for upregulated and
blue for downregulated features).

Statistical discrimination and correlation-based
biomarker selection

Following this initial metabolomic profiling, a systematic
statistical workflow was applied to identify metabolites asso-
ciated with antimicrobial activity. ANOVA (P-value<0.05,
FDR <0.05) revealed 448 significantly discriminant features
(Online Resource ESM_3) and varied significantly across
fermentation conditions. In monoculture, the two S. cere-
visiae strains differed in 153 features (34.6% with >2-fold
change), whereas their corresponding mixed cultures dif-
fered in only 8 features (1.8%), indicating that although S.
cerevisiae strain plays an important role in metabolite com-
position, co-fermentation with Hanseniaspora may sub-
stantially reduce strain-dependent metabolomic differences.
Additionally, 71.7% of features in SIH were more similar
to the S1 parent than to S3H, demonstrating strong retention
of metabolic fingerprint. To further explore the relationship

a) Scores Mot b)
S1
O S1H
0 S3
= ° S3H
X : °
*
g- o o
<
3 °% n
Q
a
%0

——eee e e e e

S1

IN . Hin

S1H

| S3H

PC 1 (54.8 %)

Fig. 4 Principal Component Analysis (PCA) scores plot of pre-filtered
metabolomic features (bottom 30% by mean intensity removed) across
four sample groups (ESI+and -). S1 (magenta circles), S3 (blue cir-
cles), S1H (green circles), and S3H (yellow circles) (a), and Heatmap
of the top 125 feature (P-value <0.005) ranked by one-way ANOVA

(ESI+and ESI-), with Ward hierarchical clustering applied to fea-
tures (b). Red and blue intensities indicate stronger positive and nega-
tive statistical correlations between the sample and the feature. The
lateral color represents the classification among different groups S1
(magenta), S3 (blue), STH (green) and S3H (yellow)

@ Springer



133 Page 10 of 15 Systems Microbiology and Biomanufacturing (2026) 6:133
Fig.5 Characterization of metabo- a) b)
lite Ala-Phe: Intensity distribution Intens.,_ 'miqsds
boxplot (a), Precursor ion mass =y N 2.0
spectrum (m/z 236.116 Da) (b), and & g
Fragmentation pattern at 6.15 min | ‘ ] 15
(©) 2 . & 1.0
<! =
~N o
- 3 05
{ =1
| T w Mo A . J\ ] et stbantiaartnstodesindaayid iy
c) ~ T ™ T 0 2 4 6 8 10 12 Time [min)
intens. ¢ = @ @
1[33 . e
80 e y2: 237.1239
60 b1:72.04493 b2:219.1133 eisn
40 G
)
20 - s
olooee W e wew] e | | \
40 60 80 100 120 140 160 180 200 220 240
m/z

between metabolite abundance and pathogen development,
a hierarchical clustering heatmap was constructed based on
Pearson correlation coefficients for both Pm. minimum and
Pa. chlamydospora (Online Resource ESM 1, Fig. S5A and
S5B, respectively), enabling the visual identification of fea-
tures negatively associated with fungal growth.

Features displaying a correlation coefficient »<—0.3
were retained for downstream annotation, yielded 49
putative biomarkers showing significant negative correla-
tions with pathogen development (P-value<0.05, Online
Resource ESM_4), which were annotated at confidence lev-
els 1-4, with 2 at level 1, 19 at level 2, 6 at level 3, and 22 at
level 4. Most of these markers eluted within a retention time
window of (5.0£2.8) min (mean+SD), a range encompass-
ing the 448 ANOVA-significant features, and exhibited an
average molecular mass of approximately (307.5+150) Da
(mean=+SD). Among them, 26 out of 49 features (53.1%)
were peptide-related, including 20 confirmed peptides at
levels 1-2 (one level 1 compound, Glutamylphenylalanine,
and 19 level 2 sequence-confirmed di- and tripeptides) and
6 peptide-like compounds at level 3. The remaining 23 fea-
tures comprised 22 unknowns at level 4 and Proline, the sole
identified non-peptide compound.

Physicochemical characterization of putative antifungal
metabolites

These low-molecular-weight compounds (Online Resource
ESM 5) are in silico characterized at pH 7.4 by a net
charge ranging from —1 to +0.5 and isoelectric points (pl)
between 3.8 and 7.1. Their steric hindrance values ranged
from 0.35 to 0.73, with amphipathic indices between 0 and
1.26 and hydrophobicity values from —0.54 to 0.66, indi-
cating generally low hydrophobicity and moderate polarity.
These descriptors are reported as a descriptive overview of
the annotated peptide pool to contextualize their properties
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within the broader framework of antimicrobial peptide
research and were not used as selection or ranking criteria
among candidate biomarkers. The MS/MS fragmentation
pattern (Fig. 5¢) confirms its structural assignment, with
characteristic fragment ions highlighted in red and the pre-
cursor ions in green. Together, these parameters support the
structural annotation Ala-Phe as a putative bioactive peptide
constituent of the LMW-BM mixtures.

The feature at m/z 274.1773 [M+H] Da (6.88 min)
shows a negative correlation between its presence with the
pathogen growth and conidia production across all post-
inoculation timepoints of the study, and was tentatively
identified as the tripeptide Ile-Ala-Ala (annotation level 2).
Among the discriminant metabolites, Glu-Gln, Ile-Ser-Ala,
and Glutamylphenylalanine were upregulated in LMW-BM
S1 and S1H and downregulated in LMW-BM S3 and S3H
mixtures, suggesting differences in peptide hydrophobicity
due to the differences between retention time and charge
distribution that may underlie the observed strain-dependent
bioactivity.

The feature tentatively identified as Ile-Ala-Ala (anno-
tated at 273.1688 m/z [M], 6.88 min), showed based on
correlation analysis, the strongest negative association with
pathogen growth among the putative biomarkers identified,
with inhibition of mycelial growth and conidial production
on Pm. minimum (r = —0.54 and —0.42, respectively) and
Pa. chlamydospora mycelial growth (r = -0.46), suggest-
ing it is a candidate compound of interest for future experi-
mental validation. Its prioritization over other annotated
peptides was based exclusively on these correlation values.
Its physicochemical properties were characterized in silico
(pH=7.4) with a total charge of 0, pI of 5.88, steric hin-
drance of 0.58, and hydrophobicity of 0.41. One possible
interpretation, aligned with models for antimicrobial pep-
tides, is that this compound may function by interacting
with the pathogen’s membrane.
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Structural annotation of putative bioactive molecules

The analytical characterization of proposed annotated bio-
active molecules based on correlation analyses is illustrated
in Fig. 5 by the feature m/z 236.1161 (observed [M+H]*
= 237.1273) eluting at 6.15 min tentatively annotated at
confidence level 2 as the dipeptide Ala-Phe (alanyl-phenyl-
alanine). This annotation reflects structural identification
based on accurate mass and MS/MS spectral matching; it
does not constitute direct evidence of biological activity,
which is addressed separately through the correlation analy-
sis (ESM_4). In Fig. 5a, its relative abundance was high-
est in LMW-BM S1H, followed by S1 and S3, while it was
minimal in S3H, suggesting a strain- and mixed-culture-
dependent formation. The extracted ion chromatogram and
mass spectrum (Fig. 5b) display a distinct precursor ion at
m/z 237.1273 eluting at 6.15 min. The MS/MS spectrum
(Fig. 5¢) confirms the Ala-Phe sequence through comple-
mentary N- and C-terminal sequence ions, including al (m/z
44.049), bl (m/z 72.045), b2 (m/z 219.113), and yl (m/z
166.087), the most abundant fragment ion. The convergence
of these a-, b-, and y-ions spanning both termini provides
robust structural support for this assignment. Ala-Phe was
selected as a representative example based on two criteria:
its significant negative correlation with pathogen develop-
ment and the completeness of its MS/MS fragmentation
pattern among the annotated dipeptide constituents of the
LMW-BM fractions.

Discussion

Several biomolecules, such as peptides with antimicrobial
activity have been produced, isolated and purified from dif-
ferent sources such as microorganisms, invertebrates and
other species (Liu et al. 2007; Alfonzo et al. 2012; Lach-
hab et al. 2016; Yang et al. 2023). Yeast-derived peptides
from spent brewer’s yeast (S. cerevisiae) have demonstrated
antimicrobial activity against bacteria and fungi (Oliveira et
al. 2022). Wine lees mainly consist of dead yeast cells (De
Iseppi et al. 2020) which makes them a source of potential
yeast-derived antimicrobial peptides which could be valu-
able in plant protection. Therefore, this work focused on
upgrading wine lees into biomolecule mixtures containing
secondary metabolites and peptide-related compounds with
potential antimicrobial activity.

None of the HMW-BM mixture was able to reduce fun-
gal growth for both fungi in vitro. On the other hand, all
LMW-BM mixtures were able to reduce pathogens’ growth
for both fungi, indicating that enzymatic hydrolysis of pro-
teins is an essential step to generate low-molecular weight
bioactive fractions with antimicrobial potential. Although

FAN confirmed the successful generation of low-molecu-
lar-weight nitrogenous compounds after hydrolysis, there
was no clear association between FAN concentration and
antifungal efficacy. The four LMW-BM fractions exhibited
very similar FAN values (P>0.05), while their antifungal
activities differed considerably, suggesting that bioactiv-
ity is more likely related to the qualitative composition
of the low-molecular-weight fractions. To the best of our
knowledge, only one study using peptides derived from
Bacillus amyloliquefaciens proteins shows an in vitro anti-
fungal activity against Pa. chlamydospora, Pm. minimum,
and also against Botrytis cinerea and Aspergillus carbon-
arius, two grapevine pathogens which are also ascomycete
fungi (Alfonzo et al. 2012), However, several peptides,
such as synthetic peptides (Fan et al. 2023, 2024), peptides
obtained from marine sources (Liu et al. 2007; Yang et al.
2023), commercial peptides derived from lupin (Monteiro
et al. 2015; Lachhab et al. 2016), soybean, casein (Lach-
hab et al. 2016), or whey (Alfonso et al. 2025), have been
demonstrated to reduce fungal growth or plant symptoms
caused by B. cinerea. A Bacillus subtilis tryptic hydrolysate
restricted Aspergillus niger growth, also an ascomycete, in
vitro (Zhang et al. 2018).

Previous studies with several ascomycetes have shown
that the antifungal activity of peptides can be strongly influ-
enced by their physicochemical properties, particularly
charge, isoelectric point, steric hindrance, amphipathicity,
hydrophobicity, and secondary structure, which govern
their interactions with microbial cells (Sagan et al. 2003;
Mookherjee and Hancock 2007; Chen et al. 2021; Allen
and Pellois 2022; Brango-vanegas et al. 2024). Cationic
peptides with net positive charge (+2 to +9) can bind to
anionic phospholipids in fungal membranes, forming pores
and causing membrane lysis (Marcos et al. 2008). It should
be noted, however, that most putative biomarkers identified
in this study present physicochemical properties that differ
from those typically associated with well-characterized cat-
ionic antimicrobial peptides, such as low net charge (rang-
ing from — 1 to +0.5) and moderate hydrophobicity. Putative
structure—activity relationships, based on tentative annota-
tions, may offer a preliminary explanation for the observed
differences in antifungal activity associated with smaller
peptides, such as those detected in LMW-BM mixtures,
showing greater activity (Albuquerque and Casadevall
2012). Low hydrophobicity and electrostatic interactions
could possibly be promoted by some of those compounds,
damaging surface fungal cells in a carpet or electroporation
model, facilitating the translocation of the peptide across
the membrane to reach an intracellular target, as described
by Gan et al. (2021). This explanation provides a basis to
understand the inhibition of pathogens using small protein
lysates with low hydrophobicity and electrostatic charge.

@ Springer



133 Page 12 of 15

Systems Microbiology and Biomanufacturing (2026) 6:133

Other possible mechanisms that could hypothetically be
involved include inhibition of cell wall synthesis through
interactions with chitin and B-glucan synthases (De Cesare
et al. 2020), metal chelation by cysteine- or histidine-rich
motifs, fungal hyphae deformation (So6vago et al. 2012),
decrease of mitochondrial membrane potential and mito-
chondrial related enzyme activities, oxidative stress (Wang
et al. 2019; Fan et al. 2023; Yang et al. 2023), and biofilm
destabilization via binding to extracellular DNA and poly-
saccharides (Segev-Zarko et al. 2015). Low molecular
weight biomolecules may also interfere with fungal quorum
sensing or modulate gene expression linked to membrane
metabolism and DNA replication (Fan et al. 2024).

The reduction in sporulation by LMW-BM mixtures
could possibly be linked to peptide-mediated interference
with fungal developmental processes, potentially through
membrane destabilization, disruption of mitochondrial
function, oxidative stress induction, or interference with
quorum sensing pathways involved in conidiation as sug-
gested by previous studies (Segev-Zarko et al. 2015; Fan et
al. 2023).

In vivo experiments in artificially inoculated rooted
cuttings showed that the low-molecular-weight bioac-
tive fractions were effective at reducing symptoms (wood
discoloration) caused by the two pathogens and reducing
internal pathogen colonization. To further investigate the
possibility of plant defense mechanism activation, lignin
and phenolic compounds quantification was conducted, but
the results did not provide evidence that the biomolecule
mixtures used in this study activated the plant defence
mechanism involving lignification or phenolic compounds,
either cell wall bound or soluble (Bhuiyan et al. 2009; Bhat-
tacharya et al. 2010).The metabolomic fingerprint of LM W-
BM mixtures revealed strain- and fermentation-dependent
differences, highlighting the influence of yeast interactions
on the composition of nitrogenous compounds. Fermenta-
tions with Saccharomyces strains alone promoted the accu-
mulation of a broad range of metabolites. In contrast, mixed
culture fermentations with Hanseniaspora sp. resulted in
a general downregulation of putative peptide and small-
molecule features, suggesting metabolomic reprogramming
under mixed fermentation conditions. Both the yeast strain
and its interaction with Hanseniaspora sp. jointly shaped
the final metabolomic fingerprint, as supported by the par-
tial group separation observed in the PCA and the hierarchi-
cal clustering pattern in the heatmap, where neither factor
alone drove a clean separation between groups. The differ-
ent metabolomic profiles of LMW-BM fractions based on
the fermentation schemes along with their effectiveness in
reducing fungal growth and conidiation indicate that strain-
and fermentation-dependent peptide profiles may influ-
ence antifungal activity. Our results indicate the tripeptide
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Ile-Ala-Ala (annotated at 273.1688 m/z [M], 6.88 min) was
the candidate biomarker most strongly negatively associ-
ated with mycelial growth for both pathogens, and conidial
production for Pm. minimum. Specifically, the correlation
for Pm. minimum’s mycelial growth and conidiation were
—0.54 and —0.42, respectively. Considering Pa. chlamydo-
spora, the correlation in mycelial growth was —0.46. The
tripeptide Ile-Ala-Ala was characterized in silico (pH=7.4)
with a total charge of 0, pI of 5.88, steric hindrance of 0.58,
and hydrophobicity of 0.41.

Conclusion

This study shows that a carefully managed, integrated
bioprocess can convert wine lees—an abundant winery
waste—into bioactive fractions with notable antifungal
activity against key grapevine pathogens. The lack of activ-
ity in high-molecular-weight autolysates, along with the
consistent inhibition of mycelial growth and conidiation
for both Pm. minimum and Pa. chlamydospora by all low-
molecular-weight fractions, highlights enzymatic hydrolysis
and membrane fractionation as important steps for generat-
ing low-molecular-weight bioactive fractions, such as pep-
tides, with antimicrobial activity. In addition to the in vitro
findings, in vivo phytoprotection tests confirmed that soil
application of the combined low-molecular-weight products
significantly reduced wood discoloration and limited endo-
phytic pathogen colonization in grapevine rooted cuttings.
Nevertheless, additional experiments should be conducted
in order to evaluate the products’ effectiveness under field
conditions, since their efficacy and stability could be affected
by several variables such as products’ concentration, soil
consistency, UV radiation, temperature and weather con-
ditions. Untargeted UHPLC-ESI-TIMS-QTOF metabo-
lomics provided activity-linked fingerprinting, indicating
that the observed antifungal activity is likely influenced by
strain- and fermentation-dependent low-molecular-weight
metabolite profiles, including peptide-related compounds.
Within this profile, the tripeptide Ile-Ala-Ala emerged as
the putative biomarker with the strongest negative correla-
tion with pathogen growth, representing a priority candidate
for future isolation and bioassay validation, while acknowl-
edging that its causal role remains to be experimentally
confirmed. These results demonstrate that fermentation
design can be a controlled upstream quality factor within
a scalable, circular-economy-oriented valorization process.
Future research should explore potential synergistic effects
among the identified compounds, improve structure—activ-
ity understanding, and evaluate field applications to facili-
tate the adoption of sustainable viticulture practices.
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