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ABSTRACT

In this study we investigated the yeast population present on partially dehydrated Nebbiolo grapes
destined for ‘Sforzato di Valtellina’, with the aim to select indigenous starters suitable for the production
of this wine. Yeasts were enumerated, isolated, and identified by molecular methods (5.8S-ITS-RFLP
and D1/D2 domain sequencing). A genetic, physiological (ethanol and sulphur dioxide tolerance,
potentially useful enzymatic activities, hydrogen sulphide production, adhesive properties, and killer
activity) and oenological (laboratory pure micro-fermentations) characterization was also carried out.
Based on relevant physiological features, seven non-Saccharomyces strains were chosen for laboratory-
scale fermentations, either in pure or in mixed-culture (simultaneous and sequential inoculum) with a
commercial S. cerevisiae strain. Finally, the best couples and inoculation strategy were further tested in
mixed fermentations in winery. In both laboratory and winery, microbiological and chemical analyses
were conducted during fermentation. The most abundant species on grapes were Hanseniaspora
uvarum (27.4% of the isolates), followed by Metschnikowia spp. (21.0%) and Starmerella bacillaris
(12.9%). Technological characterization highlighted several inter and intra-species differences. The
best oenological aptitude was highlighted for species Starm. bacillaris, Metschnikowia spp., Pichia
kluyveri and Zygosaccharomyces bailli. The best fermentation performances in laboratory-scale
fermentations were found for Starm. bacillaris and P. kluyveri, due to their ability to reduce ethanol (-
0.34% v/v) and enhance glycerol production (+0.46). This behavior was further confirmed in winery.
Results of this study contribute to the knowledge of yeast communities associated with a specific
environment, like those of Valtellina wine region.

Keywords: Non-Saccharomyces yeasts, Indigenous yeasts, Nebbiolo dehydrated grapes, strain
characterization, wine fermentations, mixed fermentations, Sfursat

1. Introduction

‘Sforzato di Valtellina’ (or ‘Sfursat di Valtellina’) is a traditional dry red wine obtained from
Vitis vinifera L. cv. Nebbiolo grapes (locally called ‘Chiavennasca’) harvested in the mountain area of
Valtellina, in Lombardy region (northern Italy). Particularly, ‘Nebbiolo’ grapes destined to produce this
wine are subjected to a postharvest partial dehydration (about the 20% of water loss) in naturally
ventilated rooms called ‘fruttaio’. Starting from 2003 the ‘Sforzato di Valtellina’ attained the DOCG
(Controlled and Guaranteed Denomination of Origin) product denomination of origin (PDO), used for
the highest quality wines in Italy and, consequently, its production is subjected to a strict regulation
(Pomarici, & Vecchio, 2019). Different aspects determine the peculiar characteristics of this wine,
starting from the vineyards’ location at 350-800 m.a.s.l. (meters above sea level) to the aging for a
minimum period of twenty months, both in oak casks (minimum 12 months) and bottle.

During grape dehydration, a plethora of chemical-physical modifications are induced,
depending on grape features (size of the berry, compactness of the bunch, alteration of berry skin surface
e.g., micropores and cracks, etc.), environmental conditions (ventilation, relative humidity of the air,
temperature, air flow, sunlight) or the length of the process (Sanmartin et al., 2021). In general, this
practice determines concentration of sugars and, consequently, the moderate-high alcohol content of
the resulting wines. Furthermore, the total soluble solids and phenolic compounds increase, while the
aromas associated with the withering process develop in parallel (Zenoni et al., 2016). Wines obtained
from partially dehydrated grapes may contain high initial concentrations of undesirable oxidation
compounds (e.g., acetic acid, acetaldehyde, and ethyl acetate) often associated with low wine quality
(Kelly, Inglis, & Pickering, 2020).

The selection of indigenous strains, associated to a certain territory, appellation, or vineyard,
with specific phenotypes, could be a valuable tool to maintain the ‘characteristics’, the complexity and
typicality of wines. Various studies have been conducted to select strains that possess technological
traits suitable for the fermentation of musts obtained from dehydrated grapes. A large part of them was
focused on Saccharomyces cerevisiae (Azzolini et al., 2013; Aponte & Blaiotta, 2016), due to the ability
of this species to colonize rapidly the grape must and be present until the late stages of the alcoholic
fermentation (Tronchoni, Curiel, Morales, Torres-Pérez & Gonzalez, 2017; Alonso-del-Real,
Pérez-Torrado, Querol, & Barrio, 2019). Consequently, the metabolic activity of S. cerevisiae could



influence the chemical composition and the fermentative aromas of the final product (Parapouli,
Sfakianaki, Monokrousos, Perisynakis, & Hatziloukas, 2019). Nonetheless, several studies have also
demonstrated the oenological potential of non-Saccharomyces yeasts in pure and mixed fermentations
(Benito, 2018; Roudil et al., 2020; Morata et al., 2020), due to their ability to achieve goals that cannot
be reached by S. cerevisiae.

The climatic conditions and vineyards’ location of Valtellina wine area may contribute to
particular yeast diversity, opening the possibility of isolating new yeast strains that could ferment
Nebbiolo grape must with peculiar characteristics, such as the high sugar content caused by grape
postharvest dehydration. Indigenous yeasts could improve wine quality by modulating specific wine
attributes and complete the fermentation process, without the risk of stuck fermentation. With this in
mind, the objective of the present study was to isolate, identify, and characterize, from physiological
point of view, the indigenous yeasts from this peculiar ecosystem and to find strains suitable as starter
cultures for the production of premium quality ‘Sforzato di Valtellina’ wines. In order to comprise a
wider isolate diversity, yeasts were isolated from grapes grown from two different vineyards, and three
sequential harvests each were performed. The experiment is articulated in three main phases: (i)
isolation, genetical and phenotypic characterization of indigenous yeasts from cv. Nebbiolo partially
dehydrated grapes, carried out in 2020 vintage; (ii) lab-scale pure and mixed-culture fermentations
using the 7 most promising yeast strains isolated from the previous phase; and (iii) winery trials (2021
vintage) with the two best couple of strains obtained from the previous phases.

2. Materials and Methods
2.1. Sample collection and isolation of indigenous yeasts

Following the traditional procedures for the production of ‘Sforzato di Valtellina’ wines, Vitis
vinifera L. cv. Nebbiolo grapes were harvested in 2020 vintage, from two vineyards located in Villa di
Tirano (vineyard code X) and Berbenno di Valtellina (vineyard code Y) towns in Lombardia region
(northern Italy). The vineyards are placed in the north side of Valtellina valley and cultivated with
terraces, with South and South-East exposure, at an altitude comprised in the range 350-400 m a.s.l.
For each vineyard, three sequential harvest times were selected: the first harvest date was at about
21.5 Brix grape soluble solids, and then at about 10 and 20 days after the first one, respectively. During
harvest, grapes were placed in a single layer in perforated plastic boxes and then transferred for the
dehydration in a ‘fruttaio’, a typical Valtellina dehydration room without temperature or relative
humidity control, as imposed by the wine designation regulations. The grape postharvest dehydration
process was carried out until December 1st (as prescribed by the regulations) reaching an average grape
soluble solids degree of 26.7 Brix. Afterwards, six samples (200 grape berries each were chosen from
different grape bunches) of partially dehydrated Nebbiolo grapes (three samples from Villa di Tirano
and three from Berbenno di Valtellina vineyards) were aseptically collected manually and placed
directly into sealed sterile bags. Refrigerated samples were then transferred in the laboratory for further
analyses.

Nebbiolo grapes were manually crushed and processed for microbiological analysis.
Appropriate decimal dilutions on sterile Ringers’ solution (Biogenetics, Milan, Italy) were seeded onto
Wallerstein laboratory nutrient agar (WLN) (Biogenetics). Plates were aerobically incubated at 25 + 2
°C for 5 days and observed for differential cell count. According to their colony morphotype and cell
morphology (Pallmann et al., 2001; Wang et al., 2019), representative isolates were selected and
purified by successive streaking on WLN. The isolates were stored at —80 °C in Yeast Extract Peptone
Dextrose (YPD) broth (1% w/v yeast extract, 2% w/v bacteriological peptone, 2% w/v glucose, all
provided by Biogenetics) supplemented with glycerol (20% v/v final concentration; Sigma-Aldrich,
Milan, Italy) or on YPD agar at 4 °C for short-term storage.

2.2. Yeasts identification and typing
From each yeast isolate, DNA was extracted as previously reported by Mills, Johannsen, & Cocolin

(2002). Preliminary molecular identification of yeasts was achieved using a “clustering and sequencing”
approach. Firstly, the 5.8S-ITS region was amplified using primers ITS1 and ITS4 and the restriction



endonucleases Hae 111, Hinf [ and Cfo [ were used as described by Esteve-Zarzoso, Belloch, Uruburu,
& Querol (1999). The restriction fragments were separated by gel electrophoresis on 2.5 % (w/v)
agarose gel (Bio-Rad, Laboratories, Inc., Hercules, USA) with TAE buffer (0.8 mM Tris base and 0.02
mM EDTA, pH 8.0, adjusted with glacial acetic acid) at 120 V for 90 min. A 100 bp ladder (Promega
Corporation, Madison, Wisconsin, USA) was used to estimate band sizes. Gels were visualized under
ultraviolet light using Gel Doc XR+ (Bio-Rad, Hercules, USA). Isolates showing the same ITS and
restriction fragments’ profile were grouped together and confirmation of the identification of each group
was achieved by sequencing the D1-D2 loop of the 26S rRNA gene (Kurtzman & Robnett, 1997) by
the company GENEWIZ Germany GmbH. The identification of each isolate was achieved by
comparing the obtained sequences in silico with those available at the National Center for
Biotechnology Information (NCBI) using BLAST tool (http://www.ncbi.nlm.nih.gov/BLASTY/).

Molecular strain characterization was performed applying rep-PCR fingerprinting as reported
by Englezos et al. (2015) using the microsatellite oligonucleotide sequence (GTG)S5 (Lederer et
al.,2013). The obtained products were subjected to electrophoresis as above described. The resulting
fingerprints were analyzed with the BioNumerics 4.6 software package (Applied Maths, Kortrijk,
Belgium). The similarity among profiles was calculated using the Pearson correlation and an average
linkage (UPGMA) dendrogram was derived from the profiles.

2.3. Isolates technological characterization

Preparation for the physiological characterization was performed by inoculating a single colony
of each yeast isolate in 3 mL of sterile YPD broth and following incubation for 24 hours at 25 °C. Three
biological replicates were performed for each isolate.

2.3.1 Physiological characterization

The H,S production from each isolate was evaluated by using the BiGGY agar medium (Oxoid,
Milan, Italy). The medium was spot inoculated with the yeast isolates and then incubated at 25 °C for
2 days. Based on the colony colour, H,S production of isolates was identified using the following scale:
0 white (no production), 1 cream, 2 light brown, 3 brown, 4 dark brown, and 5 black (high production).
Trials were performed in triplicate. The evaluation of the yeasts ability to produce the following
extracellular enzymes (i.e., esterase, f-glucosidase, pectinase, and protease) was evaluated by plate
assays on Petri dishes filled with appropriate media, as previously reported by Englezos et al. (2015).

Biofilm formation capacity of each yeast isolate was evaluated by using Yeast Nitrogen Base
with amino acids (YNB) containing 4% (v/v) ethanol as a sole carbon source as reported by Zara et al.
(2005). To generate the floral morphology (mats), isolates were grown in YPD for 48 h at 25+ 2 °C.
Five pL of the culture were used to inoculate the centre of a 90 mm Petri dish previously filled with
YPD solidified with 0.3% agar as described by Reynolds & Fink, (2001). Plates were then incubated at
25 + 2 °C for 15 days. At least two replicate mats of each isolate were prepared.

Ethanol and SO, tolerance were evaluated in microplates as previously described by (Englezos
et al., 2015). Briefly, YNB (6.7 g/L, Remel, Lenexa, KS, USA), pH 5.5, was supplemented with 20 g/L
of glucose and sterile filtered using a 0.45 pm membrane filter (VWR, Milan, Italy). The medium was
then supplemented with ethanol (Sigma-Aldrich) to reach final concentrations of 0, 4, 6, 8, 10, 12, 14,
and 16 % (v/v). In a similar way to test the SO, tolerance, the above-mentioned medium was
supplemented with different amounts of total SO, to obtain final concentrations of 0, 25, 50, 100, and
150 mg/L, after adjustment of pH to 3.0. SO, was added as potassium metabisulphite (Sigma-Aldrich).
The microplates were incubated at 25 &+ 2 °C and the optical density was measured using a microplate
reader (Savatec instruments, Torino, Italy) at 630 nm after 48 h of incubation. The yeast inoculum, as
well as cell growth were determined according to Englezos et al. (2015). Trials were performed in
triplicate, while the commercial S. cerevisiae EC1118 (Lallemand, Verona, Italy) was used as a
reference strain.

2.3.2. Killer activity screening by qualitative method (QLM)

Each isolate was tested for its ability to kill two selected target yeasts belonging to spoilage
species: Hanseniaspora uvarum Y 1 and Brettanomyces bruxellensis DSM 7001. The first strain belongs
to the DISAFA (Dipartimento di Scienze Agrarie, Forestali e Alimentari, University of Torino, Italy),
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while the second was obtained from DSMZ (German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany). Pre-cultures of all the yeasts were grown in 5 mL YPD broth medium at 30
+ 2 °C for 48 h.

Killer activity screening was performed using the seeded agar method on YPD-methylene blue
(MB) medium (yeast extract 1% w/v, peptone 2% w/v, glucose 2% w/v, agar 2% w/v, 0.003% (w/v)
methylene blue) buffered at pH 4.6 with 0.1 M citrate phosphate buffer as reported by Lopes & Sangorrin
(2010). Approximately 2 x 10° cells/mL of each of the two target strains were uniformly seeded on
YPD-MB plates and dried for 30 minutes. Consequently, 5 pL of isolates cultures was spot inoculated
on plates. The plates were incubated at 20 + 2 °C until a well-developed lawn of the potentially sensitive
yeast strain was observed. Killer activity was scored as positive when the killer isolate was surrounded
by a region of bluish-stained cells and the reaction was recorded as ‘1’ (weak killer reaction). When a
clear zone of growth inhibition (>1mm) bounded by stained cells was observed, it was designated as
‘2’ (strong killer reaction). Trials were performed in triplicate.

2.3.3. Pure culture micro-fermentation tests

Pure culture fermentations of each yeast isolate were performed in triplicate in 15 mL sterile
falcon tubes, filled with 10 mL of pasteurized grape must (Englezos et al., 2019), obtained from partially
dehydrated Nebbiolo grapes destined for the production of ‘Sforzato di Valtellina’. A pre-adaptation
was conducted by inoculating a single colony of each isolate in 3 mL of pasteurized must and incubated
at 25 £ 2 °C for 48 h. Subsequently, these cultures were used to inoculate the pasteurized must with 2
x 106 cells/mL. The chemical composition of the grape must was the following: 274.27 g/L of sugars,
1.79 g/L of glycerol, pH 3.5 and titratable acidity 8.0 g/L (as tartaric acid). A commercial strain of S.
cerevisiae (EC1118; Lallemand) was used as a control. Fermentations were performed in triplicate in a
temperature-controlled chamber at 25 + 2 °C for 15 days. At the end of the incubation the chemical
composition of each fermentation was evaluated by HPLC as described in the next sections.

2.4. Pure and Mixed-Culture Fermentations

Based on technological properties and fermentation performance of each yeast isolate in micro-
fermentation trials, seven non-Saccharomyces yeasts were chosen: 3 Starm. bacillaris (Sb X2-10, Sb
Y1-2 and Sb Y2-9), Zygosaccharomyces bailii (Zb X2-6), Metschnikowia pulcherrima (Mp Y2-7),
Pichia kluyveri (Pk X3-5), and Candida apicola (Ca Y2-13). These yeasts were used to inoculate the
above-mentioned grape must alone (pure fermentations) and together with S. cerevisiae EC1118 (here
referred as Sc; mixed culture fermentations), using the co-inoculations and sequential inoculation (2-
day delay) approaches. In total, twenty-two further micro-fermentation trials were carried out in
laboratory (8 pure, 7 mixed co-inoculum, and 7 sequential inoculum). Fermentations were performed
in triplicate at 25 + 2 °C in 100 mL flasks with 70 mL of pasteurized must previously described. These
yeasts were pre-adapted at 25 + 2 °C as described in Section 2.3.3. Yeast dynamics and metabolites
evolution during and at the end of fermentation was monitored by plate counts on WLN medium and
by HPLC analysis, respectively.

2.5. Fermentations at winery scale

Based on the laboratory scale fermentations, two non-Saccharomyces yeasts were chosen as
starter cultures for fermentations in winery: Starm. bacillaris Sb X2-10 and P. kluyveri Pk X3-5. In
winery, fermentations were carried out in triplicate by co-inoculation of non-Saccharomyces with S.
cerevisiae EC1118. Pure fermentation with EC1118 strain was conducted as control. All strains were
inoculated with an initial cell population of 1.0 x 10 cells/mL, as described above for laboratory scale
trials. Vitis vinifera L. cv. Nebbiolo grapes were collected in vintage 2021 and subjected to withering
as previously described (Section 2.1). One-hundred-and-ten (110) kg of dehydrated grapes were
destemmed and crushed, and then the grape mash obtained (liquid and solid parts) was homogenously
distributed in nine containers (15 L volume each). The initial must composition was: 256 g/L. of
reducing sugars (glucose and fructose), 1.13 g/L of glycerol, while pH and total acidity (expressed as
g/L of tartaric acid) were respectively 3.12 and 5.24 g/L. The containers were inoculated with the
respective yeast combination (control, Starm. bacillaris X2-10 and S. cerevisiae EC1118, P. kluyveri



X3-5 and S. cerevisiae EC1118, all in three replicates), and the grape must was then fermented at 25 +
2 °C. To ensure the management of pomace cap, the liquid was pumped up twice a day, and the
devatting was carried out when sugars were less than 2 g/L. Vinification process was carried out in the
Bonafous experimental wine cellar of the University of Torino (Chieri, Italy).

2.6. Microbiological and molecular analyses

Samples during laboratory and winery scale fermentations were collected, serially diluted with
sterile Ringer’s solutions (Biogenetics) and plated on WLN medium. Plates were incubated at 28 £ 2
°C for 5 days, differentiated visually and counted. During wine fermentation five putative colonies of
Starm. bacillaris and P. kluyveri from each sampling point were isolated and further characterized at
strain level through Rep-PCR (Lederer, Nielsen, Toldam-Andersen, Herrmann, & Arneborg, 2013).
Presumptive colonies of S. cerevisiae were typed by PCR interdelta analysis (6-PCR) (Legras, & Karst,
2003) to understand strain dynamics over the fermentation process.

2.7. Analytical determinations

Concentrations of reducing sugars (glucose and fructose, g/L), acetic acid (g/L), glycerol (g/L)
and ethanol (% v/v) were evaluated throughout HPLC analysis, using an Agilent 1260 HPLC system
(Agilent Technologies, Santa Clara, CA) equipped with a UV detector set to 210 nm and a refractive
index detector. The chromatographic conditions were previously described by Rolle et al. (2018). Total
acidity (expressed as g/L of tartaric acid) was determined according to the official method OIV-MA-
AS313-01 (OIV, 2020), while pH was measured using an InoLab 730 pH meter (WTW, Weilheim,
DE). Volatile organic compounds (VOCs) of the wines produced in winery were determined according
to the protocol reported by Englezos et al. (2018) with few modifications in the preparative phase. Three
g of sodium chloride (Sigma-Aldrich, Milan, Italy) were weighed in 20 mL glass headspace (HS) vials
and united with 5 mL of wine sample aliquots and 5 mL of Milli-Q grade water. Finally, vials were
spiked with 50 puL of 2-octanol (Sigma-Aldrich) as an internal standard (IS, 58.56 mg/L in 10% v/v
ethanol) and sealed hermetically with silicon septa magnetic screw caps. VOCs were subsequently
extracted by headspace solid-phase microextraction (HS-SPME) for 60 min at 40 °C and determined
using Agilent 7890C gas chromatograph (GC) coupled to Agilent 5975 mass selective detector (MSD).
Volatile compounds were identified according to: retention indices, the mass spectra of pure standards
(where available), and the NIST database (http://webbook.nist.gov/chemistry/) considering a good or
excellent mass spectra match (at least 80% similarity). The results were expressed as a semi-quantitative
data as pg/L equivalents of the IS 2-octanol, assuming a response factor equal to one.

2.8. Data analyses

Statistical analyses were performed using IBM SPSS Statistics software (version 25.0, IBM
Corp., Armonk, NY, USA). The data obtained from the different trials were subjected to one-way
analysis of variance (ANOVA) and coupled by the Tukey-HSD test (p < 0.05), to get significant
differences between the data obtained. Physiological and oenological analyses data were plotted by
Heatmapper software (Babicki, et al., 2016), and hierarchical clustering was performed with Euclidean
distance metrics. A Principal Component Analysis (PCA) multivariate approach was performed on the
volatile compounds data of wines produced in winery trials: for this aim, the R software (version 4.2.3;
R Foundation for Statistical Computing, Vienna, Austria) with package “factoextra” was used
(Kassambara & Mundt, 2020).

3. Results
3.1. Isolation and identification of indigenous yeasts

The selection of autochthonous yeasts started with the isolation of 62 yeast isolates from
Nebbiolo dehydrated grapes, previously harvested from two vineyards (three from Villa di Tirano-X
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and three from Berbenno di Valtellina-Y vineyards). The total count of samples coming from the two
different vineyards was very close with values of 5.63 + 0.36 Log CFU/mL (samples from Villa di
Tirano-X) and 5.69 = 0.39 Log CFU/mL (samples from Berbenno di Valtellina-Y). Colonies with
different morphologies were isolated and identified by amplification and restriction analysis of the
internal transcribed spacer ITS1/ITS2-5.8S rRNA region. DNA sequence analyses revealed 13 different
yeast species, as can be seen in Table 1. The species most isolated was H. uvarum with 17 isolates,
followed by Metschnikowia fructicola with 9 isolates and Starm. bacillaris with 8 isolates. The other
identified isolates belonged to: Metschnikowia pulcherrima, Candida californica, Candida apicola,
Pichia kluyveri, Rhodotorula graminis, Rhodotorula nothofagi, Zygosaccharomyces bailii,
Debaryomyces carsonii, Zygoascus hellenicus, and Zygoascus meyerae.

All the isolates were then subjected to molecular characterization to define their intra-specific
variability by rep-PCR. For all the considered species a similarity coefficient of 85% was selected and
results are showed in Fig. S1. Seven clusters were identified for H. uvarum isolates, 3 for Starm.
bacillaris, 2 for P. kluyveri, 2 for Z. bailii, 2 for C. californica, 3 for C. apicola, 2 for M. fructicola and
only 1 for M. pulcherrima spp. Interestingly, no correlation with origin vineyard was found.

3.2. Physiological characterization and oenological properties

The results of the physiological and oenological properties investigated were represented as
heatmap in Fig. 1., Table S1, Table S2 and Table S3 in supplementary material.

3.2.1. Ethanol tolerance

The ability of the isolates to grow at different concentrations of ethanol (4, 6, 8, 10, 12, 14 and
16 % v/v) was investigated (Fig. 1, Table S1). Five isolates showed a strong reduction of their viability
at4 % (v/v) of ethanol. On the other hand, Starm. bacillaris, Z. bailii and P. kluyveri were more resistant
to high ethanol concentrations than Candida and Metschnikowia spp. All isolates of this last genera
were able to grow up to 6% (v/v) of ethanol, except M. fructicola X2-11. Regarding Candida genera,
all isolates were able to grow at 10% (v/v) of ethanol, but only two C. apicola isolates grew until 14%
(v/v) of ethanol (Y2-11 and Y2-13).

3.2.2. SO, tolerance

Regarding SO, tolerance (from 10 to 150 mg/L), about the 55 % of the isolates were not able
to grow at amounts of 50 mg/L (Fig. 1, Table S2). The reference strain S. cerevisiae EC1118, together
with few non-Saccharomyces isolates grew at the highest tested concentration (150 mg/L): Starm.
bacillaris (X1-5, X1-6 and Y 1-2), three Z. bailii isolates (X2-7, X2-8 and Y3-7) and a P. kluyveri (X3-
5).

3.2.3. Enzymatic activities

Fourteen isolates were found to possess a protease activity (Fig. 1, Table S3), among them H.
uvarum Y2-1, Starm. bacillaris X1-5, and all Metschnikowia spp. isolates except X2-11 and Y2-6.
Regarding fS-glucosidase activity, only four isolates presented positive results (M. fructicola X2-11, D.
carsonii X3-8, and the two Rhodotorula spp. isolates X2-12 and X3-9). Eight isolates possessed
pectinase activity (Starm. bacillaris X1-5, X2-9, X2-10, and Y1-1, M. fructicola Y1-5 and Y1-6, C.
californica X1-12 and H. uvarum Y2-2) and R. graminis X3-9 was the only isolate to show positive
result for the esterase activity.

3.2.4. H,S production

The semi-quantitative test on the H,S development on BiGGY agar revealed (Fig. 1, Table S3)
that all C. californica and the two Zygoascus spp. isolates were high producers of H,S, while all Z. bailii
isolates as well as C. apicola, D. carsonii and Rhodotorula spp. either did not produce or they produced
relatively low amounts of this compound. M. pulcherrima and M. fructicola isolates demonstrated a



medium ability to produce H,S. Great variability was observed for Starm. bacillaris and H. uvarum
isolates and an opposite behavior was found for P. kluyveri isolates; in fact, three of them resulted as a
high producer, while the other two low producers.

3.2.5. Biofilm formation

A total of 29 isolates of different species proved to be able to form biofilm (Fig. 1, Table S3)
demonstrating that this is a strain-specific character (Cordero-Bueso et al., 2017). All P. kluyveri and
all C. californica, R. graminis X3-9, Z. hellenicus Y3-6, two Starm. bacillaris (Y1-2 and Y1-3), nine
H. uvarum (X3-1, X3-2, X3-3, X3-4, X2-4, Y2-2, Y2-3, Y2-4 and Y3-4), three C. apicola (Y2-10, Y2-
11, Y2-13), and three Z. bailii (X2-5, X2-6, X2-7 and Y3-7) showed this ability. A further type of
biofilm was also investigated: the ability to grow on wet and semi-solid agar media (mats formation).
The capacity to form a mature mat was observed for some isolates of Starm. bacillaris, H. uvarum, P.
kluyveri, Z. bailii, C. californica, and C. apicola. M. pulcherrima and M. fructicola demonstrated a
lower ability to form mats giving rise to colonies with a lower number of radial spokes and a minor
diameter. Divergently, R. graminis, R. nothofagi, D. carsonii, Z. meyerae, and Z. hellenicus did not
show this ability. Interestingly, among isolates of the same species, differences in the morphology of
the mats were found (dimensions, shape of the rim and the body). For Starm. bacillaris, three different
phenotypes were observed: one with an 72 mm petal-like colony with an irregular rim (14 mm) and a
brunched body (29+29 mm), a second with an irregular little colony (31 mm) with an intense white rim
(19 mm) surrounded by a thin smooth body (6+6 mm) and a third one with a little floral-like colony (33
mm) with an irregular rim (5 mm) surrounded by a wavy body (14+14 mm). Five different
morphologies were found for H. uvarum: one with a 44 mm colony with an intense rough withe rim (6)
and a floral thin body (19+19 mm), another one with a 52 mm floral-like colony with a ring of intense
white cells (40 mm) surrounded by a thin body (6+6 mm), the third is a 87 mm colony with an irregular
rim (15 mm) and a very thin radially body (36+36 mm), the fourth is a 74 mm colony characterized by
an irregular ring rim (13 mm) and a brunched body (31+30 mm) and the last one is a 38 mm colony
with a little rough irregular rim (7 mm) and a wavy body (15+16 mm). Regarding P. kluyveri isolates,
two phenotypes were observed: one of 69 mm colony with a ring irregular rim (15 mm) and a brunched
body (27+27 mm) and another one of a little 30 mm colony with a 7 mm rim and a radially body (11+12
mm). Z. bailii. presented three morphotypes: a colony of 72 mm with an irregular rim (10 mm) and a
thin radially body (31431 mm), another one 33 mm colony with 6 mm rim and wavy body (13+14 mm)
and finally an 18 mm colony with a umbonate rim (3 mm) and an irregular radially body (7+8).

3.2.6. Killer activity

The antagonistic ability of the 62 indigenous isolates was evaluated by QLM technique against
two wine spoilage yeast strains belonging to B. bruxellensis and H. uvarum (Fig.1, Table S3). No killer
activity was observed against H. uvarum strain. Divergently, 36 isolates (58.06%) demonstrated an
antagonistic behaviour against B. bruxellensis. In particular, for 17 isolates was observed a dark zone
of stained blue cells, while 19 isolates were surrounded by a clear inhibition zone: H. uvarum X1-7, Z.
bailii X2-8, four Starm. bacillaris (X1-5, X1-6, X2-9, X2-10) and for all the 13 M. fructicola and M.
pulcherrima isolates.

3.2.7. Pure micro-fermentation trials in grape juice

None of the isolates was able to complete fermentation; residual sugars values ranged from 274
g/L (C. californica X1-10) to 102.62 g/L (Starm. bacillaris Y1-2). Conversely, only commercial S.
cerevisiae EC1118 was able to consume all the sugars (<1.0 g/L residual sugars) from the medium
(Table S5). Starm. bacillaris and Z. bailii isolates demonstrated the highest sugars consumption, with
differences among strains. These two species showed the highest fructose consumption. The
fructophilic character coupled with a high glycerol production were found in C. apicola isolates. The
isolates of Starm. bacillaris and Z. bailii produced wines with the highest values of ethanol (ranging
from 7.82% v/v for Z. bailii X2-5 to 10.49% v/v for Starm. bacillaris Y 1-2 isolates). Metschnikowia



spp. and Candida spp. isolates showed the lowest acetic acid production (less than 0.20 g/L), while H.
uvarum isolates exhibited the highest with values ranging from 0.43 g/L (X3-3) to 0.68 g/L (X1-8).

3.3. Pure and Mixed-Culture Fermentations in laboratory scale

Based on the results of the physiological characterization and on the fermentation performance
of each yeast species in Nebbiolo must, seven non-Saccharomyces isolates were chosen to conduct
mixed fermentations with the commercial strain S. cerevisiae EC1118, using the co-inoculation and
sequential inoculation approach. To this aim, three Starm. bacillaris representing the three clusters
found by typing analyses (X2-10, Y1-2, and Y2-9), Z. bailii X2-6, M. pulcherrima Y2-7, P. kluyveri
X3-5, and C. apicola Y2-13 strains were selected. Pure fermentations with each strain were also
conducted as controls. The growth dynamics during pure and mixed fermentations (both co-inoculation
and sequential inoculation), are showed in Fig. 2 and 3. Regarding pure fermentations (Fig. 2 and 3, left
panel), the highest population number was reached after 2 days by S. cerevisiae EC1118 (8.1+0.21 Log
CFU/mL) and the three Starm. bacillaris (average value of 8.4+0.14 Log CFU/mL). Z. bailii X2-6 cell
population achieved the stationary phase with values of 7.4+0.17 Log CFU/mL at day 4, followed by a
decrease until the end of the monitored period (14" day), with values about 6.9+0.06 Log CFU/mL. M.
pulcherrima Y2-7 decreased its population until 5.2+0.44 Log CFU/mL at day 14. Divergently, P.
kluyveri X3-5 and C. apicola Y2-13 populations remained stable for the first 2 days and after decreased
and were not detectable on WLN medium (< 10 CFU/mL) at day 7.

Regarding mixed fermentations, the three Starm. bacillaris in co-inoculum with EC1118 were
able to grow until values of about 8.2+0.14 Log CFU/mL at day 2 and after decreased to 5.0+0.26 Log
CFU/mL at day 14. In sequential inoculation, Starm. bacillaris strains were able to reach more than 8.0
Log CFU/mL, a decrease was then observed until 6.2+0.34 Log CFU/mL (Sc/Sb X2-10) and 6.6=0.28
Log CFU/mL (Sc/Sb Y 1-2), while Sb Y2-9 was not detectable on WLN medium (< 10 CFU/mL) at the
end of the monitored period. Z. bailii X2-6 grew until 6.6+£0.25 Log CFU/mL at day 2 and 6.91+0.34
Log CFU/mL at day 4 in co-inoculum and sequential fermentations, respectively, and after decreased
until about 5.51+0.24 Log CFU/mL in both cases. M. pulcherrima Y2-7 in mixed fermentations grew
for the first 2 days and then a rapid decrease was observed and dropped to undetectable levels (< 10
CFU/mL) at day 7 and 14 for co-inoculum and sequential mixed fermentations, respectively. Finally,
P. kluyveri X3-5 and C. apicola Y2-13 populations declined rapidly in all fermentations and were not
detected at day 4, independently from inoculum protocol applied. In all co-inoculated fermentations, S.
cerevisiae reached the same population levels with those registered in pure culture fermentations, on
the other hand the early inoculation of the non-Saccharomyces yeasts during the sequential
fermentations lead to a decrease of the first by reducing the cell number, with exception of the sequential
fermentations performed with C. apicola and P. kiuyveri.

The chemical composition of the wines produced in laboratory-scale fermentations are showed
in Table 2. In pure fermentations all the non-Saccharomyces yeasts were not able to complete the
fermentation, with residual sugars (glucose+fructose) concentrations after 14 days ranging from 237.71
g/L (P. kluyveri X3-5) to 106.21 g/L (Starm. bacillaris X2-10); the former strain consumed mostly
glucose, while the latter depleted almost completely (0.76 g/L left) fructose. On the other hand, after 14
days of fermentation, all mixed fermentations had a residual sugars concentration lower than 2.0 g/L,
except for the couple Z. bailli X2-6 and S. cerevisiae EC1118, that showed 2.22 and 11.26 g/L of
residual sugars for co- and sequential inoculation, respectively. A low acetic acid production was
observed in all fermentations, with the highest values found for mixed fermentations with M.
pulcherimma Y?2-7 (0.58 and 0.50 g/L for co- and sequential fermentation, respectively) and P. kluyveri
X3-5 (0.59 and 0.47 g/L) with S. cerevisiae EC1118. C. apicola Y2-13 and Starm. bacillaris X2-10
evidenced the highest glycerol contents in pure fermentations. In sequential fermentations, the highest
glycerol values were found for all Starm. bacillaris and S. cerevisiae EC1118 pairings (16.94-18.23
g/L), representing a 46% increase compared to S. cerevisiae in pure culture fermentation (11.93 g/L).
Furthermore, an ethanol content reduction was observed in sequential mixed fermentations with all
Starm. bacillaris strains, compared to the control fermentation with S. cerevisiae EC1118 in pure
culture (16.27-16.31 % v/v versus 16.70 % v/v).

3.4. Fermentations at winery scale



To validate the results obtained in laboratory, the two best performing couples, using a
co-inoculation strategy with S. cerevisiae EC1118, were selected to ferment in winery in a
traditional fermentation-maceration red winemaking. Pure fermentation using the S. cerevisiae
stain was performed as control. Fig. 4 shows the population dynamics during the three different
trials. In pure fermentation, S. cerevisiae reached the maximum population number at day 7
(8.0+£0.11 Log CFU/mL) and remained stable until the end of the monitored period. This yeast
showed a similar behavior in mixed fermentation with P. kluyveri X3-5, while in couple with
Starm. bacillaris X2-10 it reached the maximum population number at day 4 (8.2+0.04 Log
CFU/mL). In mixed fermentations, after inoculation, P. kluyveri X3-5 population decreased,
while Starm. bacillaris X2-10 grew until 7.5+0.33 log CFU/mL at day 4; afterwards a decrease
was observed. Other non-Saccharomyces yeasts declined to undetectable levels at day 7 and
day 4 in P. kluyveri and Starm. bacillaris trials, respectively.

A total of 60 colonies were isolated at different stages (DO, D2, D4, D7) and molecular
fingerprinting analyses revealed that all Starm. bacillaris isolates showed the X2-10 profile (100%),
while for P. kluyveri, the 96.7 % of the isolates showed the profile corresponding to X3-5 strain (data
not shown). Regarding S. cerevisiae, 164 colonies with the morphology corresponding to this species
were subjected to Interdelta-PCR typing. A total of 7 different profiles were found and, among them,
the 61% showed the profile corresponding to S. cerevisiae EC1118. While, in mixed fermentations with
Starm. bacillaris X2-10/S. cerevisiae EC1118 and P. kluyveri X3-5/S. cerevisiae EC1118, the highest
part of the isolates showed the same interdelta-PCR profile with the strain used (66% of the total
colonies analyzed).

Chemical analyses revealed that fermentation Starm. bacillaris X2-10 and S. cerevisiae
EC1118 was characterized by a faster sugar consumption, however, all trials consumed all
sugars (< 2.0 g/L) at the end of the monitored period (Table 3). Regarding acetic acid, no
significant differences (p>0.05) were observed among the trials, with values at about 0.27 g/L.
Wines produced by Starm. bacillaris X2-10 and S. cerevisiae EC1118 contained non-
significantly higher glycerol levels (11.63 g/L) compared to the other trials, while both wines
with mixed cultures showed a non-significant decreasing trend for ethanol content compared
to the wine fermented only with S. cerevisiae (14.06 - 14.10 versus 14.40% v/v, respectively).
Interestingly, S. cerevisiae EC1118 trial showed the highest titratable acidity, followed by
Starm. bacillaris X2-10/ S. cerevisiae EC1118 and P. kluyveri X3-5/ S. cerevisiae EC1118
(p<0.001).

A Principal Component Analysis (PCA) approach (Fig. 5) on volatile compounds data
(Table S4), showed that the wines from Starm. bacillaris X2-10 / S. cerevisiae EC1118
fermentation strategy were well differentiated in terms of volatile characteristic from those
with the pure S. cerevisiae EC1118 or from P. kluyveri X3-5/S. cerevisiae EC1118 trial. The
differentiation was mainly due to the principal component 1 axis (43.8% of variance
explained), which is positively correlated to some higher alcohols, including isoamyl alcohol
and isobutanol, despite other compounds of this class (i.e., phenylethyl alcohol) showed the
opposite behavior. Regarding terpenes, geraniol and alpha-terpinolene were found in
significantly highest quantities in Starm. bacillaris X2-10 / S. cerevisiae EC1118 wines.
Conversely, (R)-(+)-beta-citronellol and another varietal-derived compound, namely beta-
damascenone, were found with the lowest contents concentrations in Starm. bacillaris X2-10 /
S. cerevisiae EC1118 with respect to S. cerevisiae EC1118 (-57% and -9%, respectively) or P.
kluyveri X3-5/ S. cerevisiae EC1118 (-48% and -15%, respectively) wines. The fermentation
trials were able to differentiate also fully significantly in terms of 2-phenylethyl acetate
(highest contents for P. kluyveri X3-5 / S. cerevisiae EC1118), hexyl acetate and 2-ethyl-1-
hexanol (highest contents in S. cerevisiae EC1118), and n-nonanoic acid and ethyl isopentyl
succinate (highest contents in Starm. bacillaris X2-10/ S. cerevisiae EC1118). In addition, S.
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cerevisiae EC1118 wines showed the highest amounts of ethyl acetate, while those produced
with mixed cultures presented a significantly lower concentration.

4. Discussion

Several studies have reported the importance of grape yeast ecology and its influence on wine
quality, given that grapes are considered as the main source of microorganisms that are able to inoculate
the must and start the alcoholic fermentation. The aim of the present study was to explore the yeasts
biodiversity of partially dehydrated Nebbiolo grapes and to select indigenous starter cultures able to
modulate the chemical profile of wines destined to ‘Sforzato di Valtellina’. In the grape material tested
after dehydration, yeast grapes population was around 5.0 Log CFU/g. These values are higher than the
yeast count usually detected in grape berries that range from 10> to 10* CFU/g (Barata, Malfeito-
Ferreira, & Loureiro, 2012), but similar population numbers were previously found in withered grapes
by other authors (Alessandria et al., 2013; Englezos et al., 2022). Yeast colonies were divided based on
their morphotype on WLN medium, which allows a preliminary discrimination between yeast species
by colony morphology and color (Pallmann et al. 2001; Wang et al., 2019), as well as by the cells’
morphology using a microscope.

Molecular identification revealed that the highest part of isolated yeasts belong to the natural
grapes’ community, while others are more specifically found in high sugar musts, namely C. apicola
(Tofalo et al., 2009; Perrusquia-Luevano et al., 2019) or in grape juice concentrate or sweetened wines
like Z. bailii (Zuehlke, Petrova, & Edwards, 2013). For most sequenced isolates an identity percentage
> 98% was found. Unfortunately, isolate M. fructicola X2-11 showed a minor sequence identity of the
D1/D2 domain to any of the type (identity percentage > 86.27%). The same problem in Metschnikowia-
like strains was found by other authors (Cordero-Bueso et al., 2017; Binati et al., 2019), probably
because some pulcherrimin-producing species including M. fructicola have a non-homogeneous rDNA
repeat that make difficult the species assignment (Sipiczki, 2020).

With the purpose to select yeast strains able to conduct and tailor ‘Sforzato di Valtellina’ wine
composition, isolated yeasts were subjected to a molecular typing and a physiological characterization.
Furthermore, pure fermentations were conducted to select the strains with interesting oenological
properties to be used as starter cultures in the next steps of the study.

Molecular typing and physiological characterization highlighted several inter- and intra-species
differences (Fig. 1 and Fig S1). Regarding ethanol tolerance, the results are consistent with previous
studies demonstrating that species like Starm. bacillaris, Z. bailii and P. kluyveri are more resistant to
high ethanol concentration than Candida and Metschnikowia spp. (Binati et al., 2019; Jiang, Zhang,
Feng, Ye, & Liu, 2020; Kuanyshev, Adamo, Porro, & Branduardi, 2017; Tofalo et al., 2009). Two C.
apicola isolates were able to grow until 14% (v/v) of ethanol, as previously highlighted by Tsegaye,
Tefera, Gizaw, & Abatenh (2018). A major part of the isolates was very sensitive to the presence of
SO, but some isolates of Starm. bacillaris, P. kluyveri, and Z. bailii showed a high resistance to this
antimicrobial compound until values as high as 150 mg/L. The selection of yeast species able to grow
in grape must with medium-high concentration of ethanol and SO,, considered as antimicrobial
compounds, is of interest.

Although, several molecular technologies can be used to select strains for wine production, the
use of classical methods results of fundamental importance, especially when some characteristics like
enzymatic activities are mostly strain-dependent (Sidari et al., 2021). Generally, the findings of the
present study are consistent with other studies conducted on wine yeast selection. The ability of wine
yeasts to produce extracellular enzymes like proteases and pectinases was investigated because these
enzymes are useful to prevent wine haze and facilitate wine clarification and filtration, allowing the
release of the colour and more flavour-related compounds contained in the grape skin, as well as the
liberation of phenolic compounds (Belda et al., 2016). As reported by other authors, pectinolytic activity
is rarely found in wine-related yeasts (Sidari et al., 2021): indeed, only about the 13% of our isolates
(i.e., Starm. bacillaris X1-5, X2-10, and Y1-1, M. fructicola Y1-5 and Y1-6, C. californica X1-12 and
H. uvarum Y?2-2) showed this ability. Proteolytic activity was mainly found among Metschnikowia spp.
isolates, as previously reported by other studies (Binati et al., 2019; Barbosa et al., 2018). Only 6% of
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the isolates (i.e., M. fructicola X2-11, D. carsonii X3-8 and Rhodotorula spp. X2-12 and X3-9) were
found to possess S-glucosidase activity, in contrast to the data reported by other screening works
(Ianieva & Podgorsky, 2021; Grazia et al., 2019; Belda et al., 2016; Comitini et al., 2011). Interestingly,
none of the isolates of Hanseniaspora spp. showed this activity, even if it is considered widespread
among strains belonging to this genus (Belda et al., 2016), demonstrating that this ability is mostly
strain-dependent. Finally, only one isolate (R. graminis) was found positive for extracellular esterases.
In literature it is possible to find some contradictory results, since lanieva & Podgorsky (2021) found
that a small portion of non-Saccharomyces yeasts possess this ability, whereas other authors (Comitini
et al., 2011; Escribano et al., 2017) found this enzymatic activity to be present also in a major part of
the wine strains of P. kluyveri and M. pulcherrima. Semi-quantitative tests on the H,S production were
in line with the findings of other authors for non-Saccharomyces yeasts (Englezos et al., 2015;
Mendoza, Vega-Lopez, Fernandez de Ullivarri, & Raya, 2019; Lin et al., 2020).

Recent studies highlighted various possibilities to exploit non-Saccharomyces yeasts as
biocontrol agents, such as addition of live cells or their metabolites to inhibit or reduce the development
of undesired microorganisms in vineyard and during vinification (Simonin, Alexandre, Nikolantonaki,
Coelho, & Tourdot-Maréchal, 2018; Nardi, 2020; Di Gianvito, Englezos, Rantsiou, & Cocolin, 2022).
With this purpose, yeasts were investigated for their ability to produce antimicrobial compounds (killer
activity) or fast colonize the space (biofilm formation).. Twenty-nine isolates obtaining to different
species and different clusters in the same species proved to be able to form biofilm, demonstrating that
this is a strain-specific character (Cordero-Bueso et al., 2017).

A further type of biofilm was also investigated: the ability to grow on wet and semi-solid agar
media, so-called mats formation. This ability was firstly observed in S. cerevisiae (Reynolds, 2018),
but other non-Saccharomyces yeasts can form these flower-like growth pattern, such as Pichia genus
(Perpetuini et al., 2018; Perpetuini, Rossetti, Battistelli, Arfelli, & Tofalo, 2021), Kluyveromyces
marxianus (Perpetuini, Tittarelli, Suzzi, & Tofalo, 2019), B. bruxellensis (Dimopoulou et al., 2019),
and H. uvarum (Coetzee, Malandra, Wolfaardt, & Vilijoen-Bloom, 2004). Our results confirmed that
this phenotype is common in natural yeast populations and is a strain-specific feature (different
morphologies for isolates found in different clusters of the same species) (Reynolds & Fink, 2001;
Perpetuini et al., 2018; 2019).

The killer activity of Metschinikowia spp. isolates was already described against several wine
spoilage microorganisms, including B. bruxellensis (Oro, Ciani, & Comitini, 2014). This activity was
associated to the production of pulcherrimin, a brown-red pigment that causes the sequestration of iron
ions by chelation (Sipiczki, 2020). In fact, the zone surrounding all the Metschnikowia isolates spots
was characterized by the presence of a maroon-red halo. The killer activity was previously described
for the Candida genus (Robledo-Leal et al., 2014), Starm. bacillaris (Kuchen et al., 2019; Morera, de
Ovalle, & Gonzélez-Pombo, 2022) as well as for H. uvarum and Z. bailii (Liu et al., 2015). For these
species, this ability was associated to the presence in the cytoplasm of virus-like particles ((ds)RNA)
(Schmitt & Neuhausen, 1994; Mehlomakulu, Setati & Divol, 2014; Crucitti et al., 2022).

Pure micro-fermentation trials highlighted the best oenological attitude of species, namely
Starm. bacillaris and Z. bailii, that showed the highest sugar consumption, the fructophilic character
and an optimal fermentation purity (Englezos et al., 2015; Cabral, Prista, Loureiro-Dias, & Leandro,
2015; Saayman & Viljoen-Bloom, 2006; Rantsiou et al., 2017a). The fructophilic character coupled
with a high glycerol production was also highlighted in C. apicola isolates as previously reported by
Gangl et al. (2018). Based on the results of molecular typing and physiological characterization, seven
isolates belonging to the main non-Saccharomyces species investigated for wine production were
chosen to conduct mixed fermentations with the commercial strain S. cerevisiae EC1118 in laboratory
scale, due to the inability of the first to complete the fermentation process. Two different types of yeast
inoculation protocols were tested, since the inoculation time is generally recognized a crucial factor,
able to impact the characteristics of the wine (Roulleir Gall, Bordet, David, Schmitt-Kopplin, &
Alexander, 2022).

The couple Z. baili X2-6 and S. cerevisiae EC1118 was not able to complete fermentation in
co- and sequential inoculation protocols, evidencing a negative interaction between the two strains as
previously described in synthetic must by Zhu, Navarro, Mas, Torija, & Beltran (2020). In line with
Capece et al. (2022), it has been observed that the presence of Z. bailii in mixed fermentations leads to
a fermentation rate lower than other non-Saccharomyces species, namely Starm. bacillaris and H.

12



uvarum. As reported in other studies (Comitini et al., 2011), non-Saccharomyces strains in pure
fermentations were not able to consume all the sugar available confirming their lower fermentation
capacity, compared to S. cerevisiae control. Starm. bacillaris, independently by the inoculation protocol
applied, reached a high cells density at day 2. The cells count was lower at the 14% day in case of co-
inoculum, compared to the respective sequential trials. This trend could be associated to the quicker
depletion of available nutrients from the medium by S. cerevisiae. P. kluyveri and C. apicola were not
detected at day 4, confirming their low fermentative power. On the contrary, in fermentations conducted
in musts rich of sugars, C. apicola was present during all the fermentation phases and suggested to be
an osmotolerant species (Tofalo et al., 2009). Varela, & Borneman (2017) noted the weak fermentative
aptitude of Pichia species due to the subtraction of oxygen and increased ethanol yet at the first steps.

Independently by the isolate used, Starm. bacillaris and S. cerevisiae mixed fermentations
showed a reduced acetic acid and ethanol production and an increased glycerol concentration with
respect to other mixed fermentations tested, particularly in case of sequential inoculum, as previously
reported by Rantsiou et al. (2012). This couple demonstrated the highest potentiality to reduce the
ethanol production, especially for Starm. bacillaris X2-10. This strain-specific ability was demonstrated
by Englezos et al. (2016) and it was the main selective factor (combined with killer activity) that led to
the selection of this strain for the winery scale fermentations. In addition, mixed fermentation with P.
kluyveri was further tested in winery scale conditions due to its confirmed ability to potentially increase
flavour-like compounds of wine, glycerol production, and capacity to rapidly colonize the grape must.
Both couples were inoculated with S. cerevisiae EC1118 using a co-inoculation approach.

In all fermentations, the inoculated starter cultures conducted the fermentation as revealed by
molecular fingerprinting analysis. To be noted a faster reduction of fructose in mixed fermentations
with Starm. bacillaris and S. cerevisiae was registered as previously demonstrated by Englezos et al.
(2015). The ethanol production in both mixed fermentations resulted similar and slightly (p>0.05) lower
than control one with S. cerevisiae EC1118. The fermentation Starm. bacillaris and S. cerevisiae
showed a slightly increased trend in the production of glycerol, presumably induced by the peculiar
metabolism of Starm. bacillaris. This feature was found to be a species-specific characteristic of this
yeast (Englezos, Giacosa, Rantsiou, Rolle, & Cocolin, 2017). The acetic acid content in winery
fermentations was equal to those reached by S. cerevisiae EC1118 in pure culture. These low values
reached in winery fermentations together with the low ethyl acetate values found in both mixed
fermentations compared to S. cerevisiae EC1118 in pure culture were considered of interest confirming
the optimal performance of these autochthonous yeasts.

Conclusion

In the present paper, an in-depth characterization of non-Saccharomyces yeasts found in partially
dehydrated Nebbiolo grapes destined as starter culture for ‘Sforzato di Valtellina’ wine production. The
findings reported in this study highlight the importance of the characterization of the autochthonous
yeasts able to modulate the chemical profile of wines, and in particular the promising role of non-
Saccharomyces yeasts, namely Starm. bacillaris and P. kluyveri, to tailor territorial wines composition,
like ‘Sforzato di Valtellina’. In the same context, the use of selected yeasts with biocontrol ability as
those characterized in this study, could help to enhance wine quality, and control the presence of
unwanted microorganisms. Therefore, the use of strains with the double role of starter and bioprotective
agent could help to respond to current challenges for the winemaking industry as the demand for
sustainable wines is in continuous increase. The results obtained will be useful in the development of
starter cultures for partially dehydrated wines with specific characteristics.

CRediT authorship contribution

Gabriele Serafino: Data curation, Formal analysis, Investigation, Methodology, Writing — original draft.
Paola Di Gianvito: Data curation, Formal analysis, Investigation, Methodology, Writing — original draft.
Simone Giacosa: Formal analysis, Methodology, Project administration, Resources, Writing — review
& editing. Domen Skrab: Investigation, Methodology, Writing — review & editing. Luca Cocolin:
Conceptualization, Resources, Writing — review & editing. Vasileios Englezos: Conceptualization,
Formal analysis, Investigation, Methodology, Writing — review & editing. Kalliopi Rantsiou:
Conceptualization, Resources, Supervision, Writing — review & editing.

13



Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

The study was partially funded by the PSR 2014-2020 Regione Lombardia (Italy), op. 1.2.01,
European Agricultural Fund for Rural Development, project no. 201901320242 "W2.0 — INCREASE
SFURSAT - Linee operative per la valorizzazione dello Sfursat di Valtellina DOCG attraverso sistemi
di informazione e dimostrazione".

References

Alessandria, V., Giacosa, S., Campolongo, S., Rolle, L., Rantsiou, K., & Cocolin, L. (2013). Yeast
population diversity on grapes during on-vine withering and their dynamics in natural and
inoculated fermentations in the production of icewines. Food Research International, 54(1), 139-
147. https://doi.org/10.1016/j.foodres.2013.06.018

Alonso-del-Real, J., Pérez-Torrado, R., Querol, A., & Barrio, E. (2019). Dominance of wine
Saccharomyces cerevisiae strains over S. kudriavzevii in industrial fermentation competitions is
related to an acceleration of nutrient uptake and utilization. Environmental microbiology, 21(5),
1627-1644. https://doi.org/10.1111/1462-2920.14536

Aponte, M., & Blaiotta, G. (2016). Selection of an autochthonous Saccharomyces cerevisiae strain for
the vinification of “Moscato di Saracena”, a southern Italy (Calabria Region) passito wine. Food
Microbiology, 54, 30-39. https://doi.org/10.1016/j.fm.2015.10.019

Azzolini, M., Tosi, E., Faccio, S., Lorenzini, M., Torriani, S., & Zapparoli, G. (2013). Selection of
Botrytis cinerea and Saccharomyces cerevisiae strains for the improvement and valorization of
Italian passito style wines. FEMS yeast research, 13(6), 540-552. https://doi.org/10.1111/1567-
1364.12054

Babicki, S., Arndt, D., Marcu, A., Liang, Y., Grant, J. R., Maciejewski, A., & Wishart, D. S. (2016).
Heatmapper: web-enabled heat mapping for all. Nucleic acids research, 44(W1), W147-W153.
https://doi.org/10.1093/nar/gkw419

Barata, A., Malfeito-Ferreira, M., & Loureiro, V. (2012). The microbial ecology of wine grape berries.
International Jjournal of food microbiology, 153(3), 243-259,
https://doi.org/10.1016/j.ijfoodmicro.2011.11.025

Barbosa, C., Lage, P., Esteves, M., Chambel, L., Mendes-Faia, A., & Mendes-Ferreira, A. (2018).
Molecular and phenotypic characterization of Metschnikowia pulcherrima strains from Douro
wine region. Fermentation, 4(1), 8. https://doi.org/10.3390/fermentation4010008

Belda, 1., Ruiz, J., Alastruey-lzquierdo, A., Navascués, E., Marquina, D., & Santos, A. (2016).
Unraveling the enzymatic basis of wine “flavorome”: a phylo-functional study of wine related
yeast species. Frontiers in Microbiology, 7, 12. https://doi.org/10.3389/fmicb.2016.00012

Benito, S. (2018). The impact of Torulaspora delbrueckii yeast in winemaking. Applied Microbiology
and Biotechnology, 102, 3081-3094. https://doi.org/10.1007/s00253-018-8849-0

Binati, R. L., Innocente, G., Gatto, V., Celebrin, A., Polo, M., Felis, G. E., & Torriani, S. (2019).
Exploring the diversity of a collection of native non-Saccharomyces yeasts to develop co-starter
cultures for winemaking,. Food Research International, 122, 432-442.
https://doi.org/10.1016/j.foodres.2019.04.043

Cabral, S., Prista, C., Loureiro-Dias, M. C., & Leandro, M. J. (2015). Occurrence of FFZ genes in yeasts
and correlation with fructophilic behaviour. Microbiology, 161(10), 2008-2018.
https://doi.org/10.1099/mic.0.000154

Capece, A., Pietrafesa, A., Pietrafesa, R., Garrigos, V., Tedesco, F., Romano, P., ... & Aranda, A.
(2022). Impact of Starmerella bacillaris and Zygosaccharomyces bailii on ethanol reduction and
Saccharomyces cerevisiae metabolism during mixed wine fermentations. Food Research
International, 111649. https://doi.org/10.1016/j.foodres.2022.111649

14



Claus, H., & Mojsov, K. (2018). Enzymes for wine fermentation: Current and perspective applications.
Fermentation, 4(3), 52. https://doi.org/10.3390/fermentation4030052

Coetzee, G., Malandra, L., Wolfaardt, G. M., & Viljoen-Bloom, M. (2004). Dynamics of a microbial
biofilm in a rotating biological contactor for the treatment of winery effluent. Water SA4, 30(3),
407-412. https://doi.org/10.4314/wsa.v30i3.5090

Comitini, F., Gobbi, M., Domizio, P., Romani, C., Lencioni. L., Mannazzu, 1., & Ciani, M. (2011).
Selected non-Saccharomyces wine yeasts in controlled multistarter fermentations with
Saccharomyces cerevisiae. Food Microbiology, 28(5):873-882.
https://doi.org/10.1016/j.fm.2010.12.001

Cordero-Bueso, G., Arroyo, T., Serrano, A., Tello, J., Aporta, 1., Vélez, M. D., et alValero, E. (2011).
Influence of the farming system and vine variety on yeast communities associated with grape
berries. International Journal of  Food Microbiology, 145, 132-139.
https://doi.org/10.1016/j.ijffoodmicro.2010.11.040

Cordero-Bueso, G., Mangieri, N., Maghradze, D., Foschino, R., Valdetara, F., Cantoral, J. M., &
Vigentini, I. (2017). Wild grape-associated yeasts as promising biocontrol agents against Vitis
vinifera fungal pathogens. Frontiers in Microbiology, 8, 2025.
https://doi.org/10.3389/fmicb.2017.02025

Crucitti, D., Chiapello, M., Oliva, D., Forgia, M., Turina, M., Carimi, F., ... Pacifico, D. (2022).
Identification and molecular characterization of novel mycoviruses in Saccharomyces and non-
Saccharomyces yeasts of oenological interest. Viruses, 14(1) https://doi.org/10.3390/v14010052

Di Gianvito, P., Englezos, V., Rantsiou, K., & Cocolin, L. (2022). Bioprotection strategies in
winemaking. International Journal of Food Microbiology, 109532.
https://doi.org/10.1016/j.ijfoodmicro.2022.109532

Dimopoulou, M., Renault, M., Dols-Lafargue, M., Albertin, W., Herry, J. M., Bellon-Fontaine, M. N.,
& Masneuf-Pomarede, 1. (2019). Microbiological, biochemical, physicochemical surface
properties and biofilm forming ability of Brettanomyces bruxellensis. Annals of Microbiology,
69(12), 1217-1225. https://doi.org/10.1007/s13213-019-01503-5

Englezos, V., Giacosa, S., Rantsiou, K., Rolle, L., & Cocolin, L. (2017). Starmerella bacillaris in
winemaking: opportunities and risks. Current Opinion in Food Science, 17, 30-35.
https://doi.org/10.1016/j.cofs.2017.08.007

Englezos, V., Mota-Gutierrez, J., Giacosa, S., Rio Segade, S., Pollon, M., Gambino, G., Rolle, L.,
Ferrocino, 1., &... Rantsiou, K. (2022). Effect of alternative fungicides and inoculation strategy on
yeast biodiversity and dynamics from the vineyard to the winery. Food Research International,
162, 111935. https://doi.org/10.1016/j.foodres.2022.111935

Englezos, V., Jolly, N., Di Gianvito P., Rantsiou, K., & Cocolin, L. (2022). Microbial interactions in
winemaking: Ecological aspects and effect on wine quality. Trends in Food Science & Technology,
126, 99-113. https://doi.org/10.1016/].tifs.2022.06.015

Englezos, V., Rantsiou, K., Cravero, F., Torchio, F., Ortiz-Julien, A., Gerbi, V., Rolle, L., ...& Cocolin,
L. (2016). Starmerella bacillaris and Saccharomyces cerevisiae mixed fermentations to reduce
ethanol content in wine. Applied Microbiology and Biotechnology, 100(12), 5515-5526.
https://doi.org/10.1007/s00253-016-7413-z

Englezos, V., Rantsiou, K., Cravero, F., Torchio, F., Pollon, M., Fracassetti, D., Ortiz-Julien, A., Gerbi,
V., Rolle, L., &... Cocolin, L. (2018). Volatile profile of white wines fermented with sequential
inoculation of Starmerella bacillaris and Saccharomyces cerevisiae. Food Chemistry, 257:350-
360. https://doi.org/10.1016/j.foodchem.2018.03.018

Englezos, V., Rantsiou, K., Giacosa, S., Segade, S. R., Rolle, L., & Cocolin, L. (2019). Cell-to-cell
contact mechanism modulates Starmerella bacillaris death in mixed culture fermentations with
Saccharomyces cerevisiae. International journal of food microbiology, 289, 106-114.
https://doi.org/10.1016/j.ijfoodmicro.2018.09.009

Englezos, V., Rantsiou, K., Torchio, F., Rolle, L., Gerbi, V., & Cocolin, L. (2015). Exploitation of the
non-Saccharomyces yeast Starmerella bacillaris (synonym Candida zemplinina) in wine
fermentation: physiological and molecular characterizations. International Journal of Food
Microbiology, 199, 33-40. https://doi.org/10.1016/j.ijffoodmicro.2015.01.009

15



Escribano, R., Gonzalez-Arenzana, L., Garijo, P., Berlanas, C., Lopez-Alfaro, 1., Lopez, R., ... &
Santamaria, P. (2017). Screening of enzymatic activities within different enological non-
Saccharomyces yeasts. Journal of food science and technology, 54(6), 1555-1564.
https://doi.org/10.1007/s13197-017-2587-7

Esteve-Zarzoso, B., Belloch, C., Uruburu, F., & Querol, A. (1999). Identification of yeasts by RFLP
analysis of the 5.8S rRNA gene and the two ribosomal internal transcribed spacers. International
Jjournal of systematic bacteriology, 49(1), 329-337. https://doi.org/10.1099/00207713-49-1-329

Gangl, H., Lopandic, K., Tscheik, G., Mandl, S., Leitner, G., Wechselberger, K., ... & Tiefenbrunner,
W. (2018). Fermentation characteristics of mead and wine generated by yeasts isolated from
beehives of two Austrian regions. bioRxiv, 300780. https://doi.org/10.1101/300780

Grazia, A., Pietrafesa, A., Capece, A., Pietrafesa, R., Siesto, G., & Romano, P. (2019). Exploitation of
technological variability among wild non-Saccharomyces yeasts to select mixed starters for the
production of low alcohol wines. BIO Web of Conferences 15:02031.
https://doi.org/10.1051/bioconf/20191502031

lanieva, O., & Podgorsky, V. (2021). Enological potential of non-Saccharomyces yeast strains of
enological and brewery origin from Ukrainian Collection of Microorganisms. Mycology, 12(3),
203-215. https://doi.org/10.1080/21501203.2020.1837272

Jiang, J., Zhang, W., Feng, L., Ye, D., & Liu, Y. (2020). Potential application of indigenous Pichia
kluyveri for enhanced wine aroma quality. In: XIIIth International Terroir Congress, Adelaide,
Australia (Virtual), 17-18 November 2020. https://ives-openscience.eu/6921/

Kassambara A, Mundt F (2020). factoextra: Extract and Visualize the Results of Multivariate Data
Analyses_. R package version 1.0.7, <https://CRAN.R-project.org/package=factoextra>.

Kelly, J. M., Inglis, D. L., & Pickering, G. J. (2020). Sensorial and Volatile Analysis of Wines Made
from Partially Dehydrated Grapes: An Ontario Case Study. Journal of Food Quality, 2020,
8861185. https://doi.org/10.1155/2020/8861185

Kuanyshev, N., Adamo, G. M., Porro, D., & Branduardi, P. (2017). The spoilage yeast
Zygosaccharomyces bailii: Foe or friend?. Yeast, 34(9), 359-370.
https://doi.org/10.1002/yea.3238

Kuchen, B., Maturano, Y. P., Mestre, M. V., Combina, M., Toro, M. E., & Vazquez, F. (2019). Selection
of native non-Saccharomyces yeasts with biocontrol activity against spoilage yeasts in order to
produce healthy regional wines. Fermentation, 5(3), 60.
https://doi.org/10.3390/fermentation5030060

Kurtzman, C. P., & Robnett, C. (1997). Identification of clinically important ascomycetous yeasts based
on nucleotide divergence in the 5'end of the large-subunit (26S) ribosomal DNA gene. Journal of
Clinical Microbiology, 35(5), 1216-1223. https://doi.org/10.1128/jcm.35.5.1216-1223.1997

Lederer, M. A., Nielsen, D. S., Toldam-Andersen, T. B., Herrmann, J. V., & Arneborg, N. (2013). Yeast
species associated with different wine grape varieties in Denmark. Acta Agriculturae
Scandinavica, Section B-Soil & Plant Science, 63(1), 89-96.
https://doi.org/10.1080/09064710.2012.723738

Legras, J. -L. & Karst, F. (2003). Optimisation of interdelta analysis for Saccharomyces cerevisiae
strain characterisation. FEMS Microbiology Letters, 221, 249-255.
https://doi.org/10.1016/50378-1097(03)00205-2

Lin, M. M. H., Boss, P. K., Walker, M. E., Sumby, K. M., Grbin, P. R., & Jiranek, V. (2020). Evaluation
of indigenous non-Saccharomyces yeasts isolated from a South Australian vineyard for their
potential as wine starter cultures. International journal of food microbiology, 312, 108373.
https://doi.org/10.1016/j.ijfoodmicro.2019.108373

Liu,G.L.,Chi, Z., Wang, G. Y., Wang, Z. P., Li, Y., & Chi, Z. M. (2015). Yeast killer toxins, molecular
mechanisms of their action and their applications. Critical reviews in biotechnology, 35(2), 222-
234. https://doi.org/10.3109/07388551.2013.833582

Lopes, C. A., & Sangorrin, M. P. (2010). Optimization of killer assays for yeast selection protocols.
Revista Argentina de Microbiologia, 42(4), 298-306.
http://www.redalyc.org/articulo.oa?id=213016779011

16



Mehlomakulu, N. N., Setati, M. E., & Divol, B. (2014). Characterization of novel killer toxins secreted
by wine-related non-Saccharomyces yeasts and their action on Brettanomyces spp. International
Jjournal of food microbiology, 188, 83-91. https://doi.org/10.1016/j.ijfoodmicro.2014.07.015

Mendoza, L. M., Vega-Lopez, G. A., Fernandez de Ullivarri, M., & Raya, R. R. (2019). Population and
oenological characteristics of non-Saccharomyces yeasts associated with grapes of Northwestern
Argentina. Archives of microbiology, 201(2), 235-244. https://doi.org/10.1007/s00203-018-1601-
4

Mills, D. A., Johannsen, E. A., & Cocolin, L. (2002). Yeast diversity and persistence in botrytis-affected
wine fermentations. Applied and Environmental Microbiology, 68(10), 4884-4893.
https://doi.org/10.1128/AEM.68.10.4884-4893.2002

Morata, A., Bafiuelos, M. A., Loira, L., Raso, J., Alvarez, L., Garciadeblas, B., ... & Suarez Lepe, J. A.
(2020). Grape must processed by pulsed electric fields: effect on the inoculation and development
of non-Saccharomyces yeasts. Food and Bioprocess Technology, 13(6), 1087-1094.
https://doi.org/10.1007/s11947-020-02458-1

Morera, G., de Ovalle, S., & Gonzalez-Pombo, P. (2022). Prospection of indigenous yeasts from
Uruguayan Tannat vineyards for oenological applications. International Microbiology, 1-12.
https://doi.org/10.1007/s10123-022-00257-6

Nardi, T. (2020). Microbial resources as a tool for enhancing sustainability in winemaking.
Microorganisms, 8(4). https://doi.org/10.3390/microorganisms8040507

OIV (2020). Compendium of International Methods of Wine and Must Analysis, International
Organization of Vine and Wine, Paris, France. https://www.oiv.int/standards/compendium-of-
international-methods-of-wine-and-must-analysis . Last accessed 2023-01-02.

Oro, L., Ciani, M., & Comitini, F. (2014). Antimicrobial activity of M etschnikowia pulcherrima on
wine yeasts. Journal of applied microbiology, 116(5), 1209-1217.
https://doi.org/10.1111/jam.12446

Pallmann, C. L., Brown, J. A., Olineka, T. L., Cocolin, L., Mills, D. A., & Bisson, L. F. (2001). Use of
WL medium to profile native flora fermentations. American Journal of Enology and Viticulture,
52(3), 198-203. http://dx.doi.org/10.5344/ajev.2001.52.3.198

Parapouli, M., Sfakianaki, A., Monokrousos, N., Perisynakis, A., & Hatziloukas, E. (2019).
Comparative transcriptional analysis of flavour-biosynthetic genes of a native Saccharomyces
cerevisiae strain fermenting in its natural must environment, vs. a commercial strain and
correlation of the genes’ activities with the produced flavour compounds. Journal of Biological
Research-Thessaloniki, 26(1), 1-14. https://doi.org/10.1186/s40709-019-0096-8

Perpetuini, G., Rossetti, A. P., Battistelli, N., Arfelli, G., & Tofalo, R. (2021). Aadhesion properties,
biofilm forming potential, and susceptibility to disinfectants of contaminant wine yeasts.
Microorganisms, 9(3), 654. https://doi.org/10.3390/microorganisms9030654

Perpetuini, G., Tittarelli, F., Schirone, M., Di Gianvito, P., Corsetti, A., Arfelli, G., ... Tofalo, R. (2018).
Adhesion properties and surface hydrophobicity of Pichia manshurica strains isolated from
organic wines. LWT, 87, 385-392. https://doi.org/10.1016/j.lwt.2017.09.011

Perpetuini, G., Tittarelli, F., Suzzi, G., & Tofalo, R. (2019). Cell wall surface properties of
Kluyveromyces marxianus strains from dairy-products. Frontiers in microbiology, 10, 79.
https://doi.org/10.3389/fmicb.2019.00079

Perrusquia-Luévano, S., Cano-Herrera, M. S., Guigon-Lopez, C., Avitia-Talamantes, M. D. C., Torres-
Torres, C., & Villalpando, 1. (2019). Microbiology of high-sugar must fermentation by novel yeasts
from the chihuahuan desert. FEMS  yeast research, 19(1), foy099.
https://doi.org/10.1093/femsyr/foy099

Pomarici, E., & Vecchio, R. (2019). Will sustainability shape the future wine market?. Wine Economics
and Policy, 8(1), 1-4. https://doi.org/10.1016/j.wep.2019.05.001

Rantsiou, K., Dolci, P., Giacosa, S., Torchio, F., Tofalo, R., Torriani, S., ... Cocolin, L. (2012). Candida
zemplinina can reduce acetic acid produced by Saccharomyces cerevisiae in sweet wine
fermentations.  Applied  and  environmental — microbiology, 78(6), 1987-1994.
https://doi.org/10.1128/AEM.06768-11

17



Rantsiou, K., Englezos, V., Torchio, F., Risse, P. A., Cravero, F., Gerbi, V., ... Cocolin, L. (2017a).
Modeling of the fermentation behavior of Starmerella bacillaris. American Journal of Enology
and Viticulture, 68(3), 378-385. https://doi.org/10.5344/ajev.2017.16108

Reynolds, T., & Fink, G. R. (2001). Bakers' yeast, a model for fungal biofilm formation. Science, 291,
878-881. https://doi.org/10.1126/science.291.5505.878

Robledo-Leal, E., Elizondo-Zertuche, M., Villarreal-Trevifio, L., Trevifio-Rangel, R. J.de J, Garcia-
Maldonado, N., Adame-Rodriguez, J. M., & Gonzalez, G. M. (2014). Killer behavior within the
Candida parapsilosis complex. Folia Microbiologica, 59, 503-506.
https://doi.org/10.1007/s12223-014-0327-1

Rolle, L., Englezos, V., Torchio, F., Cravero, F., Rio Segade, S., Rantsiou, K., ... & Cocolin, L. (2018).
Alcohol reduction in red wines by technological and microbiological approaches: a comparative
study.  Australian  Journal of Grape and  Wine  Research, 24.  62-74.
https://doi.org/10.1111/ajgw.12301

Roudil, L., Russo, P., Berbegal, C., Albertin, W., Spano, G., & Capozzi, V. (2020). Non-Saccharomyces
commercial starter cultures: Scientific trends, recent patents and innovation in the wine sector.
Recent patents on food, nutrition & agriculture, 11(1), 27-39.
https://doi.org/10.2174/2212798410666190131103713

Roullier-Gall, C., Bordet, F., David, V., Schmitt-Kopplin, P., & Alexandre, H. (2022). Yeast interaction
on Chardonnay wine composition: Impact of strain and inoculation time. Food Chemistry, 374,
131732. https://doi.org/10.1016/j.foodchem.2021.131732

Saayman, M., & Viljoen-Bloom, M. (2006). The biochemistry of malic acid metabolism by wine
yeasts—a review. South African Journal of Enology and Viticulture, 27, 113-122.
https://doi.org/10.21548/27-2-1612

Salvetti, E., Campanaro, S., Campedelli, 1., Fracchetti, F., Gobbi, A., Tornielli, G. B, ... & Felis, G. E.
(2016). Whole-metagenome-sequencing-based community profiles of Vitis vinifera L. cv. Corvina
berries withered in two post-harvest conditions. Frontiers in microbiology, 7, 937.
https://doi.org/10.3389/fmicb.2016.00937

Sanmartin, C., Modesti, M., Venturi, F., Brizzolara, S., Mencarelli, F., & Bellincontro, A. (2021).
Postharvest Water Loss of Wine Grape: When, What and Why. Metabolites, 11(5), 318.
https://doi.org/10.3390/metabo11050318

Schmitt, M. J., & Neuhausen, F., (1994). Killer toxin-secreting double-stranded RNA mycoviruses in
the yeasts Hanseniaspora uvarum and Zygosaccharomyces bailii. Journal of Virology, 68, 1765-
1772. https://doi.org/10.1128/jvi.68.3.1765-1772.1994

Sidari, R., Zenisova, K., Tobolkova, B., Belajova, E., Cabicarova, T., Buckova, M., ... & Pangallo, D.
(2021). Wine yeasts selection: Laboratory characterization and protocol review. Microorganisms,
9(11), 2223. https://doi.org/10.3390/microorganisms9112223

Simonin, S., Alexandre, H., Nikolantonaki, M., Coelho, C., & Tourdot-Maréchal, R. (2018). Inoculation
of Torulaspora delbrueckii as a bio-protection agent in winemaking. Food Research International,
107,451-461. https://doi.org/10.1016/j.foodres.2018.02.034

Sipiczki, M. (2020). Metschnikowia pulcherrima and related pulcherrimin-producing yeasts: Fuzzy
species boundaries and complex antimicrobial antagonism. Microorganisms, 8(7), 1029.
https://doi.org/10.3390/microorganisms8071029

Tofalo, R., Chaves-Lopez, C., Di Fabio, F., Schirone, M., Felis, G. E., Torriani, S., ... & Suzzi, G.
(2009). Molecular identification and osmotolerant profile of wine yeasts that ferment a high sugar
grape must. [International  journal of food microbiology, 130(3), 179-187.
https://doi.org/10.1016/j.ijfoodmicro.2009.01.024

Tronchoni, J., Curiel, J. A., Morales, P., Torres-Pérez, R., & Gonzalez, R. (2017). Early transcriptional
response to biotic stress in mixed starter fermentations involving Saccharomyces cerevisiae and
Torulaspora  delbrueckii. International Journal of Food Microbiology, 241, 60-68.
https://doi.org/10.1016/].ijfoodmicro.2016.10.017

Tsegaye, Z., Tefera, G., Gizaw, B., & Abatenh, E. (2018). Characterization of yeast species isolated
from local fruits used for bakery industrial application. Journal of Applied Microbiological
Research, 1, 21-26.

18



Varela, C., & Borneman, A. R. (2017). Yeasts found in vineyards and wineries. Yeast, 34(3), 111-128.
https://doi.org/10.1002/yea.3219

Wang, J., Ding, H., Zheng, F., Li, Y., Liu, C., Niu, C., & Li, Q. (2019). Physiological Changes of Beer
Brewer's Yeast During Serial Beer Fermentation. Journal of the American Society of Brewing
Chemists, 77:1, 10-2. https://doi.org/10.1080/03610470.2018.1546030

Zara, S., Bakalinsky, A. T., Zara, G., Pirino, G., Demontis, M. A., & Budroni, M. (2005). FLO11-based
model for air-liquid interfacial biofilm formation by Saccharomyces cerevisiae. Applied and
environmental —microbiology, 71(6), 2934-2939. https://doi.org/10.1128/AEM.71.6.2934-
2939.2005

Zenoni, S., Fasoli, M., Guzzo, F., Dal Santo, S., Amato, A., Anesi, A., ... & Tornielli, G. B. (2016).
Disclosing the molecular basis of the postharvest life of berry in different grapevine genotypes.
Plant Physiology, 172(3), 1821-1843. https://doi.org/10.1104/pp.16.00865

Zhu, X., Navarro, Y., Mas, A., Torija, M. J., & Beltran, G. (2020). A rapid method for selecting non-
Saccharomyces strains with a low ethanol yield. Microorganisms, 8(5), 658.
https://doi.org/10.3390/microorganisms8050658

Zuehlke, J. M., Petrova, B., & Edwards, C. G. (2013). Advances in the control of wine spoilage by
Zygosaccharomyces and Dekkera/Brettanomyces. Annual Review of Food Science and
Technology, 4, 57-78. https://doi.org/10.1146/annurev-food-030212-182533

19



Table 1
Distribution of indigenous yeast species in Nebbiolo partially dehydrated grapes (2020 vintage).

Species No. of isolates Proportion (%)
Metschnikowia fructicola 9 14.5
Metschnikowia pulcherrima 4 6.5
Starmerella bacillaris 8 12.9
Hanseniaspora uvarum 17 274
Candida californica 5 8.1
Candida apicola 4 6.5
Zygosaccharomyces bailii 5 8.1
Rhodotorula nothofagi 1 1.6
Rhodotorula graminis 1 1.6
Pichia kluyveri 5 8.1
Debaryomyces carsonii 1 1.6
Zygoascus meyerae 1 1.6
Zygoascus hellenicus 1 1.6




Table 2

Chemical profile of wines obtained from laboratory-scale fermentations

Y1-2 and EC1118
()

Yeast strain Glucose Fructose Residual sugars Acetic acid Glycerol Ethanol Fermentation Yely Yeth
(g'D) (g/L) (g’'h) (g/L) (g’L) (%o viv) purity

S. cerevisiae | 0.23 A 0.66 A 0.89 A 031B 11.93C 16.7E 0.013 AB 0.037 A 0.061 C

EC1118

Starm.  bacillaris | 106.21 C 0.76 A 106.97 B 0.54D 17.33 DE 9.80 D 0.045E 0.093 EF 0.058 B

X2-10

Starm.  bacillaris | 108.28 C 0.52 A 108.80 B 0.51D 16.44 D 9.88D 0.042 DE 0.088 DE 0.059 BC

Y1-2

Starm.  bacillaris | 113.87 CD 0.48 A 114.35 BC 042C 16.71 D 9.40 CD 0.035 CDE 0.093 EF 0.058 BC

Y2-9

Z. bailii X2-6 12493 C 0.49 A 12542 C 031B 9.12B 8.62C 0.025 BC 0.049B 0.057B

C. apicola Y2-13 | 91.20B 23.00B 114.20 BC 0.38 BC 18.34E 9.33CD 0.031 CD 0.104 F 0.058 B

M. pulcherrima | 81.07 B 113.64 C 19471 D 0.12A 8.08 B 436 B 0.005 A 0.079D 0.053 A

Y2-7

P. kluyveri X3-5 106.94 C 130.77D 23771 E 0.47 CD 42A 226 A 0.172 F 0.066 C 0.059 BC

Slgn ookok sk sk ok ok sk ok sk ookk sk sk ok ok ookok

Starm.  bacillaris | 0.80 A 0.88 A 1.68 A 0.30 A 11.97 16.50 0.014 A 0.038 0.061

X2-10 and EC1118

©

Starm.  bacillaris | 0.45 A 0.20 A 0.65 A 0.30 A 12.03 16.60 0.013 A 0.037 0.061

Y1-2 and ECI118

©

Starm.  bacillaris | 0.35 A 0.16 A 0.51 A 0.30 A 12.13 16.70 0.013 A 0.037 0.061

Y2-9 and ECI118

©

Z. bailii X2-6 and | 1.39 A 0.83 A 222 A 0.34 AB 11.87 16.58 0.015 A 0.037 0.061

EC1118 (C)

C. apicola Y2-13 | 0.20 A 1.17A 1.23 A 0.35 AB 12.22 16.58 0.015 A 0.038 0.061

and EC1118 (C)

M. pulcherrima | 0.20 A 0.66 A 0.90 A 0.58 C 11.75 16.62 0.029 A 0.036 0.061

Y2-7 and EC1118

©

P. kluyveri X3-5|0.45A 0.63 A 1.08 A 0.59C 12.28 16.58 0.030 A 0.038 0.061

and EC1118 (C)

Starm.  bacillaris | 0.56 A 030 A 0.86 A 0.37 AB 16.94 C 16.29 CD 0.017 A 0.055C 0.059 A

X2-10 and EC1118

6]

Starm.  bacillaris | 0.74 A 0.28 A 1.02 A 035 A 18.23D 16.31 CD 0.015 A 0.060 D 0.059 A
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Starm.  bacillaris | 0.69 A 0.14 A 0.83 A 0.34 A 17.23 CD 16.27 CD 0.015 A 0.056 C 0.059 A
Y2-9 and ECI1118
®)

Z.  bailii 11.26 B 033 A 11.59B 041 B 12.87 B 15.87 BC 0.020 BC 0.042 B 0.060 A
X2-6 and
EC1118
S

C. apicola Y2-130.33 A 0.17 A 0.50 A 041 B 13.53B 1422 A 0.022 C 0.043 B 0.051 A
and EC1118 (S)
M. pulcherrima | 0.89 A 0.69B 1.58 A 0.50C 11.38 A 15.64 B 0.026 D 0.035 A 0.057 B
Y2-7 and EC1118
()]

P. kluyveri X3-5(0.70 A 021 B 091 A 047C 11.05 A 16.53 D 0.023 CD 0.034 A 0.060 A
and EC1118 (S)

Sign. wkok kol Kook ko Hok e sk ook ok

Initial sugar composition: 274.27 g/L (glucose: 130.41 g/L and fructose: 143.86 g/L). The values are expressed as means. Different Upper Latin letters within the same column
indicate significant differences (Sign.) between using the same inoculation protocol (Tukey-HSD test, p < 0.05). Sign: *** and NS indicate significance at p < 0.001 and no
significant differences, respectively. Ygly (glycerol yield): glycerol/sugar consumption; Yeth (ethanol yield): ethanol/sugar consumption; Fermentation purity: acetic
acid/ethanol.

22



Table 3

Chemical profile of wines obtained in winery.

Starmerella bacillaris X2- | Pichia  kluyveri  X3-5/
Compound f:::ﬁ;;‘;mé) éels118 10/ Saccharomyces | Saccharomyces cerevisiae | Sign

cerevisiae EC1118 EC1118
Residual sugars (g/L) <2.0 <20 <20 -
Acetic acid (g/L) 0.27 £ 0.02 0.27+0.01 0.27 £0.02 NS
Glycerol (g/L) 11.17 £ 0.30 11.63+0.18 11.11+0.30 NS
Ethanol (% v/v) 14.40 £0.07 14.06 +0.21 14.10 +£0.13 NS
Fermentation purity 0.018 £0.002 0.019 +0.001 0.019+0.001 NS
Ygly - Glycerol Yield 0.043 +£0.001A 0.045 £ 0.003B 0.043 £ 0.001A ok
Yeth - Ethanol Yield 0.056 + 0.002 0.054+0.01 0.054 +0.001 NS
pH 3.51+£0.01A 3.54+£0.02B 3.51+0.01A *
Titratable acidity (g/L) 9.00 +0.07C 8.34 £ 0.14A 8.70 £ 0.09B HA*

Initial sugar composition: 256 g/L (glucose: 125 g/L and fructose: 131 g/L). All data are expressed as an average
value of three independent experiments + standard deviation. Different Latin letters within the same row indicate
significant differences among the applied inoculation protocols, according to the Tukey-HSD test (p < 0.05). nd:
not determinable. Sign: *, *** and NS indicate significance at p <0.05, p<0.001 and not significant, respectively.
Ygly (glycerol yield): glycerol/sugar consumption; Yeth (ethanol yield): ethanol/sugar consumption;
Fermentation purity: acetic acid/ethanol.
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Figure captions

Fig. 1. Heatmap of the physiological and technological results of yeast isolates. Each column of the
heatmap represents each parameter taken in consideration in this study. For each parameter, data were
normalized, and hierarchical clustering was done based on Euclidean distance. The color scheme from
blue to red represents the normalized value from low to high, respectively.

Fig. 2. Population dynamics of laboratory-scale fermentations. Pure, co-inoculation and sequential
inoculation of selected non-Saccharomyces (white circle) and commercial Saccharomyces cerevisiae
EC1118 (black circle). Error bars at each point represent standard deviations.

Fig. 3. Population dynamics of laboratory scale fermentations. Pure, co-inoculation and sequential of
selected non-Saccharomyces (white circle) and commercial Saccharomyces cerevisiae EC1118 (black
circle). Error bars at each point represent standard deviations.

Fig. 4. Population dynamics during pure and co-inoculation of selected non-Saccharomyces (white
circle) and commercial Saccharomyces cerevisiae EC1118 (black circle); autochthonous non-
Saccharomyces (white rhombus)- and metabolites —glucose (black square), fructose (white square),
glycerol (black triangle), ethanol (white triangle)- dynamics of winery fermentations. Error bars at each
point represent standard deviations.

Fig. 5. Principal Component Analysis of volatile compounds data of winery fermentations: loadings
plot of each variable (a) and individuals plot (b).
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Highlights

Sixty-two non-Saccharomyces yeasts were isolated from partially dehydrated grapes
Great inter and intra-species variability was observed among isolates

The potential use of Starm. bacillaris and P. kluyveri as starters was investigated
Strains contribution on chemical and aroma profile of Sforzato wine was confirmed
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