
Environmental characteristics and weather impact yeast populations and 
their dynamics in spontaneous fermentations

Beatrice Valentini , Noemi Gatti , Simone Bossi , Gianpiero Vigani , Irene Stefanini *

Department of Life Sciences and Systems Biology, University of Turin, Turin, Italy

A R T I C L E  I N F O

Keywords:
Mycobiota
Grapes
Fermentation
Environmental matrix
Management
Terroir

A B S T R A C T

Winemaking is influenced by many factors, from the vineyard to the fermentation process. While traditional 
approaches have focused on vineyard treatments and controlled fermentations to ensure a stable product, global 
warming has made it necessary to reassess the effects of these factors on winemaking. This study aimed to 
evaluate the impact of vintage, management, and environmental settings on the composition of yeast populations 
driving grape spontaneous fermentations and defining the characteristics of the final product. Our results 
emphasize how climate change and the vineyard’s yeast populations influence fermentation, showing that while 
the vintage plays a key role in grape composition, it s not the sole determinant of fermentation. The geographical 
location of the vineyard, alongside the management practices and vintage, shapes the composition and dynamics 
of yeast populations. Specific vineyard conditions sometimes lead to stable and unique yeast populations. 
Furthermore, the grape origin affects both the yeast population and the wine’s volatile compounds, with certain 
yeast species, like Saccharomyces cerevisiae, being linked to specific environmental features. While vintage and 
climate change impact a smaller portion of the yeast population, the environment remains a significant influence. 
As fermentation progresses, the yeast populations retain vineyard-specific characteristics, underlining the strong 
connection between yeast dynamics and environmental factors. Understanding these interactions is crucial for 
adapting to global warming and optimizing wine fermentation processes. It will help improve wine quality, 
innovation, and specific wine characteristics through better management of microbial communities in the grape- 
wine ecosystem.

1. Introduction

Wines produced from the same vine cultivars and grown under 
identical conditions can be distinguished by their unique attributes, 
including variations in chemical composition and sensory qualities 
(Stefanini and Cavalieri, 2018) that are linked to their regional origins. 
In the production of fermented goods, specific yeast strains are used to 
initiate, control, and stabilize fermentation, ensuring consistent flavor 
profiles and aromas over time. The sensory characteristics of both the 
fermented musts and the final wine are influenced not only by the grape 
variety but also by the geographical features of the vineyard, or “terroir” 
(Bokulich et al., 2014; Gilbert et al., 2014; Belda et al., 2017; Morri
son-Whittle et al., 2018). Although the term "terroir" originally referred 
to factors related to vineyard soil and landscape (Van Leeuwen and 
Seguin, 2006; Gladstones, 2011), recent studies underscore the role of 
microbial communities and biodiversity in defining wine attributes, 
revealing broader implications on agroecosystem and their ecology 

(Bokulich et al., 2014; Knight et.al., 2015; Griggs et al., 2021). The 
crucial role of yeasts in such complex interactions has been recognized 
for a long time, dating back to the seminal discovery of 
yeast-drosophilid-cacti associations, which demonstrated the ecological 
significance of these interactions within natural ecosystems (Starmer 
et al., 1976). Recently, the composition of insect-vectored yeast com
munities has been linked to the presence of forests (Valentini et al., 
2022), which are considered essential environmental sources and hab
itats for yeast species (Mozzachiodi et al., 2022; Rosa et al., 2023). These 
interactions highlight the importance of studying yeast ecology to better 
understand inter-kingdom interactions that influence and sustain natu
ral ecosystems. Research on unique agroecosystems, such as vineyards, 
has provided insight into the ecological factors and environmental 
variability affecting yeast diversity and behavior. Studies have shown 
that microbial composition in vineyards varies according to geograph
ical location and environmental features (Bokulich et al., 2014; Gilbert 
et al., 2014; Kioroglou et al., 2019), such as solar radiation, temperature, 
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precipitation, and soil properties, reflecting how ecological hallmarks 
shape microbial communities (Li et al., 2022; Chalvantzi et al., 2021). 
Furthermore, an interdisciplinary study examining invertebrate biodi
versity, environmental characteristics (including soil and land cover), 
and yeast species ecology reveals intricate relationships between envi
ronmental factors, arthropod vectors, and yeast species within vineyard 
ecosystems and the surrounding environment. This offers important 
insights into the broader ecological implications of 
yeast-arthropod-environment interactions (Valentini et al., 2024). The 
microbial communities found in vineyards, wineries, and fermenting 
grapes must have been widely studied using traditional microbiological 
techniques (Morgan et al., 2017). These culture-based methods involved 
isolating microorganisms on lab media, followed by their identification 
and analysis through biochemical tests, microscopy, and molecular 
biology techniques. However, such methods often struggled to detect 
low-abundance microorganisms or those that could not be cultured. 
Moreover, relying solely on biochemical and phenotypic traits for mi
crobial identification has proven insufficient, as evolutionary processes 
like parallelism and phenotypic reversals have made this approach less 
reliable (Kurtzman and Robnett, 1994; Guzmán et al., 2013). Recent 
metagenomic research has revealed a wide variety of microbial 

populations on grapes, showing that fungal communities tend to vary 
more with geography than bacterial ones (Miura et al., 2017). These 
studies indicate that grape-associated microbial communities mainly 
come from the surrounding environment of vineyard agroecosystems, 
such as nearby forests, grasslands, and areas affected by agricultural 
runoff, thus highlighting the importance of microbial dispersal mecha
nisms in shaping ecosystem dynamics (Morrison-Whittle et al., 2018). 
This perspective aligns with ecological concepts such as habitat frag
mentation, landscape diversity, and species movement, which influence 
microbial biodiversity in vineyards and grape fermentation. Focusing on 
these ecological factors - landscape and ecosystem factors, biotic-abiotic 
interactions, and climate and stressor adaptation - shifts the view of 
vineyard systems from purely production-focused to a more compre
hensive ecological framework. This approach supports strategies for 
sustainable viticulture that promote ecological resilience and conser
vation. In this study, to gather detailed information on the link between 
ecosystem factors and the fermentative potential of the yeast population 
naturally present in grapes, we performed spontaneous fermentations 
conducted over two consecutive vintages in pristine environments and 
compared the composition, dynamics, and output of the native myco
biota. The results highlight how climate change, vineyard location, and 

Fig. 1. Characteristics of samples. (A) Comparison of glucose content of grapes under fermentation over two following vintages; the Wilcoxon-Mann-Whitney p-value 
is reported. (B) yeast alpha observed diversity; horizontal lines with asterisks and letters on top of the boxplots show significant differences (Wilcoxon-Mann-Whitney 
p-value<0.5) according to the contrasts indicated in the left part of the plot. (C) Yeast beta diversity (Bray-Curtis) represented in PCoA coordinates. Areas highlighted 
and labeled with “K” indicate the clusters identified through k-means silhouette analysis. (D-E) Yeast species mostly associated with the vintage (D) or management 
(E) identified with Linear Discriminant Analysis Effect Size, LEfSe (Segata et al. 2011). (F) LEfSE analysis results on the yeast population present at the end of 
fermentation and associated with the source vineyard. In 2022, 22 samples were analyzed from the PB1 vineyard- organic, 22 from RB2- organic, 27 from TC49- 
conventional, 27 from BC55 - conventional; in 2023: 22 from PB1- organic, 22 from RB13- organic, 22 from RB2- organic, 22 from SC4- conventional, 22 from TC49- 
conventional, 22 from BC55- conventional).
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management practices shape yeast populations and fermentation dy
namics, showing that while vintage plays an important role, the envi
ronment significantly influences yeast composition and the wine’s 
characteristics.

2. Results and discussion

2.1. Sampling and experimental strategy

To investigate the dynamic changes in microbial populations driving 
fermentation, Nebbiolo grapes were harvested from various vineyards 
(Supplementary Fig. 1A) during the 2022 and 2023 vintages, pressed in 
an environment never used before for must fermentation, and the 
fermentation dynamics were chemically and microbiologically moni
tored. The progression of fermentation was assessed through glucose 
concentration (%), pH, acidity, and assimilable nitrogen measurement 
at each time point (Supplementary Table 1, Supplementary Fig. 1B-E). A 
significantly higher glucose content was observed in 2022 grapes 
compared to 2023 grapes (sampleID starting with 2022 or 2023; 
Wilcoxon-Mann-Whitney p.value=0.007, Fig. 1A) but no differences 
were observed according to the vineyard management (second letter of 
the sample ID: “C” for Conventional, “B” for Organic; Wilcoxon-Mann- 
Whitney p.value=0.421) or sampled vineyard (Wilcoxon-Mann-Whit
ney fdr>0.05, Supplementary Table 2). The comparison of organic and 
conventional grapes revealed significant differences between grapes pH, 
total acidity, and assimilable nitrogen (Supplementary Fig. 1C-E, 
Wilcoxon-Mann-Whitney fdr<0.05). The organic RB2 grapes were 
characterized by the lowest pH and highest assimilable nitrogen levels 
compared to the grapes originating from other organic and conventional 
vineyards (Supplementary Fig. 1C and E, Wilcoxon-Mann-Whitney 
fdr<0.05). Furthermore, significant differences in grape characteristics 
were observed when considering the assimilable nitrogen, resulting 
higher in 2023 than in 2022 in both organic (PB1 vineyard) and con
ventional (BC55 and TC49) samples (Supplementary Fig. 1E). The dif
ferences observed in glucose content, pH, and assimilable nitrogen may 
be attributed to the hotter and drier climate experienced in 2022, which 
likely contributed to the higher glucose content observed in the grapes 
of the corresponding vintage. In fact, it is worth considering that the two 
investigated vintages showed different weather conditions (Banca dati 
agrometeorologica, RAM, http://www.sistemapiemonte.it/fedwcodagt 
/indexPost.jsp, last access 25 April 2025), with the 2022 vintage being 
characterized by drier weather, with significantly shorter time of leaf 
wetting, less precipitation, lower humidity, and higher temperature 
(Wilcoxon-Mann-Whitney fdr<0.05, Supplementary Fig. 2). Conversely, 
when comparing the weather indexes measured in the same geograph
ical area over the two vingages, significant differences were confirmed 
only for the time of leaf wetting and humidity percentage (Supple
mentary Fig. 2). Furthermore, the dynamics of spontaneous fermenta
tions performed with the sampled grapes in pristine environments 
(rooms never used before for grape fermentation) showed some differ
ences according to the sampling vineyard, with the TC49 samples of 
both vintages and the 2023 BC55 grapes not completing the fermenta
tion (Supplementary Fig. 1B). These differences, not reflecting the 
observed impact of vintage nor the expected management impact, 
demanded a deeper investigation of the microbial populations involved 
in the fermentation.

2.2. Yeast distribution is subjected to source vineyards and vintages

To provide an ecologically focused perspective on the dynamics of 
microbial species during fermentation, we used metabarcoding to 
analyze the spontaneously fermented wine musts from diverse vineyards 
(Supplementary Table 1). The observed (Fig. 1B), Shannon, and Simp
son alpha diversities (Supplementary Fig. 3) of microbial communities 
revealed significant ecological variability across vineyards, emphasizing 
the critical role of environmental factors in shaping these ecosystems 

(Wilcoxon-Mann-Whitney test, fdr<0.05, Supplementary Table 2). 
Differently from what was observed with glucose content, the yeast 
alpha diversities did not show significant differences between vintages, 
unless comparing samples from two vineyards (RB2 and TC49, 
Wilcoxon-Mann-Whitney fdr= 0.017 and 0.0003, respectively, Fig. 2B). 
The yeast diversity in RB2 (organic) increased in 2023 compared to 
2022, whereas the diversity in the conventional TC49 vineyard 
decreased. Conventional management was associated with a higher 
level of yeast alpha diversity only in the 2022 vintage. The observation 
of significant differences in weather conditions among the investigated 
vintages (Supplementary Fig. 2) supports the observation of 2022 grapes 
showing alpha diversities higher in conventional ferments and lower in 
organic ferments compared to the following vintage, potentially indi
cating a more persistent effect of the treatments imposed with the 
conventional approach in the dried vintage (Fig. 1B, Supplementary 
Table 2, Supplementary Fig. 3). Conversely, the alpha diversities 
observed in different vineyards in the 2023 vintage evidenced signifi
cant variations, further supporting the relevance of different environ
mental settings in the definition of the grape mycobiota (Fig. 1B). The 
analysis of potential relationships between alpha diversities (observed, 
Shannon, and Simpson) and grape chemical features (pH, acidity, and 
assimilable nitrogen) showed significantly positive (rho= 0.423, 0.379, 
and 0.429; p.value= 4.93×10–05, 0.0003, and 3.78×10–05, respectively) 
and negative (rho= − 0.616, − 0.654, and − 0.655; p.value= 1.32×10–10, 
3.64×10–12, and 3.19×10–12, respectively) Spearman correlations with 
the grape pH and alpha-amino nitrogen, respectively.

The beta diversity of yeast communities revealed significant differ
ences among samples according to management, vintage, and vineyard 
(permANOVA p = 0.01, Supplementary Table 2). In addition, yeast beta 
diversity was significantly associated with alpha-amino nitrogen 
amount (permAnova R-squared=0.183, p-value=0.001, degrees of 
freedom (df)=1), glucose percentage (permAnova R-squared=0.054, p- 
value=0.007, df=1), pH (permAnova R-squared=0.113, p-val
ue=0.001, df=1), but not with acidity (permAnova R-squared=0.011, p- 
value=0.49, df=1). Furthermore, a clear clustering for BC55, including 
both years of sampling (PCoA on Bray-Curtis distances, Fig. 1C), 
confirmed that, despite the observed change in glucose content among 
vintages, the yeast population of these grapes did not change in diversity 
or composition. Other vineyards, such as PB1 and RB2, displayed more 
dispersed patterns (PB1 samples were associated with the clusters K1, 
K2, K3, and K4; RB2 samples to the clusters K1, K2, and K3), reflecting 
greater variability in species composition between fermentation timings 
and across the two years (Fig. 1C). Interestingly, vineyards like BC55, 
characterized by a high alpha diversity, showed low beta diversity (tight 
clustering) (Fig. 1B and C), underscoring a stable community with 
minimal variation between years but consistently different from other 
vineyards’ mycobiota. In contrast, vineyards such as PB1 and RB13, 
which showed lower alpha diversity, exhibited greater beta diversity 
(wider spread), suggesting that a tight, not species-specific selection, 
associated with both the vineyard and vintage features, and their 
interaction, strongly impacts the composition of microbial communities. 
We then conducted a Linear Discriminant Analysis Effect Size (LEfSe) 
analysis to identify differentially abundant species distinguishing vin
tages, vineyards, and management practices. Hanseniaspora thailandica 
was significantly enriched in 2023 (Fig. 1D), whereas species enriched in 
conventional vineyards included Botryosphaeria corticis, and Issatchenkia 
terricola, both associated with plant pathogens or decomposition 
(Urbez-Torres, 2011; Gao et al., 2020), but also with species relevant for 
fermentation (e.g. Saccharomyces cerevisiae) (Fig. 1E). Conversely, 
grapes from organic management showed enrichment of species asso
ciated with agricultural environments and fermentation processes mi
crobial communities (e.g., H. thailandica and Alternaria eichhorniae), 
resulting in a more selective but biotechnologically efficient impact 
(Fig. 1E). To note, while comparing all the yeast populations from 
different vineyards no species were found statistically enriched in any of 
the sampled areas, even if considering the vineyard as a further 
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stratification of data. The same lack of vineyard-specificities was 
observed when comparing only the early stages of fermentation, but 
when comparing the populations present at the end of the process, sig
nificant marker species were identified (Fig. 1F). Besides confirming 
some of the associations observed between yeast species and manage
ment (e.g. S. cerevisiae and B. corticis with the conventional BC55 and 
TC49 vineyards and H. thailandica with the organic RB2 vineyard), these 
results suggested the relevance of the origin of grapes in the selection of 
yeast species particularly settling during the fermentative process.

2.3. Dynamics of fungal populations during fermentation

Prompted by the observation of the link between the source of 
samples and the definition of the mycobiota composition during alco
holic fermentation, we explored the dynamics of the fungal populations 
during the fermentative process and their association with environ
mental features peculiar to the sampling areas. We started comparing 
species abundances associated with vintage or management at two key 
time points: the initial stage of fermentation (T0), to assess the potential 
contribution of the environmental conditions on the fermentation setup, 
and the final stage, to explore the predominant fermentative yeasts. 
Harvested grapes were already enriched in a few yeast species 
commonly found on the skin of ripe grapes and bearing an efficient sugar 
metabolism (Gonzalez and Morales, 2022): H. thailandica, S. cerevisiae, 
Metschnikowia spp, and Saccharomycetales spp., each representing >10 
% of the observed yeast population and equally distributed in all the 
samples (Fig. 2A and Supplementary Fig. 4A). At the beginning of 
fermentation, Candida xylopsoci and Lachancea thermotolerans were the 
only two species displaying vintage-specific variability, representing a 
limited portion of the fungal population in the 2022 samples and yet 
higher than in 2023 (Wilcoxon-Mann-Whitney test, fdr= 0.026, Fig. 2B). 
On the other hand, vineyard management seems to have relevance in the 
definition of the yeast population composition at the beginning of 
fermentation, with Penicillium spinulosum and Sporobolomyces spp being 

significantly more abundant in conventional than in organic samples 
(Wilcoxon-Mann-Whitney fdr=0.007 and 0.045, respectively, Fig. 2C). 
Even in this case, the identified species represented a limited portion of 
the mycobiota. A few species, H. thailandica and S. cerevisiae, repre
sented a large part of the yeast communities at the final stage of 
fermentation, with no significant differences associated with either 
vintage, management, or vineyard (Fig. 2D). In this instance, no dif
ferences were observed in the species relative abundances at the end of 
fermentation according to vintage (Supplementary Fig. 4B). Conversely, 
significant differences were observed for the species P. spinulosum and 
Pichiaceae spp., both significantly more abundant in conventional than 
in organic samples and yet composing a limited part of the population 
(Wilcoxon-Mann-Whitney fdr= 0.007 and 0.045, respectively; Fig. 2E). 
P. spinulosum, whose abundance was significantly higher in grapes from 
conventional vineyards, and commonly associated with extreme envi
ronments (e.g. acidic soil) (Hujslová et al., 2017), may be considered a 
marker of the impact of chemical and physical approaches adopted with 
this management. Overall, our findings highlight the complex interplay 
between environmental conditions, management strategies, and fungal 
community dynamics, offering valuable ecological insights into the 
factors shaping microbial succession during fermentation.

As observed in the initial analysis of the grape samples collected for 
this study, the glucose concentration is a factor significantly varying 
according to the vintage (Fig. 1A). This factor could impact the 
composition of the fungal population on grapes and during the 
fermentation process. We then assessed the relationship between 
glucose consumption and the yeast species abundance across both vin
tages, through a stepwise generalized linear model (GLM) (Fig. 3A) to 
normalize potential intra-vintage discrepancies and focus on the dy
namics of yeast species during fermentation. Species displaying negative 
correlations with glucose consumption, indicating their abundance 
reduction during fermentation, may be selected by environmental and 
microbial competition occurring during the process. A few species were 
selected in the model for both vintages, encompassing environmental (e. 

Fig. 2. Species association with fermentative progression. (A) Species enriched at T0 with a Relative abundance higher than 10 % of the total sequences detected in 
the samples. (B) Relative abundance of species enriched at T0 (4 samples in 2022, 6 in 2023) with significant differences observed across vintages. (C) Relative 
abundance of species enriched at T0 with significant differences observed across vineyard management practices (5 organic samples, 5 conventional). (D) Species 
enriched at the final time point of fermentation (4 samples in 2022, 6 in 2023), with a relative abundance higher than 10 % of the total sequences detected in the 
samples. (E) Relative abundance of species enriched at the final time point of fermentation, with significant differences across vintages (4 samples in 2022, 6 in 
2023). In panels B, C, and E, only species whose abundances are significantly different in samples grouped according to the vintage (B) or management practice (C 
and E) are shown.
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g. A. pullulans, B. corticis, H. thailandica) and fermentative species (e.g., 
S. cerevisiae, Metschnikowia sp.) (Fig. 3A). S. cerevisiae showed a strong 
positive association with glucose consumption, confirming the role of 
this microorganism in carrying out fermentation and outcompeting 
other yeasts during the process (Fig. 3A). To note, some species associ
ated with glucose consumption in the two studied vintages showed 
different trends: B. corticis, positively associated with glucose con
sumption over the 2023 vintage and negatively in the 2022 vintage, and 
vice-versa, Candida tropicalis, Dothideomycetes sp., and Epicoccum nigrum 
(Fig. 3A). Overall, the findings highlight the dynamic role of fungal 
communities in shaping fermentation processes, potentially reflecting 
the impact of environmental factors, including vintage-specific condi
tions, that influenced the initial fungal community composition and, as a 
consequence, could impact the fermentation dynamics through 
competition.

To explore the potential impact of geographical characteristics on 
the fermentative process, we investigate the progression of the yeast 
species in samples from different vineyards by evaluating correlations 
between the relative abundance and the fermentation timings (Supple
mentary Fig. 5), also focusing on the species found to be relevant for 
glucose consumption (Fig. 3B). Some of the species relevant for glucose 
consumption showed a concordant association with fermentative 
timing, such as A. pullulans (Spearman rho= PB1 − 0.891, RB2 − 0.964, 
SC4 − 0.903; FDR= PB1 0.0005, RB2 7.3e-06, SC4 0.0003) and E. nigrum 
(Spearman rho= PB1 − 0.794, RB2 − 0.632; FDR= PB1 0.006, RB2 
0.0498), whose relative abundances were negatively associated with 
glucose consumption and negatively correlated with most 2023 fer
mentations (Fig. 3B). Conversely, some species found to be relevant to 

glucose consumption did not show significant correlations with 
fermentation progression, such as L. thermotolerans, found to be related 
to glucose consumption in the 2023 fermentation (Fig. 3A) which 
showed significant associations only in the 2022 vintage, where it 
exhibited a positive correlation with the organic vineyard PB1 
(Spearman rho=0.575, FDR=0.005, Fig. 3B) and a negative correlation 
with the conventional vineyard TC49 (Spearman rho=− 0.477, 
FDR=0.012, Fig. 3B). S. cerevisiae, found to be among the most abundant 
yeast species (Fig. 2A and C) and associated positively with glucose 
consumption (Fig. 3A), was found to be significantly associated only 
with 2023 fermentation time progression (Fig. 3B). These results high
light the dynamic ecology of vineyard yeast communities and the po
tential impact of either the vintage, management, or geographic position 
on the yeast population initially present on grapes. The progression of 
the yeast population composition during the fermentative process, in 
addition to being influenced by the chemico-physical characteristics of 
the must (potentially selecting or promoting some yeast species), could 
also be impacted by natural competition/symbiosis among yeast species. 
To evaluate this aspect, we explored the existence of correlations among 
the relative abundance of yeasts, focusing on the species found to be 
correlated with glucose consumption, in ferments of different vintages 
and vineyards: negative significant correlations could suggest either 
incompatibility of the yeasts on similar environments (e.g. ethanol 
tolerance) or competition (Fig. 3C). Besides several yeast species 
showing positive correlations with each other (Supplementary Fig. 6), 
only a few yeast species were found to be anti-correlated with each 
other. It is worth noting that most of those species were found to be 
among the most abundant from the first sampling (grape) all over the 

Fig. 3. Fermentation performance and links with yeast population components. (A) Associations between glucose consumption and fungal species abundance across 
vintages. The fungal species included were identified via stepwise forward/reverse regression analysis, focusing on the best-fit model. The x-axis shows the log- 
transformed absolute estimates of the coefficients for yeast species over fermentation time. Each bar represents the estimated effect size, with significant esti
mates (black dots) and non-significant estimates (open circles) highlighted. Red lines indicate confidence intervals for the estimates. (B) Spearman correlations 
between the relative abundance of the yeast species identified in panel A and distributed across all sampling points during fermentation and the sampling time, found 
in different ferments over different vintages; only correlations with a false discovery rate (FDR) < 0.05 are shown. (C) Pearson correlation between the relative 
abundance of yeast species in the analyzed samples; only correlations with FDR<0.05 and species with at least a negative correlation (r<− 0.75) are shown.
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fermentation process (Fig. 2A and C): S. cerevisiae and H. thailandica. S. 
cerevisiae was negatively correlated with Alternaria metachromatica and 
A. pullulans in the 2022 TC49 fermentation and, in the 2023 BC55 
fermentation, with several environmental species found to be associated 
with glucose consumption (Fig. 3C). H. thailandica showed negative 
correlations with several species in different vintages and vineyards: 
with D. tassiana and P. variabile in 2022 and 2023 RB2 ferments; with 
A. pullulans in 2022 RB2 ferments; with E. coryli in 2023 PB1 ferments; 
with A. metachromatica, E. necator, and Pleosporales sp. in 2023 RB2 
ferments; with S. cerevisiae in 2023 TC49 ferment (Fig. 3C). To note, 
despite the relative abundance of S. cerevisiae and H. thailandica did not 
show significant change over time, exploiting the relative abundance of 
these species (Supplementary Fig. 7) showed that, whereas the negative 
correlations of S. cerevisiae with some yeast species, and in particular 
with A. aculeatus in the 2023 BC55, that resulted positively correlated 
with time (Fig. 3B), indicated that in this conventional grapes, the 
environmental species can potentially influence the fermentative ac
tivity of the budding yeast. The same hypothesis can be drawn for 
H. thailandica, a species that in 2022 RB2 grapes was negatively asso
ciated with the species A. pullulans, D. tassiana, and P. variabile (Sup
plementary Fig. 7), whose relative abundances were in turn positively 
associated with time in the same vineyard (Fig. 3B). These findings 
suggest that the vineyard microbiome is not only shaped by long-term 
environmental and agricultural factors but is also highly responsive to 
annual variations, which could have important implications for 
fermentation processes and wine quality.

2.4. Relationship between yeast species, grapes characteristics, and 
environmental matrix

To gain deeper insights into yeast ecology, we investigated the 
characteristics of the environmental matrix surrounding the vineyards 
and their relationship with microbial populations. The Spearman anal
ysis highlighted correlations among yeast relative abundance and grape 
chemical characteristics, and environmental matrix characteristics 
(Supplementary Table 3, Supplementary Figs. 8 and 9, and Fig. 4A). 
Despite the abundance of several yeast species were found to be corre
lated with pH, glucose content, and assimilable nitrogen, no correlations 
were observed with must acidity (Supplementary Fig. 8 and Fig. 4A). 
Most of the yeast species found in both vintages were associated with 
chemical features of grapes: the pH was positively correlated with the 
abundance of Saccharomycetales sp. and negatively with Eremothecium 
coryli and H. thailandica; the percentage of glucose was positively 
correlated with S. cerevisiae abundance (potentially associated to this 
species’ capability of taking advantage of the Crabtree effect) (Gonzalez 
and Morales, 2022) and negatively correlated with H. thailandica and 
Pichia sp.; the abundance of assimilable nitrogen was instead positively 
correlated with E. coryli and negatively correlated with Dothideomy
cetes sp. and Saccharomycetales sp. (Fig. 4A). To note, the relative 
abundance of a few yeast species showed significant correlations with 
some environmental features independently of the vintage (Supple
mentary Table 3, Supplementary Fig. 9, and Fig. 4A). Among those, 
some of the species most relevant in fermentation progression were 
present, including A. cibarius, Pichia sp., S. cerevisiae, Wallemia sp., and 

Fig. 4. Relationship between yeast species, environmental features, and metabolic profiles of ferments. (A) Associations between the relative abundance of yeast 
species identified as relevant for the fermentation progress (lines) and the environmental features of the vineyard source of the grapes (columns). Species were 
grouped according to the vintage in which the microorganism was found to be associated with the fermentation progress, as highlighted on the right part of the plot. 
The plot reports the Spearman rho resulting from the comparison (fdr<0.05). Cells with gray backgrounds highlight opposite correlations with the environmental 
feature over different vintages. C1= Surface standing waters; C2.3= Permanent non-tidal, smooth-flowing watercourses; FB.4= Vineyards; E1= Dry grasslands; F=
Heathland, scrub and tundra, temperate thickets and scrub, willow carr and fen scrub; G1= Broadleaved deciduous woodland, Po, western white oak woods, Quercus 
pubescens woods, chestnut and hornbeam woodland; G5.1= Lines of trees; E2= Mesic grassland, hay meadows, agriculturally-improved grassland; FB3= Shrub 
plantations for ornamental purposes or for fruit, other than vineyard; G1C= Highly artificial broadleaved deciduous forestry plantations, poplar plantations; G1D=
Fruit orchards, other high-stem orchards; I1= Arable land and market gardens; I2= Cultivated areas of gardens and parks; C3,6= Unvegetated; J1= Buildings of 
cities, towns and villages; J4,2= Road networks. (B) Associations between the relative abundance of yeast species identified as relevant for the fermentation progress 
and the amounts of volatile molecules measured in the ferments; the plot reports only species showing at least one negative Spearman rho resulting from the 
comparison (fdr<0.05).
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Z. hellenicus, negatively correlated with human-associated areas 
(C3.6-Unvegetated area, J1-Buildings, J4.2-Roads) and most of the 
agricultural features (e.g. E2-heavily fertilized grassland, FB3-Shrub 
plantations, G1C–Highly artificial plantations, G1D-Fruit orchards, 
I1-Arable land, and I2-gardens and parks), and positively correlated 
with vineyards and natural vegetation (E1-Dry grasslands, F- Temperate 
thickets and scrub, G1-Broadleaved woodland, G5.1-Lines of trees) 
(Fig. 4A). Conversely, H. thailandica was the species with the most 
peculiar association with environmental features, being the only one 
with a significant negative correlation with G1D and G5.1, and a positive 
correlation with G1, FB3, and G1C (Fig. 4A). Several species clearly 
showed opposite associations with environmental features when 
considering the different studied vintages, with the most differences 
observed about features linked with natural (E1, F, G1, G5.1) or agri
cultural (E2, FB3, G1C, G1D, I1, I2) vegetative areas, potentially the 
most affected by the impact of weather differences among vintages.

2.5. Association between mycobiota and the volatilome profile of ferments

The previous analyses allowed us to assess the links between mi
crobial populations, the vintage, and the geographical environment, and 
the potential broad impacts on the fermentative processes. To gain a 
better understanding of the yeast’s influence on the final aroma profile 
of the wine, we analyzed the volatilome of the wine musts (Supple
mentary Table 4). Overall, the most abundant compound produced was 
2-Phenylethanol, an aromatic alcohol known for its delicate rose petal 
fragrance (Etschmann et al., 2002), followed by isoamyl alcohol and 
ethyl acetate (Supplementary Table 4 and Supplementary Fig. 10A). 
Isoamyl alcohol, an aliphatic alcohol, plays a significant role in shaping 
the sensory profile of wines, particularly red wines, where it contributes 
to the aroma, introducing banana-like or solvent-like notes to the wine 
(De-La-Fuente-Blanco et al., 2016; Swiegers et al., 2005; Sumby et al., 
2010). Ethyl acetate, a product of ethanol and acetic acid esterification, 
imparts fruity notes at low concentrations but can indicate volatile 
acidity faults when excessive. The measured levels of those esters and 
higher alcohols, considering that a balanced ratio of these molecules 
contributes to enhancing fruity aromas (Liu & Pilone, 2001), suggest 
that spontaneous fermentation resulted in an oenologically interesting 
product. However, differences in the abundance of relevant compounds 
were observed when comparing ferments according to management or 
vintage, hence indicating that these factors could affect the final prod
uct. Ferments produced on grapes from different managements showed 
significant differences in the amount of isoamyl acetate, more abundant 
in conventional than in organic ferments (Wilcoxon-Mann-Withney p. 
value= 0.019) and known to enhance fruity aromas reminiscent of ba
nanas and pears (De-La-Fuente-Blanco et al., 2016; Swiegers et al., 2005; 
Sumby et al., 2010). Conversely, organic ferments showed higher 
amounts of ethyl decanoate and ethyl hexanoate (Wilcoxon-Mann-
Whitney p-value 0.003 and 0.019, respectively), which were enriched in 
these ferments (Supplementary Fig. 10B). To note, both compounds 
enriched in organic ferments largely contribute to the definition of the 
organoleptic characteristics of the product, as ethyl hexanoate enhances 
fruity characteristics such as apple, pineapple, apricot, and pear (Styger 
et al., 2011) and ethyl decanoate introduces notes of brandy, grape, and 
pear (National Center for Biotechnology Information, 2025a). Differ
ences according to the vintage were observed in the amount of isoamyl 
acetate (already found to be more abundant in conventional ferments) 
and ethyl acetate (Wilcoxon-Mann-Withney p.value= 0.003 and 0.001 
respectively), more abundant in 2022 than in 2023 ferments, and ethyl 
octanoate (having the same features as ethyl hexanoate) (Styger et al., 
2011) and isoamyl alcohol, more abundant in 2023 than in 2022 fer
ments (Wilcoxon-Mann-Withney p.value= 0.015 and 0.003, respec
tively) (Supplementary Fig. 10C). Considering the previously observed 
associations between yeast population composition, management, vin
tage, and environmental matrices, we proceeded to evaluate the re
lationships of the produced metabolites with the yeast species 

abundance (Supplementary Fig. 11 and Fig. 4B). Interestingly, even for 
species found uniformly represented in both vintages (e.g., 
H. thailandica, Metschnikowia sp., Fig. 2A and C), correlations with me
tabolites index for alcoholic fermentation differed in the two studied 
vintages. H. thailandica was indeed positively correlated with oleamide 
and ethyl octanoate (despite being found enriched in 2023 ferments) in 
the 2022 fermentation (Spearman rho=0.848, 0.772; fdr=0.007 and 
0.025, respectively), and with ethyl dodecanoate, conferring floral, 
fruit, and leaf flavors (National Center for Biotechnology Information, 
2025b) in 2023 ferments (Spearman rho=0.612; fdr= 0.034)(Fig. 4B). 
Conversely, Metschnikowia sp. was negatively correlated with palmitic 
acid only in the 2023 vintage (Spearman rho=− 0.587, fdr=0.045). It is 
worth considering that palmitic acid, a molecule used as a flavor 
enhancer and stabilizer with a waxy-type odor and flavor (National 
Center for Biotechnology Information, 2025c), can also inhibit alcoholic 
fermentation mostly because of its solubility, which is highly dependent 
on the ethanol content in the fermentation medium (Lambrechts and 
Pretorius, 2000). These observations suggest that both the characteris
tics of the substrate (e.g., the glucose content of the grape), potentially 
associated with climate changes in different vintages, combined with 
changes in the abundance of specific yeast species, can contribute to the 
definition of the product features. Additional yeast species, such as 
B. corticis, C. tropicalis, E. neccator, I. terricola, P. spinulosum, among the 
species previously found associated with glucose consumption with 
opposite associations according to the vintage (Fig. 3A), and whose 
abundance was associated with specific environmental features but 
majorly affected by the vintage (Fig. 4A), were associated with several 
relevant metabolites indexes of proper fermentation, but again only in 
one of the two studied vintages (Fig. 4B).

Winemaking is a process whose outcome depends on a wide series of 
factors from the vineyard up to the fermentor (Wei et al., 2023). 
Humans, over thousands of years, have developed approaches capable of 
preventing the impact of environmental and climatic factors and 
ensuring a stable and desired product, mostly consisting of vineyard 
treatments (Martín-García et al., 2024) and controlled and inoculated 
fermentations (Gonzalez and Morales, 2022). However, the global 
warming we are currently witnessing demands a better recognition of 
the multifaceted impacts of all the relevant factors defining the process 
(Comuzzo et al., 2023). Our study has further highlighted the noticeable 
impact of climatic changes occurring in subsequent vintages, but has 
also allowed us to bring back to light the relevance of the vineyard yeast 
populations, tuned by multiple factors, on the fermentative process. Our 
data show that the vintage, strongly influencing the glucose content of 
grapes, is not the only factor determining the progression of the 
fermentation process, which is associated only with the geographical 
location of the vineyard sourcing the grapes. Yet, the combination of 
geographical features, vintage, and management results in the definition 
of yeast population composition and dynamics, stressing the complexity 
of these interactions, with some cases characterized by vineyard-specific 
settings (e.g. the conventional BC55 ferments composed by a very stable 
and peculiar population). The relevance of grapes’ origin is also re
flected in the composition of the yeast population and consequent vol
atilome profile of the product, with some yeasts, including species 
fundamental for fermentation such as S. cerevisiae, being associated with 
specific features of the environmental matrix surrounding the vineyard. 
Conversely, the vintage (and hence climatic changes) and management 
have a limited impact on yeast population, as these factors are associ
ated with species representing a minor part of the mycobiota. The as
sociation between environmental matrix and yeast population is further 
stressed with the progression of fermentation, with the population still 
present at the end of the process showing vineyard-specific peculiarities, 
hence suggesting that the dynamics of interactions among yeasts (Ciani 
et al., 2016) is strongly associated with the environmental features.

Gaining a deeper understanding of these interactions in the grape- 
wine ecosystem is key to responding properly to global warming, 
driving innovation in wine fermentations, optimizing the role of 
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microbial communities in shaping wine quality (Zilelidou and Nisiotou, 
2021), and achieving specific wine characteristics (Bagheri et al., 2017).

3. Conclusions

Winemaking is influenced by numerous factors from the vineyard to 
the fermentor, with human interventions over thousands of years sta
bilizing these processes despite environmental and climatic changes. 
However, global warming requires a deeper understanding of how these 
factors interact, especially the influence of vintage, geographical loca
tion, and vineyard management on yeast populations and fermentation. 
Our study emphasizes how climate change affects these factors, partic
ularly the glucose content of grapes and the yeast populations, which in 
turn impact the fermentation process and final wine characteristics. The 
vineyard’s environmental matrix plays a crucial role in shaping yeast 
populations and the volatilome profile, with some yeast species tied to 
specific environmental features. Understanding these complex in
teractions is essential for adapting to climate change and optimizing 
wine fermentation to achieve desired wine qualities.

4. Material and methods

4.1. Selection and characteristics of sampling areas

In 2022, six vineyards were selected in the provinces of Alessandria 
and Cuneo(Piedmont, Italy), with three pairs consisting of one vineyard 
located near a wooded area and one farther away. Given the established 
variations in vineyard fungal communities across different geographic 
regions (Bokulich et al., 2014), each pair was selected based on the 
following criteria: (1) one vineyard was situated within 100 m of the 
nearest forest edge, while the other was located >500 m away (beyond 
the flight range of most social insects) (Egerer et al., 2017); (2) all 
vineyards followed either organic or biodynamic management practices 
to eliminate potential biases from the use of antifungal or insecticide 
treatments; (3) the vineyards within each pair were located no >2 km 
apart. To evaluate environmental differences, data on land cover cate
gories, soil, and topographical characteristics were obtained from the 
Geoportale Piemonte database and analyzed using QGIS software (QGIS 
Development Team, 2022) following the methodology in Valentini et al. 
(2022). Each vineyard was characterized on a landscape level, with a 
500-meter buffer zone around the vineyard center, calculating features 
like nearby woodlands, impermeable surfaces, water bodies, elevation, 
and soil carbon content, using data from Geoportale Piemonte and 
analyzed per Valentini et al. (2024).

4.2. Grapes collection and spontaneous fermentations

During the 2022 and 2023 harvests, an average of 5 kg of grapes was 
collected from each vineyard. To properly simulate the same conditions 
of standard approaches adopted by winemakers, the time of grape har
vesting was decided by the owner of the vineyards according to grape 
maturation; according to this, 2022 harvesting (and sample collection) 
was performed on the 27th of October, while the harvesting and sam
pling in 2023 was performed on the 3rd of October. Grapes were har
vested manually using sterilized pruning shears to prevent cross- 
contamination between vineyards, cutting the grape clusters at the 
base. The harvested grapes were placed in biodegradable single-use 
bags, one per vineyard, to avoid contamination. The samples were 
then transported to the laboratory at the Department of Life Sciences 
and Systems Biology (DBIOS), University of Turin, Italy, where the 
grapes were separated from the stems and transferred to demijohns, one 
per vineyard, which had been previously cleaned with water and bleach. 
The grapes were then pressed to release the must, and the glucose 
concentration was measured at time zero (T0). The demijohns were 
stored in a controlled environment protected from temperature fluctu
ations (18 ◦C), with relative humidity maintained at approximately 60 

%. Fermentation progress was monitored daily by measuring the glucose 
concentration using a refractometer until the end of fermentation, which 
was defined as the point when the glucose concentration reached almost 
0 % or remained stable without further decline (Supplementary 
Table 1). Representative must samples were collected at various time 
points during fermentation for subsequent analysis. These samples were 
preserved at − 80 ◦C to maintain their integrity until DNA extraction. 
The pH, total acidity, and assimilable ammonium were analyzed for a 
group of samples selected to equally represent coherent fermentation 
stages among vineyards and vintages (Supplementary Table 1). The pH 
was evaluated using a laboratory pH meter. Total acidity was deter
mined by using the VINOFERM acidometer kit and following the pro
vider’s procedure. The assimilable nitrogen was evaluated as alpha- 
amino nitrogen and ammonia with dedicated kits (Steroglass). Isoleu
cine was used as the calibration standard for alpha-amino nitrogen 
quantification (40 mM, 20 mM, 10 mM, 8 mM, 6 mM, 4 mM, 2 mM, 
0 mM, corresponding respectively to 560.28, 280.14, 140.07, 112.056, 
84.042, 56.028, 28.014, 0 mg/l alpha-amino nitrogen). Ammonium 
chloride was used as the calibration standard for the ammonia quanti
fication (40 mM, 20 mM, 10 mM, 8 mM, 6 mM, 4 mM, 2 mM, 0 mM, 
corresponding respectively to 560.28, 280.14, 140.07, 112.056, 84.042, 
56.028, 28.014, 0 mg/l alpha-amino nitrogen). Calibration curves and 
sample analysis were performed by measuring the Optical Density at 
350 nm with a Glomax plate reader (Promega). The amount of ammo
nium was lower than the detection limit determined by the combination 
of the available kit and instrument; hence, the results are not reported in 
the study.

4.3. Must DNA extraction and metabarcoding analysis

Genomic DNA was isolated from the must samples using the Pure
Link™ Microbiome DNA Purification Kit. The purified DNA samples 
were sent to BMR Genomics s.r.l. (Padua, Italy) for library preparation 
and sequencing of the ITS2 region. Briefly, PCR amplification was per
formed utilizing the universal primers ITS3_KYO2 (5′- 
GATGAAGAACGYAGYRAA–3′) (Toju et al., 2012) and ITS4r 
(5′–TCCTCCGCTTATTGATATGC-3′) (White et al., 1990). For each sam
ple, a PCR mix of 25 µl was prepared with Taq Platinum HiFi and dNTPs 
(Thermofisher), 0.4 µM of each primer, and 15–50 ng of gDNA. Thermal 
cycling consisted of initial denaturation at 94 ◦C for 1 min followed by 
25 cycles of denaturation at 94 ◦C for 30 s, annealing at 55 ◦C for 30 s, 
and extension at 68 ◦C for 45 s, with a final extension of 7 min at 68 ◦C. 
Esonuclease Termolabile I (NEB) was used for enzymatic purification, 
followed by a second round of amplification to incorporate adapters and 
indexes (Nextera XT Index Kit) for sequencing and sample identification. 
The samples were then normalized and multiplexed, and Paired-End 2 ×
300 bp sequencing was performed with the Illumina MiSeq platform by 
BMR genomics (Padova, Italy). Sequencing produced a total of 16,385, 
846 reads of ITS2 region (for 150 sequenced samples). The sequences 
were assigned to samples according to sample-specific barcodes. This 
allowed us to collect FASTA-formatted files containing an average of 
109,238.97 ± 50,394.08 (SD) sequences per sample. Sequences were 
then checked for the following criteria: (i) no more than one mis
match/deletion/insertion both in the bar code and the primer, (ii) length 
of at least 150 nucleotides (barcodes and primers excluded) and (iii) no 
more than two undetermined bases (denoted by N). Raw data were 
submitted to the NCBI database (Project: PRJNA1209534; accession 
SRR31971051-SRR31971200). The correspondence between submitted 
data IDs and samples is shown in Supplementary Table 1. Reads were 
pre-processed using the micca pipeline v0.1 (Albanese et al., 2015). 
Forward and reverse primers trimming and quality filtering were per
formed using micca-preproc (parameters -f GATGAAGAACGYAGYRAA 
-r TCCTCCGCTTATTGATATGC -O 16 -l 250 -q 18), truncating reads 
shorter than 250 bp. De novo sequence clustering, chimera filtering and 
taxonomy assignment were performed using micca-otu-denovo (pa
rameters –s 0.97 –c): OTUs were assigned by clustering the sequences 
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with a threshold of 97 % pairwise identity, and their representative 
sequences were classified using blast against the “unite” database 
(Abarenkov et al. 2024) (release 25/07/2023). Blasting results are 
shown in Supplementary Table 1.

4.4. GC/MS conditions for volatilome analysis

A volume of 1 mL of wine must was introduced into glass vials. The 
stir bar was inserted into the vials using specific glass supports to avoid 
direct contact with the sample. The vials were sealed and incubated at 
37 ◦C for 30 min. Volatile organic compounds (VOCs) from the head
space were desorbed in the desorption unit and analyzed using gas 
chromatography. The stir bar (SBSE, Twister from Gerstel; 10 mm long, 
0.5 mm thick, 1 mm polydimethylsiloxane coating) was introduced into 
the Gerstel “Twister Desorption Unit” under the following conditions: 
He flux of 50 ml/min, split mode. Temperature: start 60 ◦C – hold for 1 
min, ramp of 2 ◦C/min to 100 ◦C, then 5 ◦C/min to 290 ◦C – hold for 5 
min. The post-run temperature was set to 330 ◦C and held for 5 min 
(Splivallo et al., 2007). The analyses were conducted using an Agilent 
6890 N gas chromatograph equipped with a single quadrupole Agilent 
5973 mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). 
The column used was a CC-5 MS Xil (30–025–05, CPS Analytica). He
lium (1.0 ml min-1) was used as a carrier gas. The mass spectrometer 
operated in autotune mode with an ion source at 70 eV, MS source 
temperature at 150 ◦C, and MS quadrupole temperature at 230 ◦C. Mass 
spectra were acquired in full scan mode (range of m/z 50–550). The 
compounds were identified by comparing the mass fragmentation 
spectra with NIST98 software. All analyses were performed in triplicate.

4.5. Statistical analysis

All statistical analyses were conducted using R version 4.3.2 (R Core 
Team, 2023). Principal Component Analysis (PCA) and K-means clus
tering were performed with the prcomp and eclust functions, respec
tively (Kassambara and Mundt, 2020; R Core Team, 2023). Alpha 
diversity indices, including Shannon and observed richness, were 
calculated using the vegan package (Oksanen et al., 2024) and visual
ized with the ggplot2 package (Wickham, 2016). Pairwise comparisons 
of alpha diversity were conducted using Wilcoxon–Mann–Whitney tests, 
implemented with the pairwise.wilcox.test function and corrected for 
multiple comparisons using the false discovery rate (FDR). Beta diversity 
was assessed using Bray-Curtis dissimilarity, followed by Principal Co
ordinates Analysis (PCoA) to examine microbial community composi
tion differences across vineyards, vintages, and management practices. 
Bray-Curtis dissimilarities were calculated with the vegdist function of 
the vegan package (Oksanen et al., 2024). Permutational Multivariate 
Analysis of Variance (PERMANOVA) was applied using the adonis2 
function in the vegan package to evaluate the significance of group 
differences (Oksanen et al., 2024). Differentially abundant taxa were 
identified using Linear Discriminant Analysis Effect Size (LEfSe) to 
quantify the relative contribution of microbial taxa to differences be
tween organic and conventional vineyard management practices 
(Segata et al., 2011). To investigate relationships between fungal spe
cies, environmental parameters, and fermentation dynamics, stepwise 
Generalized Linear Models (GLMs) and Spearman correlation analyses 
were employed. GLMs assessed the association between glucose con
sumption and yeast abundance during fermentation, while Spearman 
correlations, calculated with the rcorr function of the Hmisc package 
(Harrell, 2024), explored inter-species relationships and environmental 
influences. The volatilome profiles of wine musts were analyzed using 
gas chromatography-mass spectrometry (GC–MS). PCA and K-means 
clustering, performed with the prcomp and eclust functions 
(Kassambara and Mundt, 2020; R Core Team, 2023), identified patterns 
of volatile organic compounds associated with vineyard management 
practices and vintage conditions.
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