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ABSTRACT
Non-Saccharomyces yeast species are increasingly used in winemaking in combination with Saccharomyces cerevisiae to modu-
late sensory attributes or as processing aids. Consequently, there is academic and practical interest in understanding how differ-
ent yeast species interact with each other in grape must. Although interactions will depend on the metabolic capabilities of the 
strains involved, there are other possible interaction mechanisms between wine yeasts. In this work we used extracellular vesicle 
(EV)-enriched fractions from different non-Saccharomyces species to challenge S. cerevisiae inoculated in synthetic grape must. 
The results show that the previously described response to EVs of Metschnikowia pulcherrima was not an isolated phenomenon, 
but that S. cerevisiae responds in a general way to EVs of other yeast species. Meta-analysis of the results points to protein biosyn-
thesis and carbon catabolite repression as general targets; both being stimulated by the interaction, beyond the acclimatisation 
to the synthetic juice experienced by the control cells. The intensity of the response showed differences between the four species; 
while the transcriptional response to M. pulcherrima EVs clearly diverges from that to EVs of the other yeast species, which show 
greater similarity to each other.

1   |   Introduction

Saccharomyces cerevisiae is the yeast species that dominates 
most spontaneous wine fermentations and, until the beginning 
of this century, was the only yeast species used industrially 
as a starter culture for alcoholic fermentation (Gonzalez and 
Morales 2022). However, during the 2000s, several new species 
(non-Saccharomyces) have been added to the catalogues of wine 
yeast starters. Their use was originally intended to prevent the 
alleged sensory standardisation of wines fermented with S. cer-
evisiae; but a number of additional benefits have been proposed 
for non-Saccharomyces starters, including the management of 
total and volatile acidity, decreased ethanol content, colloids, 

or the control of spoilage microorganisms (Vejarano and Gil-
Calderón  2021). Non-Saccharomyces starters are commonly 
used in combination with conventional ones, either in sequential 
or simultaneous inoculation, to ensure complete fermentation. 
This practice and others, such as local multi-species starters and 
controlled spontaneous fermentations (Mas and Portillo 2022), 
involve a relevant part of the fermentation process being carried 
out by a consortium of different yeast species. Under these con-
ditions, yeast strains can engage in different types of interaction, 
such as competition for available resources, toxin production, or 
metabolite exchange. In addition, interspecific communication 
mechanisms, such as physical contact, volatile or soluble mole-
cules, or extracellular vesicles, could also be involved (González 
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et al. 2018; Kemsawasd et al. 2015; Luyt et al. 2024; Mencher, 
Morales, Tronchoni, et  al.  2021; Pérez-Torrado et  al.  2017; 
Ramakrishnan et al. 2016).

From an academic point of view, wine fermentation constitutes 
an affordable and natural ecosystem for establishing operating 
rules that can be extrapolated to more complex environments 
(Conacher et al. 2021). There are indications that the most com-
mon yeast species found in wine fermentations worldwide have 
co-evolved in this ecosystem (Conacher et  al.  2019). Previous 
work has revealed transcriptomic responses of S. cerevisiae to 
culture in the presence of different non-Saccharomyces strains 
shortly (2–3 h) after inoculation (Curiel et  al.  2017; Mencher, 
Morales, Curiel, et  al.  2021; Tronchoni et  al.  2017). This was 
considered an indication of communication mechanisms be-
yond trophic interactions.

Extracellular vesicles (EVs) are produced by the cells of almost 
all living organisms studied so far and have been associated 
with several biological functions (Logan et al. 2024; Raposo and 
Stahl 2024; Stahl and Raposo 2019; Welsh et al. 2024). They have 
been extensively studied in pathogenic fungal species, where they 
play a role in infection and antimicrobial activity (Aor et al. 2024; 
Brown Harding et al. 2024; Karkowska-Kuleta et al. 2023; Kulig 
et  al.  2024; Rodrigues and Janbon  2021). Recently, EVs have 
been explored as possible mediators of interspecific commu-
nication between wine yeasts or bacteria (Mencher et al. 2022, 
2020; Morales et al. 2021). All wine microorganisms studied so 
far showed production of EVs. Proteomic analysis revealed they 
were associated with proteins related to both intracellular and 
extracellular functions in S. cerevisiae, Torulaspora delbrueckii 
and the lactic acid bacterium Oenococcus oeni. Interestingly, a 
wine strain of S. cerevisiae showed a similar transcriptomic re-
sponse to live cells or to the EV-enriched fractions of one strain 
of Metschnikowia pulcherrima (Mejias-Ortiz et  al.  2023). The 
transcriptomic signature of both treatments suggests that S. 
cerevisiae attempts a faster resumption of growth in response to 
these signals. It also suggests that EVs might play a role in the 
communication between wine yeast species.

The aim of the present work was to extend our knowledge on 
the role of communication mechanisms in wine fermentation 
and wine yeast physiology by exploring whether S. cerevisiae is 
able to respond to fractions enriched in EVs from other wine 
yeast species (T. delbrueckii, Candida sake and Hanseniaspora 
uvarum).

2   |   Results and Discussion

S. cerevisiae cells were inoculated in synthetic must and chal-
lenged with EV-enriched fractions from either M. pulcherrima, T. 
delbrueckii, C. sake and H. uvarum (Supporting Information S1). 
Transcriptomic analysis was performed 3 h after the challenge, 
in comparison to an untreated control, inoculated and incu-
bated under the same conditions in synthetic must (Supporting 
Information S2). The preliminary differential expression analy-
sis of each sample versus all other samples shows a few hundred 
differentially expressed genes (DEGs) in the response of S. cer-
evisiae to any of the fractions enriched in EVs, as compared to 
the control condition (Figure S3). This indicates that, in addition 

to M. pulcherrima (Mejias-Ortiz et al. 2023) EV-enriched frac-
tions from H. uvarum, T. delbrueckii or C. sake also induce tran-
scriptomic responses in S. cerevisiae under wine-like conditions. 
None (or very few) DEGs were identified for the pairwise com-
parisons between the responses to T. delbrueckii, C. sake and H. 
uvarum (Figure S3). This suggests that the response triggered by 
these three EV-enriched fractions is similar. In contrast, the re-
sponse to M. pulcherrima follows a different pattern, with many 
DEGs compared to the other responses, almost as many as with 
the control condition (Figure S3).

2.1   |   GO Categories Affected by EV-Enriched 
Fractions

The response of S. cerevisiae to EV-enriched fractions of all 
tested species compared to the control condition was then anal-
ysed by Gene Set Enrichment Analysis (GSEA). The results were 
first explored by means of a meta-analysis to identify features 
of the transcriptomic response that are shared among the dif-
ferent test conditions. The impact of the different EV-enriched 
fractions was further analysed individually (Figure 1A).

The three up-regulated GO-biological processes in the meta-
analysis are related to ribosome biogenesis. This includes 
rRNA processing genes, but also genes involved in rRNA tran-
scription, tRNA processing, or ribosome assembly (Supporting 
Information S4). This result points to protein synthesis as one 
pathway generally stimulated by the extracellular fractions, in 
line with the ‘ribosome’ category highlighted in the previous 
study with EVs from M. pulcherrima (Mejias-Ortiz et al. 2023). 
Taken together, the number of genes contributing to highlight 
these categories is relatively high (636 genes after accounting 
for overlapping). It should be noted that, due to the features of 
multiGSEA analysis, these numbers are higher than the number 
of DEGs according to the criteria used in Figure S3. Also, Xing 
et  al.  (2023) found that categories related to ribosome biogen-
esis are enriched in S. cerevisiae when cocultured with T. del-
brueckii. On the other side, Fu et al. (2024) found that, in mixed 
cultures with L. thermotolerans, S. cerevisiae genes involved in 
translation were significantly up-regulated, while those related 
to aerobic respiration were down-regulated. It is worth noting 
that the similarity in the transcriptomic responses is observed 
despite studies by other laboratories using living yeast cells 
from other species to challenge S. cerevisiae, while the present 
study uses cell-free extracellular fractions enriched in vesicles. 
All this suggests that either the EVs or other metabolic products 
contained in these EV-enriched fractions can be perceived by S. 
cerevisiae as signals of the presence of competitors from other 
yeast species.

The two down-regulated GO categories in this analysis are 
‘disaccharide catabolic process’ and ‘hexose transmembrane 
transport’ (Figure 1A). The first one includes genes related to 
the catabolism of non-preferred carbon sources for S. cerevisiae 
such us maltose, sucrose, isomaltose or trehalose (Supporting 
Information S4). Invertase and maltose utilisation genes are 
known to be repressed by glucose (Hu et al. 2000; Neigeborn 
and Carlson 1987); while expression of genes coding for acid 
or neutral trehalases (downregulated in the treated samples) 
also seem to be under glucose repression (Chen et  al.  2024) 
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FIGURE 1    |     Legend on next page.
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among other regulatory signals. Finally, among the three 
isomaltase coding genes with positive scores in this analysis, 
IMA2 was previously shown to be moderately repressed by 
glucose, while IMA1 and IMA5 were considered insensitive 
(Teste et al. 2010).

Almost all the genes coding for hexose transporters with known 
glucose uptake activity (Boles and Hollenberg 1997) show neg-
ative scores (i.e., are downregulated), including HXT2-8 and 
GAL2 (Supporting Information S4). The highest differential ex-
pression for this set of genes is observed against H. uvarum and 
the lowest against the extracellular fraction of M. pulcherrima. 
However, HXT1, the main glucose transporter induced by high 
glucose concentrations (Boles and Hollenberg 1997) and encod-
ing a low-affinity glucose transporter, is the only hexose trans-
porter gene that is not downregulated in treated versus control 
samples.

HXK1 and GLK1, coding for hexose/glucose kinases involved 
in glucose uptake, are also downregulated in treated samples. 
Both genes have been shown to be repressed in high glucose 
or fructose media (Herrero et  al.  1995). In contrast, HXK2, 
known to be induced in the presence of glucose or fructose 
(Herrero et al. 1995) shows an inconsistent expression pattern 
among the samples. Negative scores were also obtained for some 
genes involved in carbon catabolite repression, like SNF3 and 
MTH1 (Supporting Information  S4). Snf3 is required for in-
duction of HXT2 and HXT4 expression but not for induction of 
HXT1, while transcription of SNF3 is repressed by high levels 
of glucose (Ozcan et al. 1996). Degradation of Mth1, induced by 
glucose, has been related to promotion of HXT1 transcription 
(Polish et al. 2005).

As a whole, these few GO categories are reminiscent of the pro-
cesses necessary for the transition from starvation conditions to 
a high concentration of nutrients, mainly glucose and fructose, 
including reinforced carbon catabolite repression. Since the con-
trol cells are under the same culture conditions, the simple expla-
nation is that the treated cells are (transcriptionally) switching 
to high-glucose growth conditions faster than the control cells. 
Alonso-del-Real et  al.  (2019) found transcriptomic indications 
that S. cerevisiae wine yeasts accelerate nutrient uptake when 
co-inoculated with Saccharomyces kudriavzevii. Conacher 
et al. (2022) found a strong transcriptional response of S. cere-
visiae after 7 h of coculture with T. delbrueckii, also involving 
activation of glucose metabolism among many other adapta-
tions. More recently, Contreras-Ruiz et  al.  (2025) showed that 
S. cerevisiae strains showing the best competitive performance 
against S. kudriavzevii activate transcription of genes coding for 
the glycolytic, ribosomal, and DNA synthesis machinery faster 
than poor competitors. In general, this view is reinforced by the 
individual analysis of the responses to extracellular fractions 

from the different non-Saccharomyces yeast species (Figure 1). 
But there are differences between them that suggest they are 
not equivalent. Categories related to ribosome biosynthesis are 
highlighted with positive scores for the responses to M. pulcher-
rima (Figure  1B), while they appear as less significative and 
flanked by other categories for C. sake and H. uvarum, and are 
not revealed at all for T. delbrueckii, despite most of the genes 
involved showing similar expression patterns in the responses 
to all species (Supporting Information S4). Among the GO cat-
egories not appearing in the meta-analysis, those related to sul-
phate assimilation and amino acid metabolism show up for just 
T. delbrueckii (Figure  1C), although the genes involved show 
similar expression patterns for the response to C. sake or H. 
uvarum. On the other hand, there is almost no transcriptional 
response (or even negative scores) for these genes in response 
to M. pulcherrima (Supporting Information  S4). Sterol metab-
olism is revealed, with positive scores, for all the species but 
M. pulcherrima (Figure 1). Indeed, although most genes in this 
category show a similar expression pattern in the response to 
M. pulcherrima extracellular fractions, this is not true in all in-
stances (Supporting Information S4).

Categories highlighted with negative scores in the pairwise 
comparisons with the control quite consistently reproduce what 
is observed for the meta-analysis. The categories ‘disaccharide 
catabolic process’ and ‘hexose transmembrane transport’ or 
variants thereof appear in all instances (Figure 1). The genes in-
volved show similar expression patterns for all treatments and 
are essentially the same found for the meta-analysis (Supporting 
Information S4).

The analysis of GO-cellular component categories reinforces 
the identification of ribosome biogenesis as a common feature 
of the response of S. cerevisiae to non-Saccharomyces extracel-
lular fractions enriched in vesicles, with terms like ‘nucleolus’, 
‘ribosome’, ‘sno(s)RNA-containing ribonucleoprotein complex’, 
or ‘preribosome’ (Figure S5).

2.2   |   KEGG Pathways Affected by EV-Enriched 
Fractions

GSEA enrichment analysis of KEGG pathways provides a 
complementary view of the transcriptional response to non-
Saccharomyces EV-enriched fractions (Figure  2). In the 
meta- analysis the positive scores include, for example, ‘ri-
bosome’ or ‘ribosome biogenesis in eukaryotes’ (Supporting 
Information  S4). Enrichment in these terms is supported by 
positive scores of many ribosomal proteins, both from the large 
and small subunits and both cytoplasmic and mitochondrial. 
The category ‘RNA polymerase’ reflects positive scores for sub-
units of RNApol I, II, and III. There is an intriguing exception, 

FIGURE 1    |    Enriched categories obtained the Gene Set Enrichment Analysis (GSEA), assigned through the Gene Ontology (GO) Biological 
Process database with the Non-Redundant Biological Process (GOBP) dataset. To enhance clarity, weighted set cover redundancy reduction was ap-
plied. (A) GOBP categories enriched in all the conditions through a meta-analysis of the individual lists. (B–E) GOBP categories for the response to 
EV-enriched fractions from (B) Metschnikowia pulcherrima, (C) Torulaspora delbrueckii, (D) Candida sake and (E) Hanseniaspora uvarum. Panel A 
shows a transformation of the statistical significance. Panels B–E show the Normalised Enrichment Score. The colour intensity of each bar represents 
the statistical significance.
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the highest score in absolute value in this gene list is negative 
and correspond to RET1, coding for the second-largest subunit 
of RNA polymerase III. The reverse behaviour of RET1 with re-
spect to other RNA polymerase III subunits in this experiment 
might be due to a different induction kinetics but would require 
further investigation. Finally, the category ‘cell cycle’, although 
globally positive, also includes many genes with negative scores 
(Supporting Information  S4), probably reflecting the complex 
interplay of gene expression and posttranslational control of 
protein activities in cell cycle progression.

Three of the KEGG terms showing negative scores, ‘fructose 
and mannose metabolism’, ‘starch and sucrose metabolism’ 
and ‘galactose metabolism’, involve mostly genes already dis-
cussed under the GO-term ‘disaccharide catabolic process’, 
but additionally highlights downregulation for some genes in-
volved in glycerol catabolism or in gluconeogenesis (Supporting 
Information S4). The category ‘TCA cycle’ involves, in addition, 
genes coding for proteins in mitochondrial respiratory chain 
complex, some of which are also highlighted in this analysis. 
Repression of aerobic respiration was previously observed in 
S. cerevisiae in response to cells of M. pulcherrima (Mencher, 
Morales, Curiel, et  al.  2021). The category ‘meiosis’ groups 
downregulated genes coding for hexose permeases, filamen-
tous growth, or stress responsive factors, together with genes 
involved in cell cycle progression (Supporting Information S4). 
Downregulation of ‘meiosis’ in S. cerevisiae was also previously 
observed in response to M. pulcherrima cells or EVs (Mejias-
Ortiz et al. 2023). This is also probably related to the exit from 
stationary phase, since the genes involved are some of the previ-
ously discussed hexose permeases, as well as some stress factors. 
With different nuances, the observations of this work are in line 
with previous work on the short-term response of S. cerevisiae to 
co-culture with other yeast species or to extracellular fractions 
rich in M. pulcherrima vesicles (Curiel et al. 2017; Mejias-Ortiz 
et  al.  2023; Mencher, Morales, Curiel, et  al.  2021; Tronchoni 
et al. 2017). Finally, the ‘peroxisome’ category involves a high 
number of genes required for peroxisomal biogenesis and met-
abolic activity.

In summary, the analysis of KEGG pathways provides new ar-
guments to consider the transcriptional response of S. cerevisiae 
to the treatments reflects a faster transition to nutrient (mostly 
sugar) rich conditions and active growth, as compared to the 
control condition. This can also be stated as a shortening of the 
lag phase or as a faster exit from the stationary phase.

2.3   |   Strength of Response Differs Between Species

The meta-analysis highlights features of the transcriptomic 
response that are shared between the responses to the differ-
ent non-Saccharomyces yeast species. However, as mentioned 
above, there are particularities in the response triggered by 
each EV-enriched fraction. Also, the strength of the response 
is different in each case. A heat map was drawn from the GO-
biological process analysis as representative of the analyses car-
ried out above (Figure 3). For the genes included in the globally 
downregulated categories ‘disaccharide catabolic process’ and 
‘hexose transmembrane transport’, the strength of the response 
is higher for the extracellular fraction from H. uvarum, with 
some genes showing LogFoldChange (LFC) values between −3 
and −4, followed by C. sake and T. delbrueckii; and the weak-
est response to M. pulcherrima. Genes in the categories globally 
up-regulated (all three related to ribosome biogenesis) show a 
weaker response, with LFC values below 1 in general. In this 
case the strongest response is for M. pulcherrima together with 
H. uvarum. The response to the extracellular fraction of T. del-
brueckii is the weakest for these three categories. Species and 
strain-specific interactions have also been reported by other 
authors during wine fermentation (Wang et al. 2015), or in co-
flocculation experiments (Rossouw et al. 2018, 2015). This is also 
reminiscent of previous studies of short-term contact with whole 
non-Saccharomyces cells, inducing both common and specific 
transcriptional responses (Curiel et al. 2017). The most appeal-
ing explanation to the observed specificities in the responses to 
different yeast species, or their extracellular fractions, would be 
that S. cerevisiae has evolved dedicated transcription patterns 
to respond to the challenges posed by each non-Saccharomyces 

FIGURE 2    |    Enriched categories obtained the Gene Set Enrichment Analysis (GSEA), assigned through the KEGG database. Weighted set cover 
redundancy reduction was applied. Categories identified as common to all conditions through a meta-analysis of the individual datasets are shown.
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FIGURE 3    |     Legend on next page.
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species. Indeed, a certain degree of specificity cannot be ruled 
out. However, just as monocultures are not the real environment 
in which yeast evolution has taken place, dual cultures are still 
far from representing natural conditions. Other explanations 
to these differences might be related with the strength of the 
signals perceived in different conditions. This would eventu-
ally affect the intensity or the time course of the transcriptomic 
response. Indeed, the RNAseq samples were taken in a single 
time point. In these conditions, differences in the timing of the 
response cannot be distinguished from differences in the actual 
up- and downregulated genes or pathways. Future work will 
focus on the timing of the transcriptomic responses of S. cere-
visiae to cells or extracellular fractions from other yeast species.

3   |   Conclusions

This study explores the transcriptional responses of S. cerevisiae 
to EV-enriched fractions from non-Saccharomyces yeast species 
under wine-like fermentation conditions. It is shown that EV-
enriched fractions from M. pulcherrima, T. delbrueckii, C. sake, 
and H. uvarum elicit distinct transcriptomic changes in S. cerevi-
siae, suggesting a conserved communication mechanism. These 
responses commonly stimulate ribosome biogenesis while en-
hancing carbon catabolite repression. Since both treated and 
control cells were freshly inoculated in synthetic juice, differen-
tial expression suggests a faster transition to nutrient-rich condi-
tions. In addition, they show particularities in both the strength 
of the response and the transcription profile, depending on the 
non-Saccharomyces yeast species involved. Given that these 
transcriptomic responses are triggered by cell-free fractions, 
the results support the hypothesis that EV-enriched fractions 
carry potential signals for interspecific communication. Further 
research is necessary to elucidate the mechanisms underlying 
these interactions.
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