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ABSTRACT
In vitro microbial communities have proven to be invaluable model systems for studying ecological and evolutionary processes 
experimentally. However, it remains unclear whether quantitative insights obtained from these laboratory systems can be ap-
plied to complex communities assembling and evolving in their natural ecological context. To bridge the gap between the lab and 
the ‘real-world’, there is a need for laboratory model systems that better approximate natural and semi-natural ecosystems. Wine 
fermentation presents an ideal system for this purpose, balancing experimental tractability with rich ecological and evolutionary 
dynamics. In this perspective piece we outline the key features that make wine fermentation a fruitful model system for ecol-
ogists and evolutionary biologists. We highlight the diversity of environmentally mediated interactions that shape community 
dynamics during fermentation, the complex evolutionary history of wine microbial populations, and the opportunity to study 
the impact of complex ecologies on evolutionary dynamics. By integrating knowledge from both wine research and microbial 
ecology and evolution we aim to enhance understanding and foster collaboration between these fields.

1   |   Introduction

Most biological research has progressed using a few model sys-
tems. The unique biological and technological features of these 
systems have been instrumental in formulating research ques-
tions or, at the very least, in determining how these questions 
are addressed. Consequently, the peculiarities of our chosen 
model can profoundly influence our understanding of nature 
(Duffy et  al.  2021). Ecologists and evolutionary biologists 
have traditionally relied on a relatively narrow range of model 

systems to investigate questions concerning the assembly and 
evolution of complex communities, particularly when aiming 
to achieve mechanistic insight. For example, community ecol-
ogists have endeavoured to test causal hypotheses by manipu-
lating natural communities of plants and animals or simplified 
versions of them as microcosms in controlled environments 
(Lawton 1995; Srivastava et al. 2004). Meanwhile, evolutionary 
biologists have often focused on well characterised model or-
ganisms or clades in isolation in order to obtain general insights 
about evolutionary processes (Donoghue and Edwards 2019).
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Over the past few decades in  vitro microbial communities 
have increasingly served as model systems to explore the dy-
namic relationship between ecology and evolution, as well 
as the processes that generate and sustain biological diversity 
(Shayanthan et al. 2022; Estrela et al. 2021; Jessup et al. 2004). 
In  vitro microcosms have several advantages over macrobial 
systems, especially concerning the spatial and temporal scales 
required to experimentally study the population dynamics of 
communities across generations (Lenski and Travisano  1994; 
Meroz et  al.  2021). Moreover, microbial communities display 
many unique attributes requiring new theory which builds on 
the core principles of ecology and evolutionary biology (Koskella 
et al. 2017). Despite the ever-expanding number of studies which 
test ecological and evolutionary theory using in  vitro micro-
cosms, it is often unclear how these insights translate to ‘real 
world’ communities. This has largely been by design, experi-
mental microbial communities are typically assembled in the 
same laboratory environments that have been used to cultures 
model microbes in isolation, allowing researchers to quanti-
tatively connect known biology at the cellular, metabolic and 
molecular level to emergent population and community-level 
dynamics (Estrela et  al.  2022; Gowda et  al.  2022; Pontrelli 
et al. 2022). Whilst immensely powerful, this approach comes 
at a cost, by studying microbes in novel environments we risk 
focusing on ‘spandrels’, phenotypic characteristics critical in 
the lab environment but irrelevant to the ecological function 
and evolutionary history of microbes in their natural context 
(Bergelson et al. 2021; Amir 2017).

For microbial ecology and evolution to progress as a field, there 
is a need to develop experimentally tractable model laboratory 
systems that can approximate the natural ecology of their ‘real-
world’ counterpart. We are not the first to make this point. For 
example, in a recent editorial, George A. O'Toole (2024) states 
that “we have a community problem,” highlighting the need for 
model systems of complex communities whose dynamics and 
functional output better approximates the ‘real world’ environ-
ment (O'Toole 2024). Similarly in the 2017 Winogradsky review, 
Richard E. Lenski called for the field of experimental evolution 
to move beyond experiments involving a small number of spe-
cies evolving in isolation, towards ‘Embedded species evolving 
in natural community experiments’ (ESSENCE) (Lenski 2017). 
Both these pieces highlight the importance of developing and 
describing model community systems as the way to advance the 
field and bridge the gap between applied and fundamental mi-
crobiological research.

Inspired by these calls to action, here we set out to describe the 
key aspects which make wine fermentation an ideal model sys-
tem for ecology and evolution. The central idea of this piece is 
that “wine has as much to contribute to ecology and evolution as 
ecology and evolution have to contribute to wine.” Therefore, it 
is essential to connect wine researchers with community ecolo-
gists and evolutionary biologists. We recognise that these groups 
are separated by technical and theoretical backgrounds, but we 
believe they pursue common objectives, even if they express 
them using different vocabularies. Reconciling these differences 
and merging the knowledge and interests of both groups is the 
first step we aim to achieve with the simultaneous publication of 
this article and its companion piece in Microbial Biotechnology 
(Belda et al. 2025).

2   |   Wine Fermentation as a Model System for 
Ecology

Like other fermented foods (B. E. Wolfe and Dutton 2015), wine 
fermentation is a highly tractable system, serving as a middle 
ground between highly complex but challenging environments 
like soil or freshwater microbiomes, and more simplistic set-
ups like monocultures or pairwise combinations of species in 
laboratory culture mediums. Building on O'Toole's perspective 
(2024), Figure 1 summarises how wine fermentations embody 
the ideal characteristics of a model system: (i) A substantial 
knowledge of community features in the real world; (ii) a bal-
ance between complexity and feasibility; (iii) the existence of 
a functional measurable output; (iv) benchmarking and high 
reproducibility of community performance; (v) the genetic trac-
tability of key community members. Despite these favourable 
methodological features, only a handful of studies have utilised 
wine yeast communities as model systems to explore fundamen-
tal questions in community ecology (Ponomarova et  al.  2017; 
Bagheri et al. 2020; Lax and Gore 2023; Ruiz et al. 2023; Leale 
et al. 2024) and even fewer for experimental evolution (Ghiaci 
et al. 2024).

An extensive literature documents the microbial diversity 
found in grapes, grape musts, and wine fermentations (Belda, 
Zarraonaindia, et  al. 2017a). While hundreds to thousands of 
fungal and bacterial genera can be detected on grape surfaces 
(de Celis et  al.  2022; Bokulich et  al.  2014), about fifty yeast 
genera have been isolated directly from grape musts, and most 
experimental studies focus on the 2–10 most abundant yeast 
species (repeatedly reaching > 1% abundance during fermenta-
tion) (Drumonde-Neves et al. 2021; Ruiz et al. 2023; Conacher 
et al. 2020; Lax and Gore 2023). For this first section of our per-
spective, we will focus on the yeast community dynamics since 
they are the drivers of alcoholic fermentation and have been the 
main focus of ecological study. We will return to other microbial 
kingdoms in the following section.

Following grape crushing, wine fermentation proceeds as a 
highly repeatable microbial succession involving a number 
of different yeast species but culminating in the dominance 
of Saccharomyces cerevisiae. Initially, the grape must exerts a 
strong selective pressure due to its high osmolarity, which, to-
gether with the reduction in oxygen availability, acts as a signif-
icant environmental filter (Morales et al. 2015). These selection 
pressures cause a drastic change in the original community 
structure found on the grape surfaces, as almost all filamentous 
fungi and most basidiomycetous yeasts rapidly disappear, leav-
ing communities dominated by ascomycetous yeast and yeast-
like fungi (such as Aureobasidium pullulans or Starmerella 
bacillaris) (Conacher et al. 2021).

Shortly after grape crushing, these initially dominant osmo-
philic species are gradually replaced by weakly fermentative 
species (such as Hanseniaspora uvarum or Torulaspora delbruec-
kii), further reducing the fungal diversity (Conacher et al. 2021). 
These fermenters transform the environment by consuming nu-
trients and releasing ethanol as the main byproduct of fermen-
tation. Between the initial phase dominated by osmotic pressure 
and the later phase dominated by ethanol, there exists a brief 
temporal window with a high diversity of fast-growing yeast 
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species and in which biotic interactions can play a crucial role in 
determining population dynamics and, consequently, in the eco-
logical and industrial performance of the community (Bagheri 
et al. 2020) (Figure 2).

To characterise the diversity of ecological interactions be-
tween microbial species during this phase of fermentation, 
we will adopt the categorization of environmentally mediated 
social interactions proposed by Estrela et  al.  (2019). In this 
work, the authors laid out a four-way classification of interac-
tion, as individuals produce/consume an environmental factor 
which can either help (enrich/detox) or harm (deplete/pollute) 
co-occurring individuals. Intuitively, depletion may seem to 
be the most important behaviour for the success of individual 
species in the wine environment, particularly at the start of 
fermentation. While sugars are highly abundant as a carbon 
source (200–280 g/L of glucose: fructose in 1:1 ratio), the yeast 
assimilable nitrogen (i.e., ammonium and amino acids yielding 

50–500 mg N/L) is limiting and will eventually be depleted by 
the most efficient consumers. Nitrogen consumption efficiency 
is therefore a key trait determining population dynamics during 
the early stages of fermentation. Substantial evidence indicates 
that different wine yeast strains exhibit varying preferences for 
nitrogen sources available in grape musts (Gobert et al. 2017). 
To date, this has been mainly studied from an industrial per-
spective—certain amino acids are key precursors for aroma-
impact compounds in wines and ammonium exerts strong 
nitrogen catabolite repression on aroma-related genes (Subileau 
et al. 2008). Understanding how specialisation on different ni-
trogen sources impacts population dynamics is a major unre-
solved question with important implications for predicting the 
outcome of fermentation.

In addition to depleting the initial nitrogen pool, different 
microbial species can also enrich the environment through 
the release of organic nitrogen supporting the growth of 

FIGURE 1    |    Main features of wine fermentations as a model system. The population dynamics during spontaneous wine fermentations result in 
a gradual decline in yeast species diversity, primarily due to the selective pressure exerted by rising ethanol levels in the environment. Additional 
environmental factors, such as osmotic pressure, pH, limited oxygen availability, and nutrient scarcity, along with biotic factors like interspecies 
interactions, also shape the diversity patterns in wine yeast communities. As a model system, wine fermentation provides a unique opportunity 
to investigate biological questions across different levels of complexity, ranging from molecular to ecological studies. It also allows for the study of 
biological processes in both natural and fully controlled experimental conditions. Moreover, a broad range of ecological and metabolic traits can be 
measured to assess yeast performance, from fermentation kinetics to the consumption and production of flavour-impacting compounds.
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co-occurring species. In many cases, this may be a direct 
consequence of individual cellular metabolism. For example, 
Ponomarova et al. (2017) demonstrated that an active release 
of amino acid by S. cerevisiae creates a niche that facilitates 
the later growth of lactic acid bacteria. We speculate that there 
may also be an important ecological role for lysis and cell 
death in releasing nitrogen similar to the vitamin recycling 
that has recently been observed in marine particles (Gregor 
et al. 2024). For example, Becerra-Rodríguez et al. (2020) out-
line how the complex proteins released by dying cells can be 
transformed into utilisable sources of organic nitrogen (oli-
gopeptides and amino acids) with the protease activities of 
different species determining the concentration and compo-
sition of these assimilable nitrogen sources. Since the initial 
nitrogen sources in grape must are often depleted during the 
first half of wine fermentation, the nitrogen released by these 
processes may significantly impact later population dynamics 
and fermentation kinetics (Marsit et al. 2016).

After the initial competition for nitrogen, the next critical trait 
determining the success of wine yeast populations is their ca-
pacity to produce and tolerate ethanol. S. cerevisiae alongside 
other fermenters pollute the environment by producing etha-
nol, which gradually kills the majority of yeast species as the 
concentration increases (Conacher et al. 2020). S. cerevisiae is 
the expectable winner of this competition, as it engineers the 
environment by fermentation (Goddard 2008) being the only 
yeast species capable of surviving the highest alcohol con-
centration needed for complete consumption of fermentable 
sugars (9%–14%). However, the population density achieved 
by different community members during the initial stages of 
fermentation can influence the time it takes for S. cerevisiae to 
outcompete and dominate the community in the later stages 
(Lax and Gore  2023). Since S. cerevisiae is a minority yeast 
species in vineyards and grape musts, since the mid-20th cen-
tury, the practice of adding high doses of selected S. cerevi-
siae yeast strains as industrial seed inoculum has become the 

standard approach in winemaking. Pioneered by researchers 
such as Martinus Beijerinck and Jean-Marie Cantacuzène, 
this method has the advantage of reducing uncertainty, in-
creasing reproducibility and predictability in wine fermen-
tations. However, this approach diminishes (though does not 
eliminate) the importance of biotic interactions and results 
in lower microbial complexity during fermentation, leading 
to wines with less metabolite diversity and, consequently, 
reduced sensory complexity (Liu et  al.  2020). To reconcile 
spontaneous and inoculated fermentations, the wine industry 
has, in the last decade, begun commercialising multi-species 
consortia. These consortia combine S. cerevisiae with non-
Saccharomyces species, which possess desirable industrial 
traits that complement the fermentative performance of S. cer-
evisiae (Mateo and Maicas 2016).

During the final phase of wine-making, the dominant S. cere-
visiae continues to convert sugars into ethanol until either the 
sugar has been depleted or ethanol concentration exceeds its 
maximum tolerance (12%–14%) (Ghareib et al. 1988). Because 
S. cerevisiae has a higher preference for glucose over fruc-
tose, fructose is typically the main sugar during this stage 
(Tronchoni et al. 2009). High ethanol concentration has been 
shown to inhibit fructose utilisation by S. cerevisiae popula-
tions, preventing the complete depletion of fermentable sugars 
(Berthels et  al.  2004). Consequently, fructophily (preference 
for fructose over glucose) may be a critical metabolic trait 
in the final phase of fermentation (Figure  1). While strict 
fructophily is a rare trait among yeasts of the subphylum 
Saccharomycotina (Opulente et  al.  2024), there is substan-
tial variability in the degree of glucose-fructose preference 
among S. cerevisiae (Berthels et al. 2004). Furthermore, it is 
known that some wine strains harbour an allelic variant of 
the hexose transporter HXT3 (Guillaume et  al.  2007), while 
others contain a horizontally transferred FSY1 gene (Galeote 
et  al.  2010), both enhancing fructose utilisation during fer-
mentation. How this phenotypic variability impacts ecological 

FIGURE 2    |    Schematic illustrating how, over the course of a typical spontaneous fermentation, environmentally mediated ecological interactions 
lead to shifts in the traits under selection.
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dynamics during the final phase of fermentation is unclear, 
in part because we do not yet know whether wine fermenta-
tion is dominated by a single S. cerevisiae or a diverse consor-
tium of co-occurring strains occupying different sugar niches. 
Resolving this discrepancy will require the development of 
new strain-resolved fungal metagenomic approaches, similar 
to those that have been successfully developed for bacterial 
communities (Roodgar et  al.  2021; Olm et  al.  2021; Garud 
et al. 2019).

Unlike other microbial systems with industrial relevance, 
such as those involved in wastewater treatment or the deg-
radation of metalworking fluids (Piccardi et al. 2019), we did 
not find clear empirical examples of a wine yeast species de-
toxifying the environment. Nevertheless, several metabolites 
with inhibitory capabilities are consumed by wine yeast, and 
thus we suspect that such interactions do exist. For example, 
freshly pressed grape must contains significant concentra-
tions of organic acids (such as tartaric, malic, lactic, and citric 
acids) which different non-Saccharomyces species consume to 
varying degrees (Ruiz et al. 2023). Growth and ethanol pro-
duction by S. cerevisiae are highly influenced by pH, and we 
speculate that consumption of these different metabolites by 
non-Saccharomyces species can serve as a form of detoxifica-
tion for S. cerevisiae, especially when the initial pH is lower 
(< 3.2) or higher (> 4.0) than the typical range found in grape 
musts. On the other hand, many of these same species produce 
organic acids that acidify the environment, and so these could 
be considered a form of enrichment (or even pollution if the 
initial pH is low (< 3.0)) (Vicente et  al.  2022). Another indi-
rect form of detoxification could be sugar respiration during 
the early phase of fermentation (such as by Metschnikowia 
pulcherrima) which, by redirecting sugars away from stronger 
fermenters, leads to reductions in the final ethanol concentra-
tions (Gonzalez et  al.  2021). These more nuanced examples 
help illustrate the complexity of categorising environmentally 
mediated interactions and the benefit of describing them ex-
plicitly (Momeni et al. 2017; Niehaus et al. 2019).

In summary, in this section we have outlined how over the 
course of a typical fermentation, interactions, both positive 
and negative, can shape community dynamics, ultimately de-
termining the aromatic profile of the final wine (Belda, Ruiz, 
et  al. 2017b). Despite the reproducibility of this process at a 
coarse-grain level, we would be remiss not to highlight the 
variability that exists across fermentations contributing to the 
uniqueness of any given wine. Wine-makers have long known 
that differences in grape varietals can play a significant role 
in fermentation dynamics by changing the physio-chemical 
features of the grape-must. More recently, high-throughput 
genomic techniques have allowed us to identify unique geo-
graphically isolated microbial communities (microbial ter-
roir) with distinctive metabolic profiles (Knight et  al.  2015; 
Bokulich et al. 2016). Furthermore, during wine fermentation, 
the ecological processes at play can be directly manipulated 
by wine-makers using traditional methods such as sulfite 
addition to eliminate spoilage yeast, stirring to increase the 
degree of oxygen availability, and nitrogen supplementation 
to prevent stuck fermentations (Bagheri et al. 2020; Morales 
et  al.  2015; Morgan et  al.  2019; Varela et  al.  2021). We con-
sider this variability to be a feature, and not a bug, of wine 

fermentation as a model system. In fact, wine-makers have 
been performing natural microbial ecology experiments for 
centuries. By bringing these experiments into the lab, mi-
crobial ecologists have a unique opportunity to explore how 
these different environmental factors quantitatively shape in-
terspecies interactions and ultimately determine community 
dynamics and function.

3   |   Wine Fermentation as a Model System for 
Cross-Kingdom Interactions

Most ecological studies of wine fermentation have primarily 
focused on yeast for several key reasons: first, yeast drives 
the bulk of alcoholic fermentation; second, their taxonomic 
diversity can be readily characterised using a single marker 
gene; and third, most taxa are easily culturable, allowing 
for high-throughput and quantitative in  vitro experiments. 
Nonetheless, a diverse array of other microorganisms—in-
cluding bacteria and viruses—are also present and can sig-
nificantly influence the final aromatic profile of wine (Bubeck 
et al. 2020; Liu et al. 2019). Incorporating this additional layer 
of complexity offers ecologists an opportunity to explore inter-
kingdom ecological interactions and community dynamics 
across multiple trophic levels.

Compared to the predictable succession of yeast, bacterial 
community dynamics during wine fermentation are typi-
cally more variable. Freshly pressed grape musts are often 
dominated by multiple classes of Pseudomonadota (for-
merly Proteobacteria), including Gammaproteobacteria, 
Alphaproteobacteria, and Betaproteobacteria (Pinto 
et al. 2015; Piao et al. 2015; Stefanini et al. 2016; Del Portillo 
and Mas  2016). Within the Alphaproteobacteria, acetic acid 
bacteria such as Gluconobacter and Acetobacter are frequently 
present and have been linked to wine spoilage due to their 
secretion of acetic acid, which alters wine flavour and can in-
hibit S. cerevisiae fermentation by inducing apoptosis (Vilela-
Moura et al. 2011). At the same time, ethanol production by S. 
cerevisiae can inhibit acetic acid bacteria, suggesting a poten-
tial role for priority effects in shaping the early stages of fer-
mentation—a phenomenon observed in other yeast–bacteria 
communities as well (Chappell et al. 2022).

Over the course of fermentation, the abundance of Proteobacteria 
typically declines, while Bacillota—including various lactic acid 
bacteria—become more dominant (Bokulich et al. 2014; Pinto 
et al. 2015; Piao et al. 2015). One of the most well-studied met-
abolic functions of lactic acid bacteria is malolactic fermenta-
tion, a secondary process in which malic acid is converted to 
lactic acid after alcoholic fermentation is complete. Several bac-
terial species can perform malolactic fermentation, though the 
most abundant is usually Oenococcus oeni, which is sometimes 
introduced as a starter culture to modulate pH and promote 
the production of secondary flavour compounds (e.g., diace-
tyl) (Yang et  al.  2024). Interestingly, malolactic fermentation 
is notoriously unpredictable, in stark contrast to the more con-
sistent progression of alcoholic fermentation (Fu et  al.  2022). 
The causes of this variability remain unclear, but we speculate 
that the yeast-bacteria interactions highlighted earlier may cre-
ate priority effects that drive divergent functional outcomes 
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(Bittleston et al. 2020). Supporting this idea, a 2005 study found 
that some yeast produce a proteinaceous factor that inhibits O. 
oeni (Comitini et al. 2005). Additionally, Balmaseda et al. (2021) 
demonstrated that ethanol produced by yeast exerts strong selec-
tive pressure on O. oeni populations, drastically reducing strain-
level diversity between the start of alcoholic fermentation and 
the initiation of malolactic fermentation (Balmaseda et al. 2021). 
Future studies tracking both alcoholic and malolactic fermen-
tation across diverse microbial community compositions could 
provide broader insights into how ecological interactions shape 
patterns of functional divergence and redundancy in microbial 
ecosystems.

Beyond bacteria, several studies have examined the role of 
viruses—both eukaryotic and prokaryotic—in wine fermen-
tation. It has long been known that many yeast species har-
bour non-lethal double-stranded RNA viruses that encode 
toxins, allowing them to kill susceptible yeast that lack the 
corresponding viral sequence (see Marquina et  al.  2002 for 
a review) (Bevan et  al.  1973). S. cerevisiae wine strains are 
often “killer” strains, carrying these viruses and outcom-
peting non-killer S. cerevisiae strains during fermentation 
(Boynton  2019). Similar killer-yeast systems have also been 
described in non-Saccharomyces wine yeasts. For example, 
Torulaspora delbrueckii harbours a killer virus with an ex-
ceptionally broad killing spectrum, capable of inhibiting S. 
cerevisiae and disrupting fermentation (Ramírez et al. 2015). 
To date, all known myco-viruses are thought to lack an ex-
tracellular transmission route, with these viruses spreading 
through populations via mating (Billerbeck et al. 2024). Since 
yeast sporulation occurs as a starvation response, horizon-
tal viral transmission during fermentation is likely minimal. 
However, the long-term persistence and spread of these vi-
ruses within populations, as well as their potential impact on 
the dynamics of spontaneous fermentations, remain an open 
question that warrants further investigation.

Despite the growing use of next-generation sequencing to 
study wine fermentation, the wine virome remains poorly 
characterised and lags behind other fermented food systems 
such as cheese and dairy products (Paillet et al. 2024; Dugat-
Bony et  al.  2020). Metagenomic sequencing of these other 
systems has revealed a diverse array of both temperate and 
virulent bacteriophages, with phage community dynamics 
closely tracking bacterial community composition. There is 
little reason to think that similar dynamics will not be ob-
served during spontaneous wine fermentation despite the lack 
of comprehensive metagenomic studies. Indeed, several indi-
vidual phages have already been isolated from wine fermenta-
tions that can infect key lactic acid and acetic acid bacteria, and 
some have even been proposed as natural biocontrol agents 
(Cordero-Bueso et al. 2020). For example, Philippe et al. (2018) 
identified a phage that infects Gluconobacter cerinus, an acetic 
acid bacterium linked to wine spoilage (Philippe et al. 2018). 
Interestingly, recent studies have identified multiple phages 
infecting Oenococcus oeni, and it has been suggested that 
these phages may be a common cause of malolactic fermenta-
tion failure (Chaïb et al. 2022). As the field of viral community 
ecology continues to grow, wine fermentation could present a 
tractable system to study phage community dynamics—both 
in terms of how phage communities assemble in a relatively 

simple environment and how they shape bacterial and yeast 
community dynamics (Pyenson et al. 2024).

4   |   Wine Fermentation as a Model System for 
Evolution

For the majority of yeast and bacterial species, each batch 
fermentation represents an evolutionary dead-end, with the 
stressful environmental conditions either killing cells or ren-
dering them non-viable (Bagheri et  al.  2017). In S. cerevisiae, 
however, wine-adapted strains have been shown to maintain 
> 90% viability at the end of fermentation, and yeast cells can 
persist in cellars for years before seeding future fermentations 
(Rosini 1984; Le Jeune et al. 2006). At the start of spontaneous 
fermentation, the genetic diversity of S. cerevisiae appears to be 
exceedingly high, with a recent screen of 289 strains isolated 
from 7 cellars identifying 225 unique microsatellite profiles 
(using only 17 loci) (Börlin et  al.  2020). This genetic diversity 
means that selection can act on a population of S. cerevisiae 
strains through successive fermentations, which, combined 
with de novo mutations, leads to locally adapted cellar popula-
tions with unique aromatic profiles (Knight et al. 2015; Granchi 
et  al.  2019) In some cases, these locally adapted strains will 
be descendants of an initial commercial starter originally iso-
lated from other wineries but propagated in the lab (Chalvantzi 
et  al.  2020). In other cases, these strains originate from natu-
ral sources and may hybridise with wild strains of S. cerevisiae 
as well as closely related yeast species such as S. uvarum and 
S. kudriavzevii (Dunn et al. 2012; González et al. 2006; Dunn 
et al. 2013). Thus, while at the genome-wide level wine-adapted 
S. cerevisiae form a clear mono-phyletic group within the species 
(Peter et al. 2018), individual genes exhibit a broader range of 
evolutionary histories thanks to the combination of hybridiza-
tion, gene duplications, and complex genomic rearrangements 
(García-Ríos and Guillamón 2022).

In spite of the complex evolutionary history of individual 
genes, members of the Wine/European clade of S. cerevisiae 
are all believed to have descended from a single domestica-
tion event in the Mediterranean around 5000 bc, coinciding 
with the origin of viticulture (Almeida et al. 2015). Compared 
to their closest wild relatives in the mediterranean oak clade, 
the wine clade displays numerous genomic signatures of do-
mestication, such as extensive loss of heterozygosity and a 
high dN/dS ratio (Peter et al. 2018; Almeida et al. 2015). Some 
of the most notable adaptations are highlighted in Table  1. 
These adaptations are underpinned by various different ge-
netic modifications, ranging from simple codon substitutions 
(Guillaume et al. 2007) to more complex structural rearrange-
ments (Goto-Yamamoto et al. 1998). Because genome editing 
tools are readily available for S. cerevisiae, the adaptive bene-
fits of individual genetic changes can be tested experimentally 
across different genetic backgrounds and in environments 
that mimic the conditions in which these adaptations origi-
nally evolved. For example, in a recent study, Kessi-Pérez and 
colleagues used CRISPR-Cas9 editing to confirm that sev-
eral SNPs identified via GWAS as improving growth under 
nitrogen limitation enhanced growth in nitrogen-limited 
micro-vinifications when introduced into a laboratory strain 
(Kessi-Pérez et al. 2023). We argue that the ability to bring this 
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natural genetic variation into the lab represents a unique and 
currently under-exploited feature of wine fermentation as a 
model system. It could allow evolutionary biologists to recon-
struct the history of different innovations in vitro and perform 
counter-factual evolution experiments with subtly different 
starting conditions (Blount 2016; Karageorgi et al. 2019). Such 
an approach could help disentangle the roles of epistasis, 
fluctuating selection pressures, and ecological context in gen-
erating observed patterns of genomic diversity, linking micro-
evolutionary processes with macro-evolutionary patterns.

Compared to adaptations to wine fermentation as a whole, adap-
tation to different wine making practices or conditions has been 
relatively under-explored. The best-known example of a special-
ised wine sub-clade is the flor yeast, responsible for the aging 
of sherry and sherry-like wines. In sherry making, flor yeast 
forms a biofilm (or velum) on the surface of wine, preventing 
excessive exposure to oxygen and allowing sherry to age, devel-
oping its unique aromatic profile (Ibeas and Jimenez 1997). The 
key adaptations underlying this evolutionary innovation are the 
increased expression of the FLO11 gene (encoding hydrophobic 
cell wall glycoproteins) which evolved due to a deletion within 
a repression region of the FLO11 promoter (Fidalgo et al. 2006; 
Legras et al. 2016). We note with interest that the FLO11 gene is 
under the control of the Ras/cAMP/PKA and the MAP-kinase 
pathways, both of which have been recurrent targets of ad-
aptation both within the flor yeast clade (Coi et al.  2017) and 
also in laboratory evolution experiments (Kinsler et  al.  2020; 
Venkataram et al. 2016; Kvitek and Sherlock 2013).

Outside of the wine-clade, S. cerevisiae has been found in a wide 
range of other fermentation environments such as bread, beer 
and sake. The prominence of S. cerevisiae in fermentation envi-
ronments is typically attributed to its unique metabolic strategy: 

the Crabtree effect (the ability to convert simple sugars into etha-
nol even under fully aerobic conditions) and the evolved “make-
accumulate-consume ethanol” strategy (efficient catabolism 
of ethanol) (Hagman et al. 2013). A whole-genome duplication 
that arose at the base of Saccharomyces genus is thought to have 
‘primed’ (or potentiated) yeast to evolve this key innovation by 
generating a repertoire of duplicate metabolic genes capable 
of handling increased glycolytic flux (Wolfe and Shields 1997; 
Conant and Wolfe 2007; Blount et al. 2012).

The exact adaptive benefits of the Crabtree effect remain in 
dispute and multiple non-mutually exclusive hypotheses have 
been proposed. Some authors have suggested that the crabtree 
effect evolved as a consequence of physiological constraints on 
growth optimisation (Thomas Pfeiffer and Morley 2014; Pfeiffer 
et  al.  2001; Molenaar et  al.  2009); others suggest that ethanol 
production evolved as an ecological weapon in highly competi-
tive environments (Piskur et al. 2006; Rozpędowska et al. 2011); 
and still other suggest that ethanol production is a ‘spandrel’ or 
by-product of growing S. cerevisiae in a high sugar environment 
when it has adapted to low sugar concentrations (Goddard and 
Greig 2015). While all S. cerevisiae strains are crabtree-positive, 
the quantitative details of this effect vary across the phylogeny, 
with wine strains typically producing the highest levels of ethanol 
in lab fermentations (Camarasa et al. 2011; Barbosa et al. 2014). 
As well as varying by strain, levels of ethanol production can 
also vary substantially depending on the carbon/nitrogen source 
a strain chooses to consume as determined by the carbon/nitro-
gen catabolite repression system (Beltran et al. 2004; Simpson-
Lavy and Kupiec  2019). Ecological interactions may therefore 
play a significant and currently under-appreciated role in the 
evolution of ethanol production as non-Saccharomyces species 
indirectly modify levels of ethanol production in S. cerevisiae by 
changing the resource environment (Jouhten et al. 2016).

TABLE 1    |    Table highlighting some of the key phenotypic and genomic adaptations to the wine environment observed in S. cerevisiae. See (Marsit 
and Dequin 2015) and (García-Ríos and Guillamón 2022) for more comprehensive reviews.

Selection pressure Phenotypic adaptation Genomic basic References

Sulfite toxicity Increased expression of plasma 
membrane sulfite pump

Chromosomal 
rearrangements and 

promoter: SSU1

(Goto-Yamamoto et al. 1998; 
Pérez-Ortín et al. 2002; 

Zimmer et al. 2014; 
García-Ríos et al. 2019)

Copper toxicity Increased expression of copper 
binding metallothioneins

Copy Number 
Increase: CUP1

(Crosato et al. 2020)

High osmolarity Loss of aquaporins 
(water transporters)

Frame-Shifting 
deletion: AQY2

Nonsense mutation: 
AQY1

(Will et al. 2010)

High ethanol concentration Increased Ethanol Tolerance Aneuploidy: 
Chromosome III

(Voordeckers et al. 2015; 
Morard et al. 2019)

Low nitrogen availability Uptake of more diverse 
oligopeptides due to increase 

transporter number

Gene transfer: FOT1-2 (Novo et al. 2009; Damon 
et al. 2011; Marsit et al. 2015)

High fructose availability Increase fructose affinity by 
hexose transporters: acquisition 

of novel fructose symporter

Missense Mutation: 
HXT3

Horizontal Gene 
Transfer: FSY1

(Guillaume et al. 2007; 
Galeote et al. 2010)
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Undoubtedly, S. cerevisiae will continue to be the primary 
focal species for genetic and evolutionary studies in wine-
related yeasts. However, over the past decade, genomic signa-
tures of adaptation to wine environments have been identified 
in other Saccharomyces species, such as introgression events 
from undomesticated S. eubayanus into S. uvarum (Almeida 
et  al.  2015). Additionally, phylogenetically distinct clades 
from wine environments have been discovered among non-
Saccharomyces yeasts, including Brettanomyces bruxellen-
sis, Torulaspora delbrueckii, and Lachancea thermotolerans. 
Interestingly, the adaptation signatures of these species to 
wine-related environments mirror those described in S. cerevi-
siae, such as increased efficiency when consuming alternative 
nitrogen sources, suggesting that repeatable adaptive outcomes 
may be observed even when evolving from very different ge-
netic backgrounds (Avramova et  al.  2018; Silva et  al.  2023; 
Vicente et al. 2024). How non-S. cerevisiae species are able to 
adapt to the wine environment when the populations are pre-
sumably killed off by S. cerevisiae during fermentation remains 
unclear. One possibility is that non-Saccharomyces yeasts are 
able to evolve and adapt to other high-sugar, low-nitrogen en-
vironments (such as rotting fruit) or nectar where S. cerevisiae 
do not have as large a competitive advantage (Chappell and 
Fukami 2018). We speculate that non-Saccharomyces yeast ad-
aptations in these environments may end up being beneficial 
during the early stage of wine fermentation, similar to other 
forms of metabolic exaptation that have been observed in com-
putational and experimental studies (Barve and Wagner 2013; 
Szappanos et al. 2016; Hosseini and Wagner 2016).

How the diverse bacterial species present on grape-must evolve 
and adapt to the wine fermentation niche is also unexplored and 
could be the target of future evolutionary studies. O. oeni is an 
especially interesting focal species for experimental evolution 
since alcoholic fermentation by S. cerevisiae has been shown 
to impose strong selective pressure on O. oeni favouring strains 
with higher ethanol tolerance (Balmaseda et al. 2021). Moreover, 
different non-Saccharomyces yeasts have markedly different 
physiological impacts on O. oeni, which presumably lead to 
different biotic selection pressures and divergent evolutionary 
adaptations (Balmaseda et al. 2021). Experimental evolution of 
O. oeni in different yeast communities could therefore be a rich 
system to explore the impact of biotic selection pressures on evo-
lutionary adaptation and the impact of evolutionary adaptation 
on ecological interactions. For example, experimental evolution 
with O. oeni and S. cerevisiae could be used to test whether coevo-
lution leads to increasing interdependence (in line with the Black 
Queen Hypothesis; (Morris et al. 2012)) or whether it results in 
an evolutionary arms race (Niehus et al. 2021). Furthermore, the 
presence and culturability of O. oeni specific bacteriophages in 
wine fermentation environments (Philippe et al. 2021) offers an 
additional opportunity to explore phage-bacteria co-evolution in 
an experimentally tractable multi-trophic ecosystem.

5   |   Conclusion

In addition to being economically important, we have outlined 
how wine fermentation is a tractable model system for address-
ing key questions in microbial population biology. The ‘simple’ 
chemical composition of grape-must enables the reproduction of 

complex ecological dynamics in  vitro using synthetic habitats 
where external sources of variation are carefully controlled. At 
the same time, the keystone species S. cerevisiae has undergone 
thousands of years of adaptation to the biotic and abiotic chal-
lenges of wine fermentation, resulting in a diverse clade with 
unique genomic and phenotypic adaptations.

Wine fermentation complements other fermented food micro-
bial systems that have previously been studied as model systems, 
including the microbial communities associated with cheese 
rind, sourdough, kimchi, and beer, as well as other traditionally 
fermented products (Wolfe and Dutton 2015; Louw et al. 2023; 
Alekseeva et al. 2021). Many of these systems rely on chemically 
and spatially complex substrates, such as milk or grains, which 
contrasts with the relatively simple chemical composition of 
grape must, where sugars serve as the primary carbon source 
and ammonium and amino acids serve as the primary nitrogen 
sources (Ruiz et al. 2023). The ‘simple’ and ‘well-mixed’ nature 
of wine fermentation provides a major advantage for mechanis-
tic ecological and evolutionary studies, as microbial physiology 
and environmentally mediated interactions can be explicitly 
tracked and accounted for. However, this comes at the cost 
of excluding key ecological dynamics that emerge in spatially 
structured communities, such as surface-attached biofilms (e.g., 
cheese rind; (Wolfe et al. 2014)) or in semi-solid substrates con-
taining complex polysaccharides (e.g., sourdough starters or 
kimchi; (Landis et al. 2021; Jung et al. 2011)). Additionally, few 
other fermented products have as global a distribution as wine, 
which is produced in more than 50 countries and dates back to at 
least 5000 B.C. (Marsit and Dequin 2015). The widespread dis-
tribution and long history makes wine fermentation particularly 
valuable for evolutionary studies, as the vast number of evolving 
microbial populations across wineries provides a unique oppor-
tunity to examine the ecological drivers of repeatable and diver-
gent adaptive outcomes (Blount et al. 2018; Lenski 2017).

As with other fermented food systems, wine fermentation 
lacks a dedicated host, meaning that the influence of host-
associated factors, such as innate and adaptive immunity, on 
microbial community composition is largely absent. However, 
a potential exception could be Drosophila fruit flies, which 
are commonly found in vineyards and wineries and are often 
associated with several key wine-associated yeast species, in-
cluding Saccharomyces cerevisiae, Metschnikowia pulcherrima, 
Hanseniaspora uvarum, and Torulaspora delbrueckii (Lam and 
Howell  2015; Hoang et  al.  2015). Several studies suggest that 
fruit flies aid wine yeast dispersal and persistence, both in a 
species-specific and general manner, with ongoing debate about 
whether a coevolved mutualism exists (Quan and Eisen  2018; 
Buser et al. 2014; Günther and Goddard 2019). While a deeper 
exploration of this phenomenon is beyond the scope of this per-
spective, further investigation into host–microbe interactions 
in wine-attracted flies may yield valuable eco-evolutionary 
insights.

In sum, we have suggested that evolutionary biologists and ecol-
ogists can use wine fermentation to study: (i) The contributions 
of different ecological processes in shaping community dynam-
ics; (ii) the connection between the microevolutionary processes 
of mutation and selection and macroevolutionary processes 
shaping genetic diversity in nature; and (iii) the impact of biotic 
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and genomic context on adaptation and evolutionary innova-
tions. Thus, wine fermentation provides the perfect playground 
for building and testing predictive models of complex commu-
nity ecology, evolution, and function.
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