Geographic Origin and Diversity of Wine Strains
of Saccharomyces

Linda F. Bisson'*

Abstract: The availability of genome sequence information from a large collection of strains of Saccharomyces
isolated from a variety of geographic regions and ecological niches has enabled a detailed analysis of genome compo-
sition and phenotype evolution, the two components of strain diversity. These analyses have also provided a relatively
complete depiction of the origins of wine strains. In population genomic analysis, wine strains of S. cerevisiae cluster
as a highly related group, but one that shows a greater level of phenotypic differentiation than would be predicted
based on the level of genomic similarity. Natural and human selection and genetic drift have played roles in the
evolution of wine strain diversity. Phenotypic diversity is so extensive that no one strain accurately represents all
wine strains with respect to biological properties and fermentation performance. In addition, both commercial and
native isolates have been found to carry introgressions, regions of DNA derived from nonhomologous organisms,
suggestive of cell fusion events with yeast of different genera and species. Comparative sequence analysis has thus
refined our knowledge of yeast lineages and offers explanation for the evolution of phenotypic diversity observed

in winery and vineyard populations.
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The yeast Saccharomyces cerevisiae was identified as
the agent of beverage fermentation by Louis Pasteur in 1860
(Pasteur 1860). After roughly 150 years of research, our
understanding of the biology of this important organism is
extensive. The completion of the sequence of the genome
of a laboratory strain, S288C, facilitated intensive study of
the numbers of genes present in this organism, their func-
tions, and mechanisms of regulation (Oliver et al. 1998). The
subsequent sequencing of the genomes of other strains of
Saccharomyces from diverse ecological niches and of related
and unrelated yeast species has generated novel insights into
the origin of the modern wine strain lineage, the evolution
of phenotypes and genetic diversity, and the biological plas-
ticity of this important industrial organism (Bullard et al.
2010, Carreto et al. 2008, Cavalieri 2009, Cubillos et al. 2011,
Diezmann and Dietrich 2009, Ezeronye and Legras 2009, Fay
and Benavides 2005a, 2005b, Legras et al. 2007, Lelandais et
al. 2011, Liti et al. 2009, Muller and McCusker 2011, Roberts
and Oliver 2010, Schacherer et al. 2009, Spor et al. 2009,
Warringer et al. 2011).

Even though different types of tools and analyses have
been applied to the investigation of genetic diversity within
S. cerevisiae, the single truth that has emerged is that no one
strain phenotypically portrays the entire species (Kvitek et
al. 2008, Liti and Schacherer 2011). Concerns with use of the
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strain S288C as characteristic of the species have arisen be-
cause this strain derives from a mosaic lineage constructed in
the laboratory (Mortimer and Johnston 1986) that has never
been exposed to native environments or to natural selection
(Liti and Schacherer 2011, Warringer et al. 2011). This strain
shows genetic variation and growth and expression profiles
not observed in wild isolates and rarely clusters with other
lineages (Warringer et al. 2011). A second important overall
conclusion of these studies is that the diversity that exists
is well explained by the genetic phenomena that have been
characterized in laboratory strains suggesting that genetic
cycles, DNA exchange, cell fusion, and spontaneous muta-
genesis that have been so successful in the exploitation of
Saccharomyces as a model system for research also occur in
the wild (Dequin and Casaregola 2011, Lelandais et al. 2011,
Sipiczki 2011).

Comprehensive analysis of isolates from diverse geograph-
ical areas and from different ecological environments within
those areas identified five distinct lineages of Saccharomyces
strains: West African, Malaysian, North American, Sake, and
European (Liti et al. 2009, Liti and Schacherer 2011). Strains
also group by technological origin (Legras et al. 2007). Anal-
ysis of isolates of Saccharomyces from throughout the world
found that 95% of the wine, winery, and vineyard isolates
were grouped in the same cluster with cider strains (Legras
et al. 2007). Bread yeasts in contrast were divided into two
different groups (Legras et al. 2007). Among the wine yeast,
distinct subgroupings could be identified. The majority of
strains belonged to the Central European group but other clus-
ters, Champagne yeast and the UCD522 group, were also
evident (Legras et al. 2007). The UCD522 and Champagne
clusters cross geographic origin and are due to the influence
of human selection in wine production, as progenitors of these
strains were likely introduced into these diverse winemak-
ing regions. These analyses have led to the conclusion that
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lineage or parentage and technological use have as much of
an influence on strain diversity as geographical region. In
contrast, strains of Saccharomyces from nontechnological ori-
gins (fruit, soil, oak, and insects) and other species such as S.
paradoxous that have not undergone rounds of domestication
show a stronger clustering by region of isolation (Liti et al.
2009, Liti and Schacherer 2011).

The striking genetic similarity of winery and vineyard
isolates has been taken as evidence of a single domestication
event followed by dispersal of the domesticated strains (Le-
gras et al. 2007, Sicard and Legras 2011). The first historical
evidence of wine production comes from the discovery of
tartaric acid in ancient jars of Mesopotamia and suggests a
sophisticated wine industry existed in 5400 to 5000 Bc (Mc-
Govern et al. 1996). The point of origin of the first wine strain
is thought to be in what was Mesopotamia, with strain lin-
eages spread as grapevines were spread (Legras et al. 2007).
Grapes were domesticated around the same time, suggesting
that yeast domestication occurred simultaneously with that of
grapes (Sicard and Legras 2011). Analyses of yeast genom-
ic diversity of strains isolated from different technological
sources are most consistent with independent domestication
events having occurred for wine, beer, sake, and palm wine
fermentations, with subsequent dispersion of those yeasts as
the technology for production of these beverages spread from
region to region (Sicard and Legras 2011). Fermentations rep-
resent very specific ecological niches that do not vary widely
geographically, thus constraining the evolution of geographic
diversity. However, human activities have clearly played a
strong role in both the encouragement and limitation of wine
strain diversity.

There is clear evidence in wine strain lineages of the im-
position of evolutionary bottlenecks (Sicard and Legras 2011).
An evolutionary bottleneck occurs when there is a strong
selection against the majority of the strain diversity and in
favor of one or a few traits in an ecological niche. In the case
of wine strains, a bottleneck appears to have been introduced
due to the use of sulfite as an antimicrobial agent during wine
production (Peréz-Ortin et al. 2002, Yuasa et al. 2004). A
rare chromosomal rearrangement occurred in one yeast lin-
eage that resulted in the creation of a dominant allele of the
sulfite pump SSUI-R that confers a high level of resistance to
sulfite (Peréz-Ortin et al. 2002, Yuasa et al. 2004). Roughly
50% of the modern day wine isolates examined carry this
specific chromosomal rearrangement (Yuasa et al. 2004). The
widespread occurrence in nature of this specific chromosomal
rearrangement suggests that the pervasive use of sulfite con-
ferred such a growth advantage to strains carrying SSUI-R
that the allele became fixed in the population. Similarly cop-
per resistance is also predominant in wine strains, suggesting
the use of copper in the vineyard strongly selected against
strains that were copper sensitive (Kvitek et al. 2008).

Although analyses of genome structure suggest that wine
strains are a highly related group when compared to the di-
versity of other members of the genus and species, there is
significant phenotypic variation among wine strains. Inter-
estingly, vineyard and winery strains do not segregate as

separate clusters regardless of region of isolation, suggest-
ing that these two populations mix freely. The discussion
of whether yeast originates in the vineyard or the winery is
moot at this point as there is too much exchange between
these anthropic environments, likely mediated by insect
transfer. It is also clear from these studies that the intro-
duction of commercial strains will add to the phenotypic
mix of the overall indigenous population and may provide
genetic diversity that would not have arisen if these strains
had not been introduced. The widespread penetration of the
UCDS522 genome across diverse wine-producing regions
demonstrates that introduction of a genotype that is more fit
for a technological environment will lead to spread of that
genotype in the formation of mosaic lineages (Legras et al.
2007). Yeast strain diversity arises from a combination of
genetic phenomena: spontaneous mutation and genetic drift,
positive and negative trait selection imposed by ecological
niche, inherent chromosomal instability, high rates of ho-
mologous recombination, and presence of nonhomologous
chromosomal rearrangements.

Genetic Mechanisms Underlying the
Evolution of Genetic Diversity in
Saccharomyces

There are several genetic mechanisms by which genomes
may change and phenotypic diversity emerge. Mutations or
alterations of the coding sequence of the parental DNA can
arise either due to DNA damage caused by external agents or
more commonly by the oxidative intermediates of metabolism
or errors in DNA replication or repair. Mutations may be
beneficial, neutral, or detrimental to the cell depending upon
its environment. Thus heterozygosity, the occurrence of al-
lele diversity for a specific gene, happens naturally in yeast
populations of individuals giving rise to genomic variation.
Both sexual and asexual reproduction contribute to further
population diversity. Recombination between chromosomes
and loss of chromosome integrity can occur during asexual
reproduction. Chromosomal repair mechanisms may intro-
duce further genetic change or lead to the loss of one of a
pair of alleles, termed gene conversion. Sexual reproduction
by design leads to a reshuffling of genetic material across
homologous chromosomes and also yields haploid progeny
that will then self-mate (homodiploidization) or mate with
a nonrelated haploid (heterodiploidization or outcrossing).
Analysis of strain diversity suggests that reproduction in the
wild is primarily asexual but that sexual reproduction occurs
on average about every 1000 asexual generations (Warringer
et al. 2011). However, the majority of sexual reproduction
occurs between haploids derived from the same parent or
from self-fertilization, with outcrossing a rarer event, one in
every 50,000 divisions (Ruderfer et al. 2006, Tsai et al. 2008,
Warringer et al. 2011).

Differences in chromosome number (aneuploidy) or num-
bers of chromosome sets (polyploidy) also occur as a conse-
quence of natural selection and abortive cell cycles or aberrant
cell fusion events. Genetic material can also be transferred
across unrelated genera and species due to either cell fusion
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events (hybrid formation) or uptake and stabilization of DNA
from the environment (lateral gene transfer). Analysis of wine
strain diversity indicates that hybridization, the fusing of the
genomes of two unrelated yeasts, as well as introgression,
the incorporation of DNA from a different genus or species
into the genome of the recipient, have occurred in the wild,
creating strains that were more fit for localized vineyard or
winery niches (Belloch et al. 2009, Dequin and Casaregola
2011, Gonzalez et al. 2007, 2008, Masneuf et al. 1998, Nau-
mova et al. 2005).

Wine strains are typically homothallic diploids (Dequin
and Casaregola 2011, Mortimer et al. 1994), meaning that
they contain two sets of chromosomes and are able to un-
dergo sporulation producing four haploid spores. The term
homothallic refers to the trait of being self-fertile, which in
the case of yeast means an isolated haploid cell has the ability
to become diploid. Haploid spores may mate with each other
following germination reproducing the diploid state. Alter-
nately in homothallic strains, a haploid population displays
switching of mating type, allowing mother and daughter cells
to mate regenerating a diploid phase. Extensive crossing over
between homologous chromosomes occurs during sporula-
tion. The resolution of crossover regions leads to a reshuffling
of the composition of the chromosomes. Recessive mutations
can then be expressed in the haploid state, and if these muta-
tions make the strain more fit for its environment, then they
may confer a positive growth advantage. Thus, wine strains
are able to undergo sporulation and quickly regenerate the
diploid state from haploid progeny. The genomic composition
of the spores will be the same as in the original parental strain
but the spores will carry different arrangements of alleles that
lead to the expression of different phenotypes. Any recessive
mutations that arose during asexual or vegetative growth can
then become expressed in the population and leads to the
rapid evolution of diverse genotypes and ensures the survival
of the species (Sipiczki 2008, Warringer et al. 2011). Cycles
of sporulation and mating allow not only for the evolution of
novel genomes with selective advantage in an ecological niche
but also for the loss of detrimental alleles from the popula-
tion, a process referred to as genome renewal (Mortimer et
al. 1994).

Genetic differences or heterozygosities that lead to altered
phenotypes are commonly thought of as being due to the
appearance of a mutation in a coding sequence creating a
protein of modified function or activity. Mutations in cis reg-
ulatory regions can also occur, changing the timing or level
of production of a gene product, which may also lead to the
appearance of a novel biological trait. These differences are
referred to as single nucleotide polymorphisms, meaning that
a single base pair in the DNA has changed. Many such mu-
tations are neutral, that is, do not change either the primary
sequence of a protein or its activity or regulation. However,
changes in sequence that lead to a nonconservative change
in the amino acid composition of the encoded protein may
impact the functionality of the protein and lead to the appear-
ance of an altered or new trait in the organism. In some cases
these changes may be small insertions or deletions (indels)
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that alter the protein in some fundamental way or that may
lead to loss of function altogether (Dowell et al. 2010). Such
mutations arise naturally during DNA replication if a mis-
match occurs that is not detected or correctly repaired. If the
mutation occurs in a regulatory gene or complex, the impact
can be profound and affect the expression of numerous genes.
A lack of absolute fidelity in DNA replication ensures popula-
tion genomic variation will occur and confers a rapid adaptive
evolution capability to the population (Sipiczki 2008).

A change in phenotype of a cell may lead to selection for
subsequent compensatory changes elsewhere in the genome
(Sipiczki 2008, Warringer et al. 2011). The initiating mutation
may lead to the evolution of subsequent changes that modify
the impact of that mutation. These secondary mutations may
enhance or suppress the original phenotype or modify its
expression in the population. Specific trait variation shows
a strong effect of population history (Warringer et al. 2011),
meaning that the starting composition of a genome sets the
stage for subsequent evolutionary and adaptive changes.

Alteration of gene copy number can also lead to the ap-
pearance of phenotypic diversity and drive the selection for
compensatory mutation. Analysis of a set of deletion mutants
of Saccharomyces showed that the appearance of aneuploidy
was a common occurrence in such strains with entire chro-
mosomes or parts of chromosomes amplified (Hughes et al.
2000). The loss of a gene conferring a selective disadvantage
was compensated for by the amplification of a homolog of that
gene from another chromosome (Hughes et al. 2000). These
rare events conferred such a growth advantage that these cells
eventually dominate the population. Even in diploid organ-
isms loss of one allele can lead to haploinsufficiency, the
situation in which the loss of one copy of a gene cannot be
compensated for by the level of expression of the remaining
copy, which can drive amplification of the unaltered copy
of the gene (Deutschbauer et al. 2005). Such amplifications
generally are not precise and result in amplification of a larger
portion of the genome. Overexpression of some genes can also
be deleterious in yeast and would lead to compensatory muta-
tions. There is some debate in these situations as to whether
the rate of mutation itself is increased by the biotic stress
imposed by the initiator mutation or whether the domination
by the modified population is simply due to the strong growth
advantage that it confers to the cells.

In addition to this classical view of the origins of genetic
diversity, other types of genome rearrangements can also oc-
cur that will modify gene expression and therefore lead to the
development of altered phenotypes. Saccharomyces contains
mobile repetitive elements called Ty elements that can hop
around the genome (reviewed in Sipiczki 2011). Insertion of
a Ty element into a gene may lead to a loss of function if a
disruption of the coding sequence occurs. Insertion in a regu-
latory region can result in an altered expression profile for
the gene, which can again lead to an altered phenotype. The
presence of regions of homology created by the Ty elements
can lead to recombination events across unrelated chromo-
somes, moving large regions of DNA from one chromosome
to another (Sipiczki 2011). Significant diversity in the number
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and insertional positions of Ty elements has been observed
in wine strains (Carreto et al. 2008).

Changes in the position and location of genes within chro-
mosomes can arise via other mechanisms and also alter gene
expression (Field et al. 2009, Tirosh et al. 2010). Chromo-
somal DNA is ordered in the nucleus by being woven around
protein complexes called nucleosomes that are formed by
histones and other chromatin-associated proteins (Jansen
and Verstrepen 2011). The position of a gene with respect to
nucleosome binding can affect access to RNA polymerase and
therefore levels of expression (Lelandais et al. 2011).

The chromosomes of wine strains also show a diversity
in size and on rare occasion in number (Bidenne et al. 1992,
Briones et al. 1996, Carreto et al. 2008, Codon et al. 1998,
Infante et al. 2003, Izquierdo Canas et al. 1997, Johnston
et al. 2000, Vezinhet et al. 1990, Yamamoto et al. 1991).
Chromosomes are attached to the nuclear membrane via telo-
meric regions and must deattach during replication as the
centromeres become attached to the spindle pole bodies for
segregation. On occasion this system fails and the tension on
two anchored points of the same chromosome can result in
chromosome breakage. Repair mechanisms save both ends
of the chromosome but often they are not put back together
precisely as they were before the break. This breakage and
repair can lead to the significant chromosome or karyotype
diversity that has been observed in Saccharomyces (Bidenne
et al. 1992, Briones et al. 1996, Izquierdo Canas et al. 1997,
Johnston and Mortimer 1986, Vezinhet et al. 1990, Yama-
moto et al. 1991). The variation in karyotype in wine popula-
tions can be significant (Vezinhet et al. 1990, Yamamoto et
al. 1991). In addition, given the dynamic nature of telomeric
regions, genes located in these regions can be readily am-
plified during chromosome breakage and repair or due to
normal recombination mechanisms. Once multiple copies
of a gene exist, those individual copies may then diverge
from each other, leading to the evolution of altered func-
tions within the cell. The frequency of chromosomal rear-
rangements is strain dependent (Carro et al. 2003, Nadal et
al. 1999). Multiple subpopulations with differing karyotypes
may exist in the same fermentation (Longo and Vezinhet
1993, Miklos et al. 1997).

Entire sets of chromosomes or changes in cell ploidy also
occur (Sipiczki 2011). Modern strains of Saccharomyces arose
from an ancient genome duplication event that subsequently
allowed divergence of duplicated genes to alternative or spe-
cialized functions (Kellis et al. 2004). The creation of two
copies of a gene allows both to then undergo the process of
natural mutation and selection and leads to diversification of
cell functions. Increases in ploidy arise either as a failure of
cell division or chromosomal segregation but can also arise
due to abortive mating or cell fusion events within a species
(Sicard and Legras 2011).

Hybrid yeast strains may be formed as a consequence of
abortive attempts at sexual reproduction between different
species of yeast. In this case, cell membranes fuse followed
by fusion of the nuclei of the two organisms, creating an un-
stable number of chromosomes, some of which will then be

lost (Ramirez et al. 2004). Chromosomal rearrangements also
occur, leading to the formation of chimeric chromosomes.
Several analyzed wine strains appear to have arisen from
natural hybrid formation in nature (Belloch et al. 2009, Gon-
zalez et al. 2007, 2008, Masneuf et al. 1998, Naumova et al.
2005). In some cases hybridization occurred between haploid
cells, in other cases diploid cells seem to have been involved
or a haploid/diploid cell fusion event. Following hybridization
chromosomal loss, rearrangements and chimeric chromosome
formation may occur (Belloch et al. 2009) upon which natural
selection will operate to enrich for the most-fit outcomes of
the hybridization. The surviving populations of these events
are stable mitotically, although often not able to engage in
sexual reproduction with other strains.

In addition to genetic changes within a species, another
source of genetic diversity can be the introduction of non-
native DNA from other organisms present in the population.
This phenomenon is often referred to as lateral gene transfer
and is observed in many population studies. In wine strains of
Saccharomyces, introgression of DNA segments from unre-
lated organisms has also been observed (Novo et al. 2009). It
is not clear that introgression arose due to lateral gene trans-
fer, the pickup of DNA from the environment, rather than
to the residual effects of abortive hybrid formation between
unrelated yeasts. Sequence analysis of the commercial strain
ECI1118 revealed that this strain had undergone three inde-
pendent introgression events and carries three large blocks of
genetic information not typically found in other wine strains
of Saccharomyces. These introgressions carried a total of 34
functional genes and have resulted in the expression of three
relatively unique phenotypic traits (Dequin and Casaregola
2011, Novo et al. 2009).

Genetic changes may be neutral, beneficial, or detrimental.
Neutral changes would confer no selective disadvantage in
the immediate environment but may be useful as conditions
change or may become detrimental. Beneficial genome chang-
es confer some selective advantage to the current environ-
ment, generally leading to a dominance of that environment
by that genotype. Detrimental genome changes can be severe
and lead to cell death or may simply make cells less fit for the
current environment, relegating those genotypes to a minor
role. As with neutral and beneficial mutative changes, detri-
mental is likewise defined by the environment and what is
detrimental under one condition may become beneficial under
another. Often in fermentation multiple genotypes exist and
the dominating genotype may change during fermentation
as alternate genotypes become more favored. The develop-
ment of a novel trait may be caused by a single mutation or
recombination event or by the combinatorial effects of mul-
tiple mutations, a phenomenon referred to as quantitative,
polygenic, or multilocus inheritance. Several complex genetic
traits in wine strains of Saccharomyces are polygenic and it
is a combination of alleles of divergent genes that leads to
greater fitness (Bullard et al. 2010, Cubillos et al. 2011).

Genetic diversity arises from the operation of multiple
mechanisms of DNA sequence divergence and genome al-
teration. The underlying processes are random events that
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are then selected according to environmental constraints. The
ultimate selection is for the strain that is the most fit for the
environment, that is, that can grow the fastest and attain the
highest population density (Warringer et al. 2011). Modifica-
tion of lag time in adaptation to a new environment seems
less important of a selective factor than rate of growth and
final cell biomass (Warringer et al. 2011). Subtle changes in
an environment can tip the balance of fitness toward other
genotypes present as subpopulations, allowing those popula-
tions to grow and displace the original dominant genotype.
Genotypic change in wine yeast is a dynamic and recurrent
process.

Analytical Tools for Assessment
of Yeast Diversity

The genomic diversity of wine strains has been assessed in
a variety of ways. There are two main features that are used
to determine relatedness of genomes: sequence conservation,
the differences in primary sequence of coding and noncoding
regions, and gene synteny, the maintenance of the relative
positioning of genes on a linear chromosome. Often differ-
ences in coding regions or in genes with highly conserved
gene function may be weighted differently (to define genus)
than in those regions or genes that are more free to evolve
(to define species or strains). Although yeast do not possess
the classic operon structure of bacteria, the colocalization
of genes with related functions under the control of a single
promoter, adjacencies of unrelated genes can be used to define
strain relatedness. Rare recombination and crossover events
can disrupt gene linkages. If the physical colocalization of
genes shows similarity between strains, then those strains
have not been separated evolutionarily long enough to dem-
onstrate synteny divergence and are therefore related. Even
if the primary sequence has diverged between two strains,
a reflection of rates of spontaneous mutagenesis, selection,
and adaptation, the conservation of the relative physical po-
sitions of the genes can be used to define the relationship of
the two strains. Localized positioning also allows mapping
of chromosomal rearrangements, the exchange of large re-
gions of DNA between nonhomologous chromosomes, as the
large region will maintain the gene positional orientation of
the originating chromosome. Primary sequence divergence
and loss of gene synteny are caused by different factors in
evolution and occur at different rates in populations and thus
provide complementary evidence in the delineation of strain
lineages and relationships.

Two other types of evidence are also useful in determin-
ing strain relatedness, the number and position of mobile
or repeated sequences, such as the yeast Ty elements and
microsatellites, and assessment of the sequence of the mito-
chondrial genome of yeast (reviewed in Liti and Schacherer
2011). The mitochondrial DNA shows similar properties of
primary sequence divergence and is inherited independently
of the nuclear genome. The number and positioning of Ty ele-
ments can be used to define strain similarity, as even though
these sequences are able to move within the genome such
movement is rare enough that the positional location of these
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elements can define relatedness of the genomes under investi-
gation (Ness et al. 2006, Rachidi et al. 1999). Microsatellites
are regions of repetitive DNA also found in yeast. These
regions can serve as sites of the initiation of homologous
recombination among nonhomologous chromosomes and thus
can be dispersed throughout the genome. Like Ty elements,
the number, position, and conservation of sequence of mi-
crosatellite regions have diagnostic value in defining strain
relatedness. Strain differences can also be compared using
RiboPrinter technology to assess sequence diversity (Arvik
et al. 2005).

Three comprehensive studies of yeast diversity used dif-
ferent methodologies. The first and broadest study used mi-
crosatellite typing of 651 strains (Legras et al. 2007). As
this method is relatively easy to perform, a large collection
of isolates can be processed. The clear relatedness of wine
strains as a group independent of geographic origin or loca-
tion (vineyard or winery) was demonstrated in this investiga-
tion (Legras et al. 2007). In a second study, oligonucleotide
arrays were used to identify regions of sequence dissimilarity
across a collection of 63 yeast strains (Schacherer et al. 2007,
2009). Oligonucleotide arrays consist of small roughly 10
to 20mer oligos representing the genetic composition of the
sequenced strain S288C (Gresham et al. 2006). If a mismatch
occurs, meaning that a tested strain has a sequence that dif-
fers from that of the template reporter organism, the tested
strain will not show hybridization to that spot. This method
can be used to identify conserved and nonconserved regions
across populations of organisms. However the absence of
a signal could mean the loss of a gene or the retention of a
modified version of that gene in the tested strain. Therefore,
a subsequent analysis of strain diversity combined the use of
these tiling arrays to identify divergent readings, followed by
analysis of the region of the DNA via PCR amplification to
determine if the absence of hybridization was due to dele-
tion of that region of the chromosome or to areas of large
sequence polymorphisms (Muller and McCusker 2011). In
the majority of cases, the absence of signal was confirmed
to be due to sequence divergence and not loss of the gene.
These researchers were able to then examine the level of
sequence divergence across physically colocalized genes to
define large regions of sequence polymorphisms, that is, long
stretches of DNA that were highly diverse between the tested
and template strains. These large sequence polymorphisms
were biased toward subtelomeric regions and also revealed
the existence of introgressions in wine strains (Muller and
McCusker 2011).

Another wide-ranging study of yeast diversity used a low-
fold coverage of genome sequencing of over 70 strains to
identify regions of differences (Liti et al. 2009). Direct se-
quencing provides a more comprehensive picture of genome
variability but is also not biased by use of tiling arrays based
on the S288C genome. This analysis also led to the conclusion
that wine strains are a more homologous group than would be
expected, indicating that a single domestication event likely
gave rise to the current diverse population of vineyard and
winery isolates, consistent with previous analyses (Fay and
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Benavides 2005a). Finally, whole organism sequencing has
been performed on several yeast strains (Argueso et al. 2009,
Borneman et al. 2008, Liti et al. 2009, Novo et al. 2009, Wei
et al. 2007). The availability of entire genomes provides the
most robust assessment of relatedness and allowed identifica-
tion of introgressions not only from other species of Saccha-
romyces but also from other yeast genera, providing a more
complete depiction of the genomic constitution and popula-
tion diversity of Saccharomyces.

The occurrence of linkage disequilibrium in wine strains
has also been investigated (Schacherer et al. 2009). Linkage
disequilibrium refers to the nonrandom association of alleles
of distinct genes and can be thought of as an estimate of the
conservation of mutated adjacent alleles within a chromo-
some. In other words, if a strain inherits allele A of gene A,
how likely is it that it will also carry allele B of gene B versus
another version of gene B. This analysis showed that linkage
disequilibrium was greater in clinical, distillery, and labora-
tory isolates than in wine isolates, indicating that the wine
strain lineage is older than that of the other groups of strains
(Schacherer et al. 2009).

Often, however, the mere existence of a sequence and cata-
loging of the genetic differences does not provide a complete
picture of the phenotypic diversity of strains. Mutations may
be neutral and some regions of the genome may tolerate vari-
ability without loss of function more than other regions, so
other tools must be used to evaluate the impact of the ge-
netic changes defined on the phenotype of the organism (Fay
and Benavides 2005b). Neutral changes by definition reflect
random genetic drift while those that confer a trait or pheno-
type can be selected for or against by the environment. The
phenotype is the expression of the genotype and seemingly
small changes in genotype may have a profound impact on
phenotype. Two types of studies have been undertaken to
define phenotypes in a comprehensive way to be compared
to genotypic characterization. In one of these studies, a host
of phenotypic traits, growth rates, growth requirements, re-
sistances and sensitivities were used to characterize the re-
lationship between genotype and trait variation (Warringer
et al. 2011). Such massive screens are invaluable but time-
consuming to conduct.

Other researchers have relied on comparative transcript
profiling (DeRisi et al. 1997, Kuthan et al. 2003, Lashkari et
al. 1997, Lockhart et al 1996, Lockhart and Winzeler 2000,
Schena et al. 1995, Velculescu et al. 1995) to infer phenotype
from the pattern of expression of genes under defined condi-
tions and to define the relationships among strains (Bullard
et al. 2010, Cavalieri 2009, Kvitek et al. 2008, Lelandais et
al. 2011, Rossouw et al. 2009, 2010). Conservation of a tran-
scriptional response would indicate functional relatedness of
the organisms under investigation (reviewed in Lelandais et
al. 2011). The occurrence of two types of regulatory mutations
have been investigated: those acting in frans, genes involved
in signal generation, signal transduction, or regulated gene
expression, and in cis, those occurring within the promoter
or regulatory region of a gene or group of genes (Cavalieri
et al. 2000, Cavalieri 2009). Changes in promoter regions

that confer altered binding properties for regulatory factors
can be found but do not appear to be drivers of diversity
(Cavalieri 2009). In contrast, mutations that impact the bind-
ing capacity or regulatory functionality of trans factors have
been identified in wild populations and do seem to underlie
a component of strain diversity (Cavalieri 2009). A classic
example of the impact of frans mutations in wine populations
is the discovery of mutation of the SSY/ gene that is involved
in sensing external amino acids (Brown et al. 2008, Cavalieri
2009). The loss of SSYI results in cells unable to detect or
respond to external amino acids and was identified in a vine-
yard population (Brown et al. 2008, Cavalieri et al. 2000).
This single mutation impacted the expression of roughly 400
genes (Brown et al. 2008, Cavalieri et al. 2000). A change in
a transcription factor can result in the appearance of multiple
compensatory cis changes throughout the genome (Bullard
et al. 2010). Proteomic and metabolite profiling has also been
used to assess strain differences solely and in comparison to
the transcriptome (Rossouw et al. 2008, 2009, 2010). These
analyses indicate that, depending upon gene function, tran-
script profiles have predictive value for protein and metabolic
activity. Further, changes in proteome and metabolome re-
flect changes in the genome and the population history of the
strain and have value in defining strain relatedness in spite
of the fact that a single mutation can have a broad impact on
expression profiles.

Functional Diversity of Wine Strains

The analysis of wine strain diversity begins with the study
of genomic relatedness within the genus Saccharomyces.
There are currently eight recognized species within Sac-
charomyces: S. arboricolus, S. bayanus, S. cariocanus, S.
cerevisiae, S. kudriavzevii, S mikatae, S. paradoxus, and S.
pastorianus (Kurtzman 2003, Kurtzman and Robnett 2003,
Naumov 1996, Wang and Bai 2008). Saccharomyces pastoria-
nus is a hybrid species thought to have derived from a fusion
event of S. cerevisiae and S. bayanus (reviewed in Dequin
and Casaregola 2011). Analysis of trait variation suggests that
S. cerevisiae, S. mikatae, and S. paradoxus form a cluster of
strains with S. arboricolus, S. bayanus, and S. kudriavzevii
forming a second cluster (Warringer et al. 2011). Saccharo-
myces pastorianus, S. cerevisiae, and S. bayanus are found
associated with fermentations and anthropic environments
and S. paradoxus and S. kudriavzevii have been found in
vineyards. That these species inhabit similar ecological niches
is confirmed by the discovery of interspecies hybrids. Wine
isolates that are hybrids of S. cerevisiae and S. kudriavzevii,
S. cerevisiae and S. bayanus, and a triple hybrid of S. cerevi-
siae, S. kudriavzevii, and S. bayanus have been identified in
wine populations (Belloch et al. 2009, Gonzalez et al. 2006,
2007, 2008, Lopandic et al. 2007, Masneuf et al. 1998, 2002).
The majority of vineyard and winery isolates appear to be ho-
mothallic diploids and the main mode of cellular reproduction
appears to be clonal rather than sexual (Legras et al. 2007).
Roughly 28% of the over 600 wine and vineyard isolates ex-
amined were homozygous, suggesting that sporulation and
self-diploidization occur in the wild (Legras et al. 2007).
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Two primary species of Saccharomyces are found dur-
ing the alcoholic fermentation: S. cerevisiae and S. bayanus
(formerly S. uvarum), with S. cerevisiae being the more
prevalent (Sipiczki 2002). Occasionally, S. pastorianus can
be found as can the hybrids of these yeasts (Naumov 1996).
Sequence comparisons between S. cerevisiae and S. bayanus
indicate ~80% identity of coding sequences and ~74% iden-
tity of noncoding sequences (Cliften et al. 2003).

Saccharomyces can be found in vineyards and winery en-
vironments. It is a common resident of winery flora and can
be found in the vineyard albeit at a much lower frequency
in the overall yeast flora population. Whether or not Sac-
charomyces is a true vineyard resident or just repeatedly
introduced to the vineyard by winery operations has been
much debated. Saccharomyces cerevisiae can be isolated
from vineyards even in cases where the practice of placing
spent yeast lees in the vineyard as fertilizer has not occurred
(Clemente-Jimenez et al. 2004, Martini et al. 1996, Torok et
al. 1996, Valero et al. 2005). Saccharomyces is commonly
isolated from heavily damaged grapes (Mortimer and Polsi-
nelli 1999) regardless of the nature of the damage. Mechani-
cal damage to clusters leads to a bloom of yeast residents on
the surface of the fruit and an increase in the population size
of S. cerevisiae. Damage may also occur because of mold-
induced cluster rot and Saccharomyces can be isolated from
these environments as well. However, since rotting clusters
attract insects and insects are vectors of Saccharomyces, it
is not clear if the S. cerevisiae strains present arose from the
surface of the fruit or not. Direct inoculation of vineyards
with commercial yeasts did not lead to their establishment
among the vineyard flora (Comitini and Ciani 2006, Valero
et al. 2005), even when damaged berries were inoculated (Co-
mitini and Ciani 2006). Since the level of inoculation in these
studies was much higher than would be predicted from in-
sect vectors, these data support the view that Saccharomyces
can be considered a minor resident of the surface of a grape
with conditions leading to the seepage of berry components
selecting for Saccharomyces proliferation. With creation of
fermentative conditions upon crushing of the fruit, even more
strongly enriching conditions are presented to this microbe.
Saccharomyces, initially present below detectable levels in
spontaneous grape juice fermentations, will often be found
as the dominate species at the end of fermentation, even un-
der aseptic grape cluster harvesting conditions (Comitini and
Ciani 2006, Valero et al. 2005). The population density of
Saccharomyces in a winery is often higher than the density
in the vineyard, and in the absence of selective pressure the
greater number of winery yeast relative to vineyard yeast will
lead to a greater contribution to the fermentation itself by the
winery residents. In essence, Saccharomyces can be found in
both the vineyard and the winery and which strains dominate
a fermentation depend upon trait variation and selection im-
posed by the fermentation process.

Significant genetic diversity exists among wine strains of
S. cerevisiae whether isolated from the vineyard or winery
(Baleiras Couto et al. 1996, Briones et al. 1996, Gallego et
al. 2005, Khan et al. 2000, Lopes et al. 2002, Sabate et al.
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1998, Schuller et al. 2005, Schiitz and Gafner 1993, 1994,
Valero et al. 2006, Van der Westhuizen et al. 2000a, 2000b,
Versavaud et al. 1995) and the same is true of S. bayanus
(Sipiczki 2002). Analysis of over 1,600 isolates of S. cerevi-
siae from 54 spontaneous fermentations demonstrated the ex-
istence of 297 unique strains (Schuller et al. 2005). In a more
limited study, 13 out of 16 isolates (81%) were determined to
be unique strains and the four identical strains were isolated
from the same location (Baleiras Couto et al. 1996). Even
higher ratios of unique genotypes have been found—87.5%
(Valero et al. 2006), 81 to 91% (Gallego et al. 2005), and 91
to 96% (Schuller et al. 2005)—depending on the technique
used. The highest numbers of unique genotypes in all of these
studies are represented by a single isolate, indicating that the
true extent of the diversity present in the wild is still being
underestimated. Significant strain diversity exists within the
same vineyard environment, suggesting the importance of
localized conditions for the selection of genetically modified
strains or, alternately, the existence of factors driving ge-
netic change. One such factor may be exposure to ultraviolet
light. Metabolites produced either by the plant or by other
microbes in the environment, such as mycotoxins, may also
serve to accelerate the appearance of genetic differences in
the absence of any direct selective pressure. Interestingly in
studies with large enough populations of both vineyard and
winery isolates, strains do not cluster genomically based upon
site of origin (Legras et al. 2007), again indicating that there
is significant flux and comingling between the vineyard and
winery populations.

Not surprisingly, the fitness of strains for specific fermen-
tation niches also has been found to vary. In some cases,
only one or a few strains dominate throughout fermentation
(Versavaud et al. 1995). In contrast, other researchers have
found that different strains dominate at different stages of the
fermentation (Egli et al. 1998, Sabate et al. 1998, Schiitz and
Gafner 1993) or that several strains of Saccharomyces appear
to be simultaneously present in equivalently high numbers
(Torija et al. 2001, Vezinhet et al. 1992). Presumably, the bio-
diversity of wine strains in the environment results in these
different patterns of dominance in fermentations. Strains that
are dominant in one environment may not show the same
degree of dominance in another because the strain attributes
conferring dominance may be best suited to the fermentation
conditions of a specific winery or vintage. As conditions of
production change, different strains may become dominant.
Assessment of strain diversity across vintages has shown that
different strains are present each year (Gutierrez et al. 1999,
Schuller et al. 2005).

The genetic diversity of wine yeasts has also been docu-
mented using genomic sequence comparisons and functional
genomic analysis of transcript profiles (Borneman et al. 2008,
Dunn et al. 2005, Fay et al. 2004, Gresham et al. 2006, Le-
gras et al. 2007, Liti et al. 2006, 2009, Schacherer et al. 2009,
Townsend et al. 2003, Tsai et al. 2008, Winzeler et al. 2003).
Strains that are undistinguishable from each other by genomic
or mitochondrial DNA profiling may carry mutations leading
to changes in important enological phenotypes, particularly
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if the genetic differences are targeted to high-impact genes
(such as transcription factors) or genes involved in flavor
modification or production. Indeed, analyses of the presence
of single nucleotide polymorphisms (SNP) suggest that they
exist across populations of Saccharomyces with a frequency
of ~2.8 SNPs per kilobase of DNA (Schacherer et al. 2009).
In a sequence comparison of wine strain AWRI1631 to S288c,
a SNP frequency of 1 per 150 base pairs, or roughly 7 SNPs
per kilobase, was found (Borneman et al. 2008). SNPs oc-
cur less frequently in genes located near the centromere and
more frequently for genes located in subtelomeric regions
(Schacherer et al. 2009). Deletions of genetic material also
occur (Schacherer et al. 2009) but are found at a very low
frequency in the essential genes. Thus, there is the poten-
tial for significant variation in gene expression profiles as a
consequence of underlying genetic differences across strains,
making comparisons of strains grown under different condi-
tions challenging.

The sequence of a commercial isolate of EC1118 revealed
that this strain contains large stretches of DNA not normally
found in wine yeast and not thought to originate from S. cere-
visiae (Novo et al. 2009). If genetically modified organism
(GMO) is defined as the presence of nonnative DNA, then
EC1118 would be considered to be a naturally arising GMO.
The genes of these regions contained by EC1118 carry func-
tional genes that impact the fermentation phenotypes of this
strain. EC1118 possesses an analog of the F'SY/ gene also
found in S. pastorianus that encodes a fructose proton sym-
porter (Galeote et al. 2010). If functional as such in ECI18,
this transporter would couple fructose movements to those of
protons and lead to more efficient transport of fructose into
the cell. This transporter has a high affinity for fructose in
contrast to the native HXT hexose transporter genes and is
thought to be responsible for the elevated use of fructose late
in fermentation seen in EC1118. EC1118 also carries a gene
encoding a protein similar to the peptide transporters found
in fungi and can therefore perhaps transport a wider array of
peptides to be broken down internally and used as nitrogen
source (Damon et al. 2011). The source of this introgression
is unknown. The third introgression carries genes with close
relatives in Zygosaccharomyces bailii (Novo et al. 2009), sug-
gesting it may have arisen from this yeast. This particular re-
gion is not unique to EC1118 and is found in other wine yeast
strains (Dequin and Casaregola 2011, Galeote et al. 2011).
This region contains an autonomously replicating sequence,
suggesting that it may be able to amplify in the genome. In
support of the amplification hypothesis, some wine strains
have been found to carry multiple regions of this DNA (Ga-
leote et al. 2011). The function(s) of this region are not yet
known, but its appearance in many wine strains and ampli-
fication therein suggest a positive selection for the presence
of this region in wine strains. Some of the winemaking traits
that have made EC1118 a popular selection for wine produc-
tion may have indeed arisen from natural introgression from
other species and genera of yeast.

Genomic analyses have revealed that many commercial
strains have acquired altered signaling properties (Verstrepen

et al. 2004) and these signaling differences may be important
for differential tolerance to various stressors. It is likely that
increased basal levels of expression of genes involved in toler-
ance to stressful conditions allows more rapid adaptation to
those conditions and, therefore, enhance survival (Bisson et al.
2007). However, high basal levels of expression of these genes
may result in slower initial growth rates and lack of an ability
to dominate fermentations (Bisson et al. 2007). There appears
to be a dynamic interplay between expression of genes as-
sociated with stress tolerance and those associated with rapid
growth (Bisson et al. 2007). Given the existence of multiple
stressors in the environment and the feast or famine atmo-
sphere of growth on the surface of fruits, it is not surprising
that vast biodiversity of both genetic composition and gene ex-
pression profiles is observed in native Saccharomyces isolates.

Commercial and native yeast isolates display greater ge-
nomic and genetic instability than laboratory strains (Am-
brona et al. 2005), and aberrations in the number of some
chromosomes are common (Bakalinsky and Snow 1990).
Wild strains are generally homothallic and show low sporu-
lation rates and poor spore viability. They also display a high
degree of heterozygositiy, chromosomal polymorphisms and
rearrangements, and karyotype instability (Carro and Pina
2001, Codon et al. 1998, Hughes et al. 2000, Izquierdo Canas
et al. 1997, Johnston et al. 2000, Landry et al. 2006a, 2006Db,
Longo and Vezinhet 1993, Mortimer 2000, Myers et al. 2004,
Oshiro and Winzeler 2000). The dynamic nature of the ge-
nome likely poses a distinct advantage in the environment, as
evidenced by the extensive diversity observed among native
isolates from the same site (Hauser et al. 2001). The biodiver-
sity of wine strains of Saccharomyces is likely a consequence
of both natural selection and random mutagenesis and ac-
cumulation of mutations. Wild yeasts show elevated rates of
spontaneous mutagenesis which, if followed by sporulation
and diploidization, can lead to the rapid creation of significant
diversity across a population. The return to a homozygous
state has been termed “genome renewal” (Ambrona and Ra-
mierez 2007, Mortimer et al. 1994). Some underlying features
of gene expression in wine strains will likely be conserved
across this rich biodiversity while others may show striking
strain dependence. It is important to note that comparisons
of gene expression in recently isolated native strains of S.
cerevisiae versus those that have been cultivated in labora-
tories demonstrate clear differences in expression profiles of
wild strains and their domesticated derivatives (Kuthan et al.
2003, Palkova 2004). Strains rapidly lose some phenotypes
associated with growth in the wild upon laboratory cultiva-
tion (Palkova 2004).

Impact of Strain Diversity on
Wine Production

Even though constrained by the demands of a highly spe-
cialized ecological niche, grape juice fermentation, significant
diversity exists among wine isolates of Saccharomyces. That
no one strain represents the entire spectrum of wine yeast
diversity is both beneficial and problematic for wine produc-
tion. The beneficial impact of such diversity is the ability to
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obtain different flavor and aroma profiles of the wine depend-
ing upon which strain has been used. Of course, astute use of
diversity in this manner means understanding the underlying
genetic capabilities of the yeast strains themselves as well as
the potential for flavor and aroma evolution due to the compo-
sition of the grapes at harvest. The challenge of diversity for
wine production is that strain nutritional needs, tolerances of
stresses such as temperature and ethanol, compatibility with
other microbes present, and fermentation characteristics will
vary such that one recipe will not apply to all strains.

Fermentation conditions may also foster the development
of diversity in the population within the fermentation. Wheth-
er one strain dominates throughout a fermentation or there is
a progressive change in dominant genotypes depends upon
the starting genomic composition and phenotypic constitu-
tion of the initiator populations, their relative numbers, and
the selective potential imposed by fermentation conditions.
Temperature has been shown to be an important driver of
strain evolution (Salvado et al. 2011). Temperatures of grape
processing, must or juice holding, and of fermentation itself
pose selections for specific types of strains. Use of nutritional
supplements also impacts strain diversity and persistence.
Strains carrying the ssy/ mutation (Brown et al. 2008) clearly
detect nitrogen in the fermentation differently than strains not
mutated in this gene. The widespread use of sulfite has also
imposed a selection in favor of sulfite-resistant genotypes.
Thus, the imposition of specific fermentation conditions can
directly influence population diversity and persistence.

The analysis of a large collection of strains by Legras et
al. (2007) illustrates another important facet of wine strain
diversity. The discovery of genetic signatures of the UCD522
strain in diverse populations of winery and vineyard yeasts
isolated from around the world demonstrates the penetrance
and persistence a niche-favored genome can have in wine-
producing regions. It further demonstrates that use of com-
mercial strains may impact the genetic composition of the
native populations through outcrossing or hybrid formation
followed by selection for fitness. The genomes of fermenta-
tion strains are in a constant state of flux and evolution. The
process of fermentation is thought to impose a strong selec-
tive pressure and therefore is a powerful evolutionary force in
the generation of diversity (Cubillos et al. 2011, Kvitek et al.
2008, Sipiczki 2011, Spor et al. 2009, Warringer et al. 2011).

Perhaps the most surprising conclusion from the analy-
sis of wine strain diversity is the existence of interspecies
hybrids (Belloch et al. 2009, Gonzalez et al. 2006, 2007,
2008, Lopandic et al. 2007, Masneuf et al. 1998, 2002) and
introgressions from non-Saccharomyces genera (Damon et
al. 2011, Galeote et al. 2010, Novo et al. 2009). These vari-
ants have arisen naturally in native populations and demon-
strate the potential for development of novel reproductively
isolated organisms. Hybrid genomes appear to be persistent
in the wild despite greater reproductive isolation and such
hybrids confer a fitness advantage since they seem to have
evolved independently. Hybrids display complex patterns of
gene expression (Tirosh et al. 2010) and set the stage for rapid
evolution of further diversity.
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Conclusions

Extensive analyses of strain variation within S. cerevi-
siae have provided a wealth of information on the origin of
wine strains and the subsequent evolution of strain diversity.
Several studies have independently confirmed the view of a
single domestication event having given rise to the modern
population of vineyard and winery isolates with the spread of
wine strains paralleling the migration of grapevines. There is
simultaneously greater genomic similarity and greater phe-
notypic variation in the wine strains analyzed. The genomic
similarity suggests the presence of evolutionary bottlenecks,
the selection for fewer genotypes in a population, with sub-
sequent reamplification of diversity. Sulfite use appears to
be one such bottleneck imposed in the Middle Ages. Diver-
sity arises from the well-described processes of spontaneous
mutagenesis, genetic drift, and environmental selection. The
knowledge gained from the analysis of wine strain diversity
and the correlation between genotype and phenotype can be
used in the development and identification of specific strains
well-tailored for specific production needs.
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