




nus (Dataset S4). Instead, a broad survey of strains (Fig. S2) and
the genome sequences of both of our representative strains of S.
bayanus (Fig. 1 and Datasets S1 and S3) suggest that the diversity

of this hybrid species can be explained by the contribution of
mixtures of alleles from S. uvarum and S. eubayanus, along with
some genes contributed by S. cerevisiae.

Fig. 1. S. eubayanus sp. nov. is distinct from S. uvarum and donated its genome to S. pastorianus. All 16 S. uvarum chromosomes are shown as x axes, with
hash marks every 100 kbp; divergence (uncorrected) relative to S. uvarum CBS 7001 (30) is plotted above each chromosome; divergence relative to S.
eubayanus is plotted (inverted) below each chromosome. Strains are color-coded according to the key. Each strain appears above and below the chromo-
somes to represent both comparisons. S. uvarum CBS 395T is only shown in Dataset S1; the Patagonian S. eubayanus reference strain is only shown above the
chromosomes. To avoid overlaps of the comparisons, some strains are offset from the x axis as follows: S. eubayanus, 0.3%; NBRC 1948, 0.2%; CBS 380T, 0.1%.
CBS 380T contains both S. uvarum and S. eubayanus alleles in several regions, so its percentage heterozygosity (of base pairs) is also shown in thin gray above
the chromosomes. The divergence plots for a strain generally move in parallel above and below the chromosomes because nearly all regions of each strain are
closely related to either the S. uvarum or the S. eubayanus reference (within 2% of the axis on one side and 6–8% on the other side). Quantitative differences
reflect regions with different evolutionary rates, heterozygous regions (CBS 380T), or regions that may harbor older alleles because of incomplete lineage
sorting. For example, on the left arm of chromosome VI, CBS 380T is heterozygous, but NBRC 1948 contains only S. uvarum alleles; moving right, CBS 380T

becomes homozygous S. uvarum, and NBRC 1948 contains a large section from S. eubayanus before returning to S. uvarum characteristics toward the
telomere. Across the filtered draft genome sequences (∼80% of 1-kb windows), S. pastorianus is comprised of S. eubayanus alleles (>99.9%), and the
Patagonian S. uvarum is closely related to the S. uvarum reference (>99.9%).
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Evidence of Domestication. Domestication of crops and livestock
selects for desirable characteristics through directional breeding
so that domesticated lineages become genetically distinct from
their wild ancestors in ways that make them more useful to
humans (16, 17). To determine which genetic changes might
have been favored in brewing, we searched for differences be-
tween the genome of S. eubayanus and three domesticated
strains associated with brewing (S. pastorianus and the triple
hybrids CBS 380T and NBRC 1948).
The disaccharide maltose is one of the most abundant sugars in

wort, so its utilization is a strongly selected trait in the brewing en-
vironment (11, 31). Like S. pastorianus, the triple hybrid strains as-
sociated with brewing contain subtelomeric maltose (MAL) gene
clusters horizontally transferred from S. cerevisiae, as well as the
S. cerevisiae SUC4 gene for processing the disaccharide sucrose
(Dataset S3). Surprisingly, we discovered that these three strains
share an identical chromosome translocation breakpoint within
ZUO1 (YGR285C) that fuses the right arm of S. eubayanus chro-
mosome VII to subtelomeric sequences on the right arm of S. cer-
evisiae chromosomeVII (Fig. 2A andB). The transferred fragment
carries the S. cerevisiae IMA1 (YGR287C) gene that encodes iso-
maltase, which catalyzes cleavage of the disaccharide isomaltose
(32). The identical breakpoints indicate a common origin for this
S. cerevisiae sugar-processing gene in all three hybrid strains and
suggest strong selection foroptimal sugarutilizationduringbrewing.
Sulfite formation is also important in lager-brewing because

sulfite is an antioxidant and flavor stabilizer (31). S. pastorianus
Weihenstephan 34/70 was previously noted to carry inactive copies

of both the S.cerevisiae and S. eubayanus SUL1 genes, while
retaining functional versions of both SUL2 genes (11), which en-
code the high affinity transporters of sulfate, the metabolic pre-
cursor of sulfite (33). Surprisingly, we found that both triple hybrid
strains contain the same frame-shift mutation as S. pastorianus in
their copies of S. eubayanus SUL1 (Fig. 2C). Interestingly, selective
expression of SUL2, especially the S. eubayanus allele, has been
shown to improve sulfite production (34). Because we found that
the SUL1 gene is intact in S. eubayanus, it is likely that the in-
activation of SUL1 is a consequence of artificial selection in the
brewing environment. The losses of SUL1 and some MAL trans-
porters suggest a tendency to selectively discard less-efficient nu-
trient transport systems and retain or acquire others that are more
efficient under brewing conditions, a trade-off possibly resulting
from the 2D space constraints of the plasma membrane.

Evolution of S. pastorianus and S. bayanus Under Domestication.
Based on our ecological and comparative genomic analyses, S.
bayanus encompasses a set of hybrid strains known only from the
industrial brewing environment, whereas S. eubayanus exists as
an essentially pure lineage in natural conditions in Patagonia.
According to our model (Fig. 3), in the lager-brewery environ-
ment of the 15th century (6) wild S. eubayanus genomes began
fusing with ale-type S. cerevisiae genomes to give rise to allote-
traploid hybrids, rare events that seem to have happened at least
twice (10). In these ancestors of modern-day S. pastorianus, mi-
totic crossovers and other DNA repair mechanisms fused some
S. cerevisiae chromosomes to S. eubayanus chromosomes, making

dS

Scer

dS

Seub

0.0

0.5

1.0

1.5

1.5

1.0

0.5

A

B

C

YGR285C (ZUO1)

YBR294W (SUL1), IVR subtelomeric

To YGR287C (IMA1),

VIIR subtelomeric

YGR286C (BIO2)YGR285C (ZUO1)YGR284C (ERV29)

Toward

VII centromere

Fig. 2. S. pastorianus and two triple hybrid strains associ-
ated with brewing share identical domestication alleles. (A)
Sliding window analysis of synonymous site divergence (dS,
Jukes-Cantor corrected) for subtelomeric coding regions
with arrows marking direction of transcription and with the
color scheme and y axis as in Fig. 1, except the dS shown is
to S. cerevisiae (Scer), rather than to S. uvarum (Suva); the y-
value offsets necessary for visualization are 10-fold larger
than in Fig. 1 because of the different scale; 2,000 sites are
plotted with a 100-site window, a step of one, and an ar-
bitrary intergenic spacer of 200 sites. (B) Close-up of partial
coding sequences with dots denoting identity. Note the
breakpoint fusing the 3′ portion of S. eubayanus (Seub)
ZUO1 (blue) to the 5′ portion of ScerZUO1 (brown) and
distal genes, including ScerBIO2 and ScerIMA1. [S. pastor-
ianus clearly possesses ScerIMA1 and the ZUO1 breakpoint,
but there is a gap across ScerBIO2 in the published assembly
(11)]. (C) Partial coding sequence and translation of SUL1
highlighting a 1-bp deletion in SpasSUL1 that causes an
inactivating frame-shift mutation. S. pastorianus (Spas) also
represents NBRC 1948 and CBS 380T in B and C because all
called base pairs are identical in the coding sequences of
ERV29, ZUO1, BIO2, and SUL1 in those strains.
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some portions of the genome homozygous and other regions
aneuploid (10, 11). The S. eubayanus portions of these chro-
mosomal fusions that occurred in S. pastorianus would have
provided ample nearly identical sequence to seed the re-
combination needed to introduce S. cerevisiae DNA into other S.
eubayanus and S. uvarum strains arriving in the brewing envi-
ronment, thus gradually giving rise to the complex S. bayanus
genome. Alternatively, the tremendous population sizes ach-
ieved in the brewing environment may have allowed for the re-
covery of extremely rare viable hybrid spores or for strains to
return to euploidy via a parasexual cycle. Because all S. cerevisiae
genes detected in the triple hybrids are subtelomeric in the S.
uvarum or S. cerevisiae reference genomes, we believe trans-
formation is the more likely mechanism because it requires only
one crossover proximal to the subtelomeric gene under selection,
and it explains the absence of widespread transfer of S. cerevisiae
proximal genes that would be expected under the other models.
Regardless of the mechanism of gene transfer, the identical
frame-shift mutations (SUL1), chromosome breakpoints (IMA1),
and identical hitchhiking sequences suggest that strong positive
selection was imposed by the brewers choosing the best strains or
by the competitive brewing environment itself to spread these
alleles to S. pastorianus and both S. bayanus triple hybrids.
It is surprising that European isolates of S. eubayanus have

never been found, despite records of yeast isolation since the late
19th century, including a recent emphasis on sampling more
natural arboreal environments (26). The facile recovery of this
species from Patagonia suggests that S. eubayanusmay have been
absent in Europe until it was imported from overseas after the
advent of trans-Atlantic trade. In sharp contrast, its sister spe-
cies, S. uvarum, has been repeatedly isolated in Europe from
both artificial (e.g., brewing) and natural substrates (e.g., insects,
bark). Although additional environmental sampling is called for
worldwide, it seems likely that any natural European niches
suitable for S. eubayanus are occupied by other species, but that
it found great success through hybridization in the new artificial
environment of lager breweries.
The ∼7% genome-wide sequence divergence between S.

eubayanus and S. uvarum is the lowest level observed within the
Saccharomyces genus to result in genetic and ecological isolation
(Table S2). The geographic distribution and apparent niche
differentiation of these sister species make them a genetically
tractable system to study fungal speciation in allopatry with
secondary contact, or in sympatry because of ecological factors.

Taxonomy of S. eubayanus, S. bayanus, and S. uvarum. The no-
menclature of S. bayanus and S. uvarum has been confusing and
controversial for decades. High DNA-DNA reassociation values
between the type strains of these two species (35) led Naumov to
defend their merger, with S. uvarum initially considered a syno-
nym of S. bayanus (36), and later a variety (12). Other studies
employing molecular methods documented two well-separated
groups (37, 38), leading to proposals for the reinstatement of S.
uvarum as a separate species (13, 14). Unfortunately, the ab-
sence of a clear resolution of these taxonomic issues caused CBS
7001, a strain selected for genome-sequencing (30), to be referred
to as S. bayanus (instead of S. uvarum) in most of the ensuing
genomics literature and databases. However, all known strains of
S. bayanus (including the type strain CBS 380T) appear to be
hybrids of S. eubayanus and S. uvarum that contain contributions
from S. cerevisiae in at least some cases (Fig. S2). Therefore, like
S. pastorianus, S. bayanus is not a “species” in the ecological and
evolutionary sense and is best viewed as a product of the artificial
brewing environment with no occurrence in nature. Because it
is now evident that the varietal and other designations adopted
by some researchers lack scientific support, we propose that
“S. uvarum” and “S. eubayanus” be used as descriptors of biolog-
ically meaningful species, whereas “S. bayanus” and “S. pastorianus”
should be restricted to the domesticated and hybrid lineages.
Standard description. Standard description of Saccharomyces
eubayanus Sampaio, Libkind, Hittinger, P. Gonçalves, Valério,
C. Gonçalves, Dover et Johnston sp. nov.
Etymol.: The epithet is chosen to refer to the pure and natural

lineage that is related to the hybrid species Saccharomyces
bayanus Saccardo.
Cells globose to ovoidal (2.5–5 × 5–7 μm). Pseudomycelium

absent. Asci oval and persistent containing two to four round
ascospores. The main diagnosis characteristic is the genome se-
quence deposited in NCBI database. Salient physiological
properties are listed in Dataset S5. Strain CBS 12357 T (CRUB
1568T, PYCC 6148T) is designated as the type strain.
Latin description. Latin description of Saccharomyces eubayanus
Sampaio, Libkind, Hittinger, P. Gonçalves, Valério, C. Gonçalves,
Dover et Johnston sp. nov.
Species generis Saccharomycetis. Cellulae globosae ad ovoideae.

Pseudomycelium nullum. Asci ovales, persistentes, 2–4 ascosporis
globosis. Sequentia genomae totae in collectione sequentiarum
acidi nucleici NCBI numero SRP006155 in SRA030851 deposita.
Cultura typica CBS 12357T.

  S. eubayanus

  S. uvarum

ale-type
 S. cerevisiae

early
 S. pastorianus

modern
 S. pastorianus
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brewing environment

50:50 hybrid of
S. eubayanus and
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loss-of-heterozygosity 
on the right arm of chromo-
some VII adds an extra copy
of ScerIMA1, aneuploidy and
chromosome rearrangements

2

S. pastorianus

cells lyse and
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3

natural environments

transformation
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5
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Fig. 3. A model of the formation of S. pastorianus and the hybrid strains of S. bayanus. First, wild S. eubayanus and ale-type S. cerevisiae hybridized to form
an allotetraploid that gave rise to S. pastorianus. Second, domestication imposed strong selective pressure for strains with the most desirable brewing
properties. Third, in the brewing vats with high densities of S. pastorianus, cell lysis releases large DNA fragments that occasionally transform, fourth,
contaminating wild strains of S. eubayanus because of the lack of pure culture techniques. Fifth, multiple hybridization events with wild strains of S. uvarum
gave rise to CBS 380T and NBRC 1948. This model does not exclude prior or parallel involvement of S. uvarum in brewing or contamination.
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Domestication Processes Across Taxonomic Kingdoms. Domestica-
tion is an inherently evolutionary process, the understanding of
which requires the inference of ancestral states, either by com-
parison with wild progenitor populations or by archaeological
investigations. The characteristics of the previously undescribed
species S. eubayanus explain the instantaneous formation of
S. pastorianus by hybridization with S. cerevisiae. Selection im-
posed by the brewing environment further refined lager yeast, and
we pinpointed several genetic changes attendant to lager pro-
duction. Given the diverse mechanistic natures of genetic changes
that occurred during crop and livestock domestication (2, 17, 18),
we anticipate that additional genetic changes that are not obvious
from sequence comparisons alone will be uncovered in the future,
such as changes in gene regulation and mechanisms to integrate
two genomes separated by millions of years of evolution. Identi-
fication of these evolutionary changes and access to the previously
unknown wild stock promise to illuminate the role that fermented
beverages have played in human civilization and provide new
strategies for improving yeasts for brewing and biofuel production.

Materials and Methods
Yeast Isolation, Preliminary Characterization, and Crosses. The selective pro-
tocol used for Saccharomyces isolations was previously described (26). Pre-
liminary identification was based on confirmation of Saccharomyces-type
ascospore production; DNA-sequencing of FSY1, FUN14, HIS3, MET2, RIP1
(Dataset S6), and the ITS region of rDNA; PCR-fingerprinting with primers
(GTG)5 and M13 (39); and PCR-RFLP using FUN14 digested with BanII, RIP1

digested with PstI, and HIS3 digested with RsaI (15) (Fig. S2). Isolated asco-
spores of strains S. eubayanus CRUB 1568 and S. uvarum CRUB 1595 were
crossed to obtain interspecies hybrids. Hybridization was confirmed with
PCR-RFLP as above. Interspecific spore viability was determined by examin-
ing 362 ascospores produced by three independent hybrid strains. For the
assessment of intraspecific spore viability, ∼100 ascospores of each of the
two species (strains CRUB 1568, CRUB 1595) were studied.

Genome Sequencing and Analyses. Thedraftgenomesequencesofmonosporic-
derivatives of CRUB 1568 (FM1318), CRUB 1595 (FM1317), and NBRC 1948
(FM1309) were determined by assembling single-pass 36-bp Illumina sequence
reads to the S. uvarum CBS 7001 reference genome sequence (30), as described
previously (40) withmodifications (SI Materials andMethods). Viable spores of
CBS 380T and CBS 395T were not recovered, so the genomes of these strains
were sequenced without further manipulation and shown to be aneuploid,
providing a likely explanation for their sterility. Genome sequence analyses
were performed using custom PERL scripts and standard software.
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