REVIEWS

Clade

A group of taxa that forms a
monophyletic unit. Itis
applicable to any level of
the taxonomical hierarchy.
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Yeast evolutionary genomics
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yeasts can be extended to other eukaryotes.

Yeasts offer unique advantages for evolutionary genomic
studies among eukaryotic organisms. These uni-
cellular fungi, which are characterized by their ability
for unlimited clonal propagation by budding or fission
and the absence of fruiting bodies', are easily amenable
to microbial genetic techniques, and the limited size and
compactness of their genomes facilitate the characteriza-
tion of naturally or artificially evolved populations using
sequencing. The comparison of yeast genomes, which
is generally applied to infer evolutionary changes, can
be complemented by experimental analyses to elucidate
the underlying molecular mechanisms. More than a
thousand different yeast species have now been iden-
tified, and many more are likely to exist. Contrary to
the commonly held view, yeasts do not represent primi-
tive unicellular eukaryotes but instead have repeatedly
emerged from distinct phylogenetic lineages of ‘modern’
fungi'*’. The molecular evolutionary mechanisms iden-
tified in yeasts are therefore expected to have equiva-
lents with those in other fungi and in all animals, given
the common evolutionary origin of both kingdoms
among Opisthokonta’.

The complete genome sequence of the baker’s yeast
Saccharomyces cerevisiae was a milestone of early genom-
ics in the 1990s that directed subsequent studies®. The
abundance of novel genes stimulated the development
of systematic functional genomic approaches. Today,
S. cerevisiae offers an unparalleled reference source for
studying basic molecular mechanisms of eukaryotic
cells, as more than 80% of its ~5,780 protein-coding
genes have been functionally characterized®. The second
yeast genome to be completely sequenced was that of
Schizosaccharomyces pombe’, but this yeast is only dis-
tantly related to S. cerevisiae and its genetic architecture

Abstract | Over the past few years, genome sequences have become available from
anincreasing range of yeast species, which has led to notable advances in our
understanding of evolutionary mechanisms in eukaryotes. Yeasts offer us a unique
opportunity to examine how molecular and reproductive mechanisms combine to
affect genome architectures and drive evolutionary changes over a broad range of
species. This Review summarizes recent progress in understanding the molecular
mechanisms — such as gene duplication, mutation and acquisition of novel genetic
material — that underlie yeast evolutionary genomics. | also discuss how results from

is very different, so comparing the two species did not
offer many interpretable observations in terms of evo-
lutionary genomics. Sequences of other yeasts at more
evenly distributed evolutionary intervals were needed.
About 40 different yeast species have been sequenced
so far (FIG. 1), and genomic-level aspects of yeast evo-
lution are gradually being unveiled. The most atten-
tion has been focused on the Saccharomycotina (or
Hemiascomycetes, the large subphylum of Ascomycota
to which S. cerevisiae belongs), and the evolution of their
genomic architecture is now reasonably well understood
(BOX 1). Genomic data on other phylogenetic lineages
are presently too scarce to provide an equivalent degree
of understanding, but these lineages nevertheless offer
interesting outgroups for comparisons.

A major, and unexpected, lesson from yeast genomics
is the extensive sequence divergence observed between
different lineages. This divergence goes right down to
the species level and reflects intense genomic changes
that contrast with the conservation of biological prop-
erties of yeasts for very long evolutionary times. Rather
than offering a continuous range of gradual evolutionary
adaptations, as proposed by classical Darwinian theory,
genomes from distinct yeast clades, or even from species
of the same genus, differ from one another in an abrupt
manner. This is consistent with yeast genomes being the
remnants of repeated bottleneck events that occurred in
essentially clonal populations. The stochastic drift result-
ing from such a mode of propagation is important as it
offers the possibility for non-optimized variants to sur-
vive and eventually colonize novel niches to which they
may be better adapted. The recurrent emergence of this
unicellular mode of life — with its specific reproductive
properties — during fungal evolution is one of the main
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Figure 1 | Overview of the sequenced yeast genomes. The figure
summarizes the list of sequenced yeast species with their original
designation at the time of sequence publication (new taxonomies are
between brackets). Coloured triangles represent clades or genera with
their most recent designation shown on the left. The tree topology is
adapted from REFS 137-139 and T. Boekhout and C.P. Kurtzman (personal
communication). The branch lengths are arbitrary. Dotted lines illustrate
uncertainty and/or incongruence between different published
phylogenies. Deep-branch separations are very ancient'®*!. Genomic
architectures identify three major groups in Saccharomycotina (BOX 1),
highlighted by coloured backgrounds (blue, Saccharomycetaceae
family; orange, ‘CTG group’; purple, Dipodascaceae and related
families). The arrows point to major evolutionary events, as deduced
from common genomic architecture in Saccharomycotina using a
parsimony hypothesis. For each species, the sequenced the strain is
indicated (', type strain) with the status of sequence completion
(C, complete with finishing; D, draft assembly (limited number of
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supercontigs attributable to chromosomes); E, exploratory genome
survey; P, work in progress; S, whole-genome shotgun (typically ~3-7x
coverage and/or ~500-2,000 contigs)). The ploidy is also shown along
with, for fully analysed sequences, the number of chromosomes (haploid
set), the genome size (in megabases, excluding ribosomal DNA), the
GC base content (GC), the total number of predicted protein-coding
genes (the coding sequence (CDS)) and the percentage of the CDS
that contains introns (the ‘split’; ‘- indicates that data are not available
in computed or published form). *Species for which several strains
have been sequenced. Only the first or the more complete
sequence is indicated. *Heterogeneous composition. *Hybrid, partially
homozygotized (Génolevures Consortium, personal communication).
ICandida is commonly used to designate clades containing human
pathogens, although this nomenclature only designates asexual yeasts,
irrespective of their actual phylogeny (for example, Candida glabrata).
IUnpublished data from the Génolevures website. *Unpublished data
from the Broad Institute Fungal Genome Initiative website.
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Box 1| Summary of major architectural features of Saccharomycotina genomes

Genomes of the budding yeasts range in size from ~9 to 20 megabases (for the haploid set) and contain a limited
number of protein-coding genes (~4,700-6,500). They have few spliceosomal introns (~2-15% of split genes) and a
variable number of tRNA genes (~160-510). Complete sets of genes for other non-coding RNAs occur within
budding yeast genomes, in addition to limited numbers of mobile elements belonging to various families (mostly
class I). Traces of RNAi machinery are generally absent, except in specific cases'?®. The presence of autonomous
plasmids or viral elements is highly variable. All yeast genomes contain a large number of paralogous gene
copies, which are highly diverged in their sequences and represent various types of ancestral duplications.
Against this common background, genomes of each of the three major ‘families’ that have been most extensively
studied — the Saccharomycetaceae family, the ‘CTG group’ and the Dipodascaceae and related families (FIC. 1) —
show distinctive features whose evolutionary origin is partially understood. Dipodascaceae and related yeasts
have limited numbers of chromosomes (4-6) and dispersed 5S RNA genes. CTG yeasts and ‘protoploid’
Saccharomycetaceae have larger numbers of chromosomes (6-8) and ‘duplicated’ Saccharomycetaceae have
twice as many (13-16). CTG yeasts are characterized by a common deviation of the genetic code (the CUG codon
encodes serine) with corresponding changes of numerous codons'?, large centromeres and a unique mating-type
locus (with two allelic forms). Saccharomycetaceae yeasts are characterized by point centromeres (which are
highly conserved) and triplicate mating-type cassettes that ensure the simultaneous presence of both mating-type
alleles in haploid cells (with some exceptions). A whole-genome duplication has occurred in this family, creating a
subset of clades that have shorter chromosomes bearing the traces of the duplication followed by numerous gene

Loss of heterozygosity
Formally, the loss of one active
allele in a heterozygous pair.
This loss can occur by any
mechanism (mutation, deletion
or gene conversion using the
other allele as template). Loss
of heterozygosity in yeast
genomes corresponds to
large-scale chromosomal
regions encompassing multiple
neighbouring genes.

Horizontal gene transfer

A process by which an
organism incorporates

genetic material from another
organism that does not belong
to its line of ancestry. This
process is also called lateral
gene transfer.

Allopatric

Refers to organisms,
populations or species
that inhabit distinct
geographical regions.

deletions. Among them is the extensively studied baker’s yeast Saccharomyces cerevisiae, which serves as the

general reference organism for yeast genomics.

interests for evolutionary scientists studying yeasts, as
is the conservation of this mode over long evolution-
ary periods. Now that population structures of yeasts
can be readily studied at the genomic level, this opens
a new perspective for evolutionary genomics. The flow
of genetic material within and between populations
or even species can now be precisely measured and its
consequences carefully examined.

In this Review, I first discuss how the specificities of
yeast reproduction influence genetic exchanges, propa-
gation and population structures, and consequently
the definition of species. I then examine the molecular
mechanisms underlying evolutionary changes, covering
aspects of gene duplications, mutations, chromosomal
rearrangements, loss of heterozygosity (LOH), horizontal
gene transfer and de novo gene formation, and try to
place them in the broader perspective of other eukaryo-
tic genomes. Other aspects of evolutionary significance,
such as the conservation of gene families, functional
repertoires, gene-expression variation, phenotypic
robustness against mutational changes, the roles of epi-
somal and mobile elements, expansions of satellite and
other repeated sequences, and various features of RNA
machineries, will not be comprehensively covered.

Yeast populations and species

Populations of yeasts are very different from those of
multicellular organisms, in which sexual reproduction
is obligatory. Under favourable conditions, all yeasts can
propagate indefinitely by mitotic divisions (BOX 2), form-
ing large clonal populations in either the haploid or dip-
loid phase, or even in polyploids (although in this case
various types of chromosomal rearrangements or loss
can be observed). Note that, given their polyphyletic
origin (FIC. 1), this ability for unlimited clonal growth
in unicellular form constitutes one of the best criteria
for differentiating yeasts from other fungi, next to the
fact that their sexual states do not form within or on
fruiting bodies'. The possibility of generating large

subpopulations that can propagate without regular
genetic exchange is obviously important for yeast evolu-
tion. Many species, however, conserve the ability to per-
form complete sexual cycles, but use it in various ways
that affect (and often limit) the rates of genetic exchange
in populations (BOX 3). Other yeasts are only known as
asexual species, although some might undergo rare
mating events. Polyploids and heterospecitic hybrids
are also encountered among yeast isolates, raising the
difficult question of the definition of yeast species.

Population structures. The analysis of sequence polymor-
phisms at selected sets of loci suggested that, in nature,
genetic exchanges and recombination are limited for both
Saccharomyces paradoxus® and S. cerevisiae’. Genomic
data precisely quantified the level of genetic exchanges
in these populations. The distribution of segments of
shared genealogy among three strains of S. cerevisiae
revealed only 314 outcrossing events during ~16 mil-
lion successive cell divisions, indicating a frequency of
outcrossing as low as 2 x 10~ per asexual generation'’.
A similar figure was reported for S. paradoxus, in which
one sexual cycle was observed every 1,000 asexual gen-
erations and only 1% of these cycles corresponded to
outcrossing''. With such low levels of outcrossing, the
recombination of advantageous or deleterious alleles
present in populations is limited, and subpopulations
tend to form with independent accumulation of sequence
variations, even in sexual species. Allopatric divergence
accentuates the phenomenon'>". From recent genome
analysis, it was found that natural subpopulations of the
wild yeast S. paradoxus remain well delineated within
geographic boundaries'. Distinct subpopulations
were also identified for S. cerevisiae, although with a
higher incidence of mosaics between subpopulations,
which was attributed to human domestication'*'".
A similarly limited gene flow between yeast subpopu-
lations was recently observed by sequencing all 18
known strains of Saccharomyces kudriavzevii. This led
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Bateson—Dobzhansky—
Muller effect

A negative effect of allelic
reassortment by genetic
recombination in hybrids
between members of distinct
populations. By extension, it is
a lethal effect of reassortment
by genetic recombination in
crosses between parents that
exhibit differential gene loss
after genome duplication

Differential gene loss

The loss of opposite copies in a
pair of ohnologues between
two cells that inherited the
ohnologues from a common
genome duplication.

Sympatric

Refers to organisms,
populations or species
inhabiting the same
geographic area.

Ascospores

The four cellular products of a
meiosis. The four ascospores
are embedded in a sac

called an ascus (observed

in Ascomycota).

Protoploid

A general term

created to designate all
Saccharomycetaceae yeasts
that do not originate from
whole-genome duplication.

to the discovery of a ‘balanced unlinked gene network
polymorphism, in which in each strain, several genes
involved in galactose utilization are all simultaneously
either active (Portuguese strains) or pseudogenized
(Japanese strains), despite their unlinked locations on
multiple chromosomes'®.

Hybridization. Heterospecific hybridizations are not
rare in yeasts. Successful interspecific hybridizations
were experimentally obtained several years ago by mass
mating between different Saccharomyces species”. Strains
of the lager beer yeast Saccharomyces pastorianus are
known from recent genomic studies to be distinct hybrids
between S. cerevisiae and Saccharomyces bayanus'".
Other beer strains are hybrids between S. cerevisiae and
S. kudriavzevii*®*'. These hybridization events may be
accelerated by the stressful conditions imposed during
alcoholic fermentations®, but the formation of heterospe-
cific hybrids is not limited to Saccharomyces sensu stricto
yeasts. The asexual diploid pathogenic yeasts Candida
albicans and Candida dubliniensis form tetraploid
hybrids®, and natural hybrids have also been reported
between the Basidiomycota yeasts Cryptococcus neoform-
ans and Cryptococcus gattii**. Similarly, two subgenomes
were found in a wild isolate of Zygosaccharomyces rouxii*®
and in Pichia sorbitophila (Génolevures Consortium,
personal communication). Despite the frequent occur-
rence of hybrids, the role of heterospecific hybrid-
ization in the evolution of yeasts remains unclear. In
Saccharomyces sensu stricto hybrids, the two paren-
tal genomes often undergo non-reciprocal exchanges
accompanied by loss of genes, chromosomal segments
or even complete chromosomes, producing various
chimaeras from which novel lineages might emerge?-*’.
With its megabase-long chromosomal fragment of dis-
tinct composition, Lachancea kluyveri might represent
such a case®, but additional examples are needed. The
contradictory phylogenetic relationships of some yeasts®
may be partly due to such hybridization phenomena.

Box 2 | Asymmetrical cellular division and evolutionary consequences

Although clonal yeast populations seem to increase exponentially in size under

appropriate conditions, closer examination indicates a fundamentally asymmetrical
mode of cellular division. This mode is immediately perceptible for the large group of
Saccharomycotina (budding yeasts) but is also true for other groups'**'?. In budding
yeasts, mitoses produce a small cell, called a ‘bud’, that separates from a larger cell,
called the ‘mother’. Although both receive equivalent sets of genes, the bud is
‘younger’ than the mother because newly synthesized molecules tend to migrate to
it, whereas ancient molecules tend to remain in the mother cell'?. Clonal yeast
populations are therefore composites of young cells, which can generate an
unlimited succession of subsequent generations, and a series of gradually older
cells that eventually stop dividing (FIC. 2). Asymmetrical cell division has two
consequences for yeast genome evolution. First, equivalent mutational changes or
genomic alterations will have different probabilities of propagation in populations
depending on which cells they occur in. If this difference is small in Saccharomyces
cerevisiae, in which mother cells can undergo a relatively large number of successive
mitoses, it will increase if the proliferative ability of mother cells diminishes. Second,
in haploid clones, young and old cells differ in their ability to undergo sexual cycles.
In S. cerevisiae, at low mating-pheromone levels, the new bud is oriented towards the
weak signal, increasing its probability of outcrossing'?**. By contrast, old cells
undergo mating-type switching (BOX 3), which favours intraclonal mating.

REVIEWS

Speciation. Given their above properties, the definition
of yeast species becomes a complex question, as is often
the case in organisms in which clonal propagation dom-
inates sexual genetic exchanges. In the Saccharomyces
sensu stricto clade (FIG. 1), in which this question has
been most thoroughly addressed, the reduced meiotic
fertility of heterospecific hybrids fulfils the most classi-
cal criterion used to define species™. However, several
mechanisms combine to create this post-zygotic bar-
rier, not all of which are applicable to other yeast clades.
One mechanism is activation of the mismatch repair
system by sequence divergence between two parental
genomes’'. Another mechanism is the consequence of
chromosomal translocations**-**. A case of incompat-
ibility was also reported between S. cerevisiae mito-
chondria and a nuclear gene of S. bayanus*. However,
lineage-specific gene losses® are expected to have the
largest effect in terms of lowering the meiotic fertility
of hybrids between Saccharomyces sensu stricto species
and other yeasts that have inherited the same genome
duplication (see below). This corresponds to a special
case of the Bateson-Dobzhansky—Muller effect®’, an
interspecific genome incompatibility effect that is not
expected to occur in other phylogenetic yeast lineages.
One differential gene loss between two lineages results in
half of the meiotic products of their hybrids inheriting
an incomplete gene set owing to chromosomal reassort-
ment. Combination of several differential losses between
the two parental genomes further lowers the probability
of forming meiotic products with a complete gene set.
Comparisons with other phylogenetic branches of yeasts
are, unfortunately, not presently possible as there is a
lack of similar experimental data on the meiotic fertility
of hybrids, a topic that needs further investigation. Pre-
zygotic barriers also contribute to speciation in yeasts,
allowing the sympatric existence of distinct species that
are otherwise able to mate®. Germinating ascospores
of S. cerevisiae and S. paradoxus show a preference for
own-species mating over interspecific mating®, whereas
vegetative haploid cells of S. paradoxus do not*. The
molecular basis for this phenomenon remains to be
elucidated, but such a preference may have an impor-
tant role in wild yeast populations, as mating in these
species is suspected to occur primarily between newly
germinated ascospores.

Gene duplication mechanisms

Building a minimal yeast genome, with one optimized
gene per function, may sound like an attractive idea to
synthetic biology engineers today, but nature has never
done that. Instead, as postulated by Ohno 40 years ago"',
all genomes show numerous traces of gene duplications,
and the evolutionary consequences of these duplications
in creating novel gene functions have attracted consid-
erable attention**. This is also true for yeast genomes
that contain numerous series of paralogous genes from
ancient or recent duplications. In S. cerevisiae and related
species (FIC. 1), some paralogous gene pairs originate
from complete genome duplication, but many dispersed
paralogues and tandem gene arrays also exist. In the
‘protoploid’ Saccharomycetaceae species*, the last two
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CTG group

This term is used here to
designate a monophyletic
group of yeast species that
share a common genomic
architecture and a common
deviation from the universal
genetic code (the CUG codon
specifies serine) but are
taxonomically classified in
diverse families, some of which
contain yeasts that do not share
these genomic properties.

Generation 1

Immortal cell line,
no mating-type
switching

Ageing cell line,
mating-type
switching

Generation 2

Generation 3

L\

etc. letc.\ letc.\
Figure 2 | Asymmetrical cell divisions and consequences for population structures. Mitotic divisions in
Saccharomycotina are asymmetrical irrespective of the cellular ploidy. In both haploid and diploid cells, the parental
cell produces a small bud, designated as the ‘daughter cell’ (circles with narrow outlines), and a larger sibling,
designated as the ‘mother’ cell (circles with bold outlines), which keeps the original size and shape of the parental cell.
After increasing in size, the buds reproduce the same phenomenon, producing a bud and becoming mother cells (for
example, the cell marked 110). The bud lineages (right arrows) undergo an unlimited number of successive mitoses,
whereas mother cells can either undergo mitosis (for example, cell 10) — producing both a new bud that will begin an
immortal lineage (for example, cell 101) and a one-generation-older ‘mother’ cell (for example, cell 100) — or stop
dividing (for example, cell 10000). In Saccharomyces cerevisiae, mother cells generally undergo 20-30 successive
mitoses, producing the impression of a nearly exponential growth of the population in which, in any generation,
one-half of the cells are newly formed buds (labelled 1xx1 in generation 3, in which x means 0 or 1), one-quarter are
first-time ‘mothers’ (1x10), one-eighth are second-time ‘mothers’ (1100), and so on. This asymmetry points to similarities
between yeasts and filamentous fungi in the sense that the immortal bud lineages are equivalent to the tips of hyphae,
but the residual number of cellular divisions of mother lineages is specific to yeasts. Note that in Saccharomycetaceae
species undergoing mating-type switching (symbolized by green and purple colours) by action of the HO endonuclease

(BOX 3), immortal bud lineages never switch. Mating between members of the same descent (double-headed arrow)
produces homozygous diploids, except for the mating locus itself.

phenomena occur so frequently that one-third of their
protein-coding genes are members of paralogous fami-
lies despite the absence of an ancestral whole-genome
duplication. The numbers of paralogues are even higher
in Yarrowia lipolytica and in species of the ‘CTG group’.
Four distinct mechanisms contribute to this universal
genome redundancy in yeast genomes, and it would be
interesting to better quantify their relative rates of action
in future studies.

Expansions of tandem gene arrays. Clusters of identical
or similar protein-coding genes exist in various eukaryo-
tic genomes, but their role in evolution remains largely
speculative. In yeasts, tandem gene arrays are generally
not conserved* except in specific cases, such as B-type
cyclin genes. Several examples indicate the role of tan-
dem gene array expansions in rapid adaptive evolution.
In S. cerevisiae, tandem expansion of the CUPI locus
occurs when cells are grown under selective pressure
for copper resistance®. Because this cluster is made of
identical gene copies”, its expansion (or shrinkage) can
be accounted for by unequal homologous recombination

events. However, in other cases tandem arrays are
generally made of sequence-diverged gene copies, which is
more consistent with functional diversification than with
the simple need for copy-number increases, although the
degree of possible concerted evolution in such tandems
remains to be analysed. In the pathogenic yeast Candida
glabrata, two large gene clusters are observed that are
unique to this species*. One of them corresponds to the
expansion of six additional YPS genes (compared with
two YPS genesin S. cerevisiae), which encode extracellular
glycosylphosphatidylinositol (GPI)-linked aspartyl pro-
teases that are required for virulence®. Expansion of this
cluster corresponds with the roles of these enzymes in
processing a GPI-linked cell-wall adhesin that is nec-
essary for the adherence of C. glabrata to mammalian
cells. The other cluster is an expansion of the unique
S. cerevisiae MNT3 gene into eight copies in C. glabrata.
This gene encodes an a-1,3-mannosyltransferase
involved in cell wall biogenesis. Again, the sequence
divergence between the tandem copies is consistent
with functional diversification of the encoded proteins,
and the cluster varies in size among clinical isolates of
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Box 3 | Variation of sexual cycles and evolutionary consequences

Typically, mating in yeasts starts by the fusion of haploid cells that are similar in size
and shape (isogamy), which produces zygotes''. Fusion involving diploid cells is also
possible, and this forms polyploids'*2. Mating between haploid cells is usually
followed by karyogamy, which produces a cell with a single diploid nucleus that
either gives rise to a diploid clone or enters meiosis. Karyogamy is sometimes
delayed (a process that can be enhanced by mutational alteration in Saccharomyces
cerevisiae) such that dikaryotic cells may undergo mitosis before nuclear fusion. In
such a case, the progeny may receive only one of the two nuclei that cohabited for
some time in the same cell; this situation offers an opportunity for the two parents
to exchange mitochondrial DNA (cytoduction) and various other autonomous
genetic elements, such as plasmids, viruses or retrotransposons, without
exchanging the bulk of their chromosomes. Depending on the species, mating can
occur between genetically identical cells (homothallism, which is rare in yeasts) or
requires two cells of distinct mating-types (heterothallism). In Ascomycota yeasts,
mating-type is controlled by a unique chromosomal locus (designated MAT or MTL)

that exists in two idiomorphic forms, usually designated a and alpha. This locus
contains a limited set of genes that control the expression of numerous other genes
by various molecular mechanisms that have been extensively elucidated in

S. cerevisiae but that are beyond the scope of this Review. Alterations of the MAT
(MTL) loci are frequently observed in yeast genomes, suggesting substantial
rewiring of the cell identity and meiotic pathways during evolution'*’. For reasons
that are not yet entirely clear, but that have important consequences for population
structures and evolution, heterothallic yeast species have repeatedly recruited
distinct molecular mechanisms during evolution®*"3¢ to allow mating-type
switching of haploid cells and hence strongly reduce genetic exchange between
different populations during sexual cycles.

Autopolyploidization
The formation of cells or
organisms with more than
two pairs of homologous
chromosomes as a result
of self-fertilization or
non-disjunctive segregation
of chromosomes during
mitosis or meiosis.

Allopolyploidization
The formation of cells or
organisms with more than
two pairs of homologous
chromosomes as a result
of hybridization between
distinct species.

Synteny

The physical colocalization of
genes, or genetic loci, along the
same chromosome. It is more
often used to designate
subgroups of genes along a
chromosomal segment.

C. glabrata®™. Another dynamic large tandem gene array
called DUP240, which is specific to S. cerevisiae and
closely related species, encodes proteins that facilitate
membrane trafficking®. Numerous other species-specific
arrays are found in other yeasts, but their functional
roles are not clearly understood.

Segmental duplications. Segmental duplications con-
stitute a major signature of various eukaryotic genomes,
although their abundance varies. In primates, for exam-
ple, segmental duplications contribute to ~5% of the
total genome size. They are distributed non-randomly
in genomes with clustering near subtelomeric and
pericentromeric regions™. Similar clustering in subte-
lomeric regions also exists in yeasts***, but traces of
segmental duplications remain scarce in other parts
of yeast genomes. Yeasts, however, have been useful
for elucidating the molecular mechanisms involved
in the formation of segmental duplications and, given
the structural similarities of segmental duplications
between yeast and multicellular eukaryotes, it is likely
that their varying abundance between genomes reflects
different dynamic equilibriums rather than fundamen-
tal mechanistic differences®. In experimental cultures
of S. cerevisiae, duplications of large chromosomal
segments (tens to hundreds of kilobases) containing
many genes occur spontaneously at high frequency
(~1077 per mitosis)>*~*". Four types of chromosomal
structures are formed (FIG. 3) with different degrees of
stability during subsequent generations®®. Intra- and
interchromosomal duplications are also observed
in mammalian genomes. In addition, extrachromo-
somal copies of a specific chromosome segment were
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reported® and similar structures have been observed in
other experiments (A. Thierry, personal communica-
tion). This suggests that, after re-integration at ectopic
chromosomal locations, extrachromosomal copies may
contribute to genome reshuffling. It is now clear from
yeast experiments that large segmental duplications
result from untimely DNA synthesis events requir-
ing polymerase-8§ (Pol-8)%. Dispersed repeated ele-
ments in genomes, such as remnants of Ty elements
(class I retrotransposons), anchor the duplications by
a RAD52-dependent break-induced replication (BIR)
mechanism, often resulting in subtelomeric duplications
or interchromosomal translocations. But duplica-
tions also occur in the absence of such elements, with
no preference for genomic locations, as a result of a
RADS52-independent microhomology/microsatellite-
induced replication (MMIR) mechanism. Owing to the
greater technical limitations involved, mechanisms are
less precisely described for mammalian genomes, but
the presence of sequence microhomology and topo-
isomerase binding sites at or near junctions also sug-
gests a replication-based mechanism*2. The influence of
the segmental duplication mechanism in natural evolu-
tion of yeast genomes remains to be better quantified,
but this mechanism is prone to leave behind duplicated
gene copies and chromosomal rearrangements in yeast
cultures that may contribute to the numerous dispersed
paralogues observed.

Whole-genome duplications. The original hypothesis
that S. cerevisiae evolved from an ancient duplication of
the entire genome®' (a hypothesis that was subsequently
confirmed by sequence comparisons with other yeasts of
the same Saccharomycetaceae family*>**) had an impor-
tant influence on our understanding of the evolution-
ary consequences of such duplication events (see below).
However, much remains to be learned about the nature
of the phenomenon and why successful duplications
are so rare in evolution when autopolyploidization events
(tetraploids) and allopolyploidization events (hybrids)
seem to be so frequent in yeasts. Notwithstanding the
possibility that other duplications may exist in the many
lineages that have not yet been studied or that traces of
ancient duplications have been erased beyond recogni-
tion, so far no other entire genome duplication event
has been identified in yeasts, despite their long evolu-
tionary history (although another example exists in
primitive fungi®). This suggests that only a very small
proportion of polyploidization events gives rise to
successful lineages in yeast evolution for reasons that
remain to be clarified. One possibility is that successive
deletions of genes from the initial polyploid stage create
phenotypically disadvantaged intermediates owing to
gene dosage imbalance or the necessary rewiring of the
protein-interaction network®.

Meanwhile, the unique genome duplication known
in yeast evolution provided information about post-
duplication events, including massive gene deletions
that are prone to completely reshuffle genome maps by
forming two imperfect synteny blocks from the origi-
nal one (FIC. 4). In S. cerevisiae, only ~550 duplicated
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Ohnologue

One of a pair of paralogues
originating from a
whole-genome duplication.

Neofunctionalization
The acquisition of a novel
function by a gene after
mutational changes. This
usually applies to one of
the two paralogues that
are produced from a
gene duplication.

Subfunctionalization
Functional specialization after
mutational changes of the
paralogues that are produced
from a gene duplication.
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Figure 3 | Types of spontaneous segmental
duplications in Saccharomyces cerevisiae as
observed in experimental evolution assays. During
clonal propagation, duplications of long chromosomal
segments (tens to hundreds of kilobases long)
containing numerous genes occur spontaneously

at high frequency in both haploid and diploid
Saccharomyces cerevisiae genomes. These duplications
result in novel chromosomal structures of unequal
stability during subsequent generations®®. Blue
sequences symbolize new copies of green sequences.
Orange sequences symbolize new copies of yellow
sequences. Tandem intrachromosomal duplications (a)
are the most frequent structures observed and are
unstable at meiosis. Interchromosomal duplications
forming a novel chromosomal end (b) are also
frequently observed. Interchromosomal duplications
accompanied by reciprocal translocations of distal
chromosome segments (c) are stable. Duplications
encompassing centromeres (coloured ovals) can form
supernumerary chromosomes (d) or circular episomes
(e). Segmental duplications ignore gene boundaries
and may create gene fusions at junctions. Some
duplications originate at dispersed sequence repeats
(often remnants of retrotransposons), whereas others
involve sequence microhomology. Both correspond to
replication accidents that depend on a novel
mechanism involving the polymerase 32 (Pol32)
subunit of Pol-8%.

pairs (ohnologues) still remain®, and similar or lower
figures are observed for other yeasts that emerged
from the same duplication event, such as C. glabrata®,
Naumovozyma castellii®® and Vanderwaltozyma
polymorpha®. Although many of the deletions are com-
mon to several of these species, suggesting possible
pre-speciation events, others are found in only one
species, indicating post-speciation events®®’’. The
molecular mechanism by which so many individual
genes disappear after duplication remains one of the
problems to solve”’. Although few relics of ancestral
genes have been found among duplicated chromosomal
segments’>”*, most events seem to be complete deletions
of one or a few genes™.

The remaining pairs of ohnologues shed light on
post-duplication evolutionary mechanisms. Assuming
that their sequences were identical to start with — that
is, the duplication was an auto- rather than an allo-
polyploidization event — the sequence divergence and
differential expression among pairs of ohnologues
suggest that newly arisen gene duplicates experienced
altered selective regimes”. When compared with
single-copy homologues from protoploid species of
Saccharomycetaceae, most ohnologous pairs in dupli-
cated species exhibit strong asymmetry in their evolu-
tion rate, which suggests neofunctionalization”®””. The
serine/threonine protein kinases encoded by the NPR1
and PRR2 ohnologues of S. cerevisiae illustrate this:
the slow-evolving NPR1p stabilizes plasma membrane
amino-acid transporters, whereas the fast-evolving
PRR2p is involved in the pheromone-induced signalling
pathway. Interestingly, the fast-evolving copy is never
an essential gene and its function is generally less well
understood than that of the slow-evolving copy”. The
expression of the two gene copies also frequently differs,
consistent with the divergence of their cis-regulatory
elements”**. The CYCI gene of S. cerevisiae, which
encodes isoform 1 of cytochrome ¢, is preferentially
expressed in the presence of oxygen, whereas its ohno-
logue CYC7, which encodes isoform 2, is preferentially
expressed under hypoxic conditions. Other cases of
subfunctionalization involve subcellular localization, often
separating mitochondrial from nuclear or cytoplasmic
functions. About one-third of proteins encoded by
pairs of ohnologues localize to distinct subcellular
compartments®'. Finally, functional redundancy persists
for some ohnologous pairs®.

Single-gene duplications. Despite the dispersion of
most paralogues in genomes, no molecular mecha-
nisms operating at the chromosomal level have been
identified so far that would create single-gene dupli-
cates at ectopic locations. The only known examples
of such cases in yeasts and other eukaryotes proceed
through RNA intermediates, the duplicated gene copy
representing a retrogene reinserted into a new chromo-
somal location. This was directly demonstrated experi-
mentally in S. cerevisiae, in which Ty retrotransposons
can duplicate part of a gene and integrate the copy into
a new chromosomal location®. The proposed mecha-
nism involves template switching of the polymerase
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€ Sudden acquisition of foreign genes
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Indels

Mutations due to the insertion
or deletion of DNA sequences.
In practice the term is often
used to designate insertions or
deletions that affect only one
or a few nucleotides.

Pseudogenes

Genomic DNA sequences

that are similar to normal genes
but are rendered non-functional
after mutations.

Heterozygous region

Homozygous region
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Figure 4 | Main evolutionary mechanisms in yeasts and their functional and architectural consequences.

a | Genome duplication or hybridization between two isogenic yeasts creates cells with homozygous chromosomes.
Subsequent gene loss results in extensive map reshuffling, and gene copy number gradually returns to the original
pre-duplication status. The rare duplicated pairs that are maintained (ohnologues) often undergo asymmetrical
evolution rates, with one copy acquiring a new or more specialized function. b | Crosses between two non-isogenic
strains (distinct subpopulations) or hybridization between different species that have conserved a substantial
degree of synteny creates diploids with heterozygous chromosomes. Subsequent loss of heterozygosity of large
chromosomal segments often occurs. This phenomenon does not affect genomic maps (except locally at
non-perfectly syntenic regions between parental yeasts (not shown)). ¢ | Starting from a yeast with homozygous or
heterozygous chromosomes, the acquisition of alien genes locally modifies the genomic map. The alien acquisition
may concern a single gene (horizontal transfer, usually from bacteria) or a segment of chromosome from another

yeast (introgression).

during the reverse transcription phase, such that a
cDNA copy of a cellular mRNA is made and integrated
into chromosomes. The general paucity of active retro-
transposons in yeast genomes®* suggests, however, that
this mechanism plays only a limited part in their evolu-
tion except, possibly, during transient bursts of trans-
poson activity. The scarcity of spliceosomal introns in
many yeast species®* also suggests that exon shuffling
will be limited during yeast evolution.

Other mechanisms of genome evolution
Mutational rates and loss of synteny: two independent
clocks. The extensive sequence divergence between
orthologous genes in distinct yeast species is a charac-
teristic feature of yeast evolution that is often overlooked
in comparative genome annotations. Even species that
belong to the same genus and share highly conserved
gene synteny can exhibit large sequence divergence that
indicates that they are not closely related. For example,
S. bayanus proteins differ as much, on average, from
their S. cerevisiae orthologues as human and mouse
proteins do¥. Similar observations were made in the
Lachancea*, Clavispora® and Nakaseomyces genera
(Génolevures Consortium, personal communication).
Between genera, sequence divergence rapidly jumps
to even higher figures (S. cerevisiae and C. glabrata
orthologous proteins differ as much as those of humans
and fishes do).

In the absence of clear-cut fossils for yeasts, it is inter-
esting to examine what such figures represent in terms
of successive clonal generations made by each yeast
lineage, based on the mutational rates experimentally

determined in S. cerevisiae. Depending on the genes
studied and their chromosomal environments, slightly
variable figures were obtained, but the average is
close to 3 x 107'° mutations per nucleotide per mitotic
generation®. Similar estimates were obtained by whole-
genome resequencing of S. cerevisiae cultures®. In these
experiments, indels were roughly ten times less frequent
than nucleotide substitutions. A similar ratio is observed
in comparisons between natural isolates of S. cerevisiae
or S. paradoxus'. Assuming that independent and neu-
tral mutations occur at the above rate over successive
generations, the proportion of non-mutated nucleo-
tides follows an exponential decrease, such that 50%
of the nucleotides will have been mutated at least once
after ~2 billion successive clonal generations which,
for yeasts, translates into about 2 million years (or less
with generation rates as stated by REF. 91). Although
this figure is based on improbable assumptions of neu-
trality and unlimited population size, it gives a minimal
time limit to the observed sequence divergences within
and between yeast clades. With this view, the degrees
of intraspecific sequence polymorphism observed
between isolates of S. cerevisiae or S. paradoxus
(~0.1-0.3%)'*1>2 correspond to ~5 million succes-
sive generations (or a few thousand years). This sug-
gests that these yeast species represent very recent
clonal expansions from small samples of large previ-
ous populations that had undergone similar successive
bottlenecks. Note that, at this mutational rate, traces
of a neutral genetic element will disappear from yeast
genomes in very short time periods, consistent with the
limited number of pseudogenes observed®.
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Commensal

Refers to an organism living at
the expense of another one
without causing substantial
damage (a case of
non-deleterious parasitism).

Introgression

The incorporation of genes

of one species into the genetic
pool of another. It is classically
viewed as the result of
hybridization followed by
backcrossing, but could

result from other mechanisms
in yeasts.

Karyogamy
The fusion of distinct nuclei
present in the same cell.

Compared with the rate of sequence divergence,
yeast genetic maps seem to be much more robust.
The distinct clades of protoploid Saccharomycetaceae
share synteny blocks of ~20 genes on average in pair-
wise comparisons, indicating that their genomes have
only experienced about 300 rearrangements from their
common ancestor*, whereas their orthologous proteins
conserve only 55-60% sequence identity. The more
limited synteny for most other pairwise comparisons
between yeast genomes*-*** only reminds us of the large
evolutionary distances separating them. Within clades,
synteny conservation can be very high. For example,
the species of the Saccharomyces sensu stricto clade
have nearly identical chromosomal maps interrupted
by only a few chromosomal translocations”¥. The loss
of synteny between distinct lineages that originate from
a common ancestor results from a combination of sev-
eral mechanisms. Gross chromosomal rearrangements,
such as translocations or interchromosomal segmental
duplications, break gene adjacency over long distances,
but considerable accumulation of such events is needed
before effects on local gene adjacency levels become
measurable. In addition, preferred breakage points
seem to exist, such as at dispersed tRNA gene copies,
which are often encountered at extremities of conserved
synteny blocks. By contrast, in large conserved synteny
blocks, local gene adjacency disruptions are frequent,
mostly as a result of small inversions®** or single-gene
deletions or insertions™. Finally, selective pressures help
to conserve genome maps, resulting in some degree of
clustering of essential genes, a phenomenon that is
linked to recombination hot spots”.

Loss of heterozygosity. Interestingly, in addition to mat-
ing-type switching (BOX 3), yeasts have evolved another
mechanism that reduces heterozygosity in diploid cells
or hybrids (FIG. 4). The asexual diploid yeast C. albicans is
an interesting model in which homologous chromosome
pairs show a mosaic of heterozygous and homozygous
regions®. In this case, sequence divergence between
alleles is erased by a general chromosomal mechanism,
LOH. By comparing commensal isolates, most LOH
events were found to encompass entire chromosomes or
large regions extending to telomeres, as predicted by a
BIR mechanism?®. The related yeast C. dubliniensis also
has three homozygous chromosomes, and distinct chro-
mosomal bands for other chromosomes correspond to
the rest of the C. dubliniensis genome®. To what extent
LOH applies to other yeast evolutionary lineages is pres-
ently unclear, although genes involved in LOH have
been identified in S. cerevisiae'™. In C. albicans, long-
range LOH is increased (relative to in vitro cultivation)
by passage though a mammalian host'"".

Introgression. The presence in yeast genome sequences
of large chromosomal segments that are identical or
nearly identical in sequence to other species is puz-
zling. The genomes of wine strains of S. cerevisiae con-
tain DNA fragments from S. paradoxus, S. kudriavzevii,
Saccharomyces uvarum and even the distantly related

Zygosaccharomyces bailii**'"*"'%, suggesting that very

recent introgressions have occurred (as the sequences
are nearly identical to those in the donor genomes).
Introgression was also reported between varieties of
the Basidiomycota yeast C. neoformans'®, indicating
that this is a general phenomenon in yeast genomes,
although its importance for evolution has not yet been
determined. The mechanism of introgression remains
unknown. Classically in plants, introgression is obtained
by hybridization followed by successive backcrossing. It
is possible, although not likely, that the same process
applies in yeasts. Alternatively, delayed karyogamy in
heterospecific hybrids (BOX 3) may allow the transfer of
chromosomal fragments from one nucleus to the other.
In crosses involving S. cerevisiae mutants delayed in
karyogamy, haploid segregants can inherit intranuclear
autonomous elements of the other parent. The forma-
tion of circular chromosomal fragments by segmental
duplication mechanisms (FIC. 3) may provide the source
of DNA material transferred to the other nucleus. The
ecological proximity and selective pressures to adapt to
high-sugar, low-nitrogen and high-ethanol conditions
during fermentations may facilitate the phenomenon,
explaining the frequent introgressions observed in
industrial S. cerevisiae strains.

Horizontal gene transfer from bacterial origin. The
acquisition of genes from bacteria has long been
regarded as a marginal phenomenon in yeasts. However,
various cases have been reported, and some of these
have contributed to important functional innovations or
reacquisitions of genes. A notable example is provided
by the acquisition of a bacterial gene encoding a
dihydroorotate dehydrogenase, possibly origi-
nating from a Lactococcus, in the ancestor of the
Saccharomycetaceae family followed by its vertical trans-
mission to many extant members of this family to form
the URA1 gene'”'™. This gene either cohabits with the
ancestral eukaryotic enzyme encoded by the URA9 gene
(in protoploids) or has replaced it (in Saccharomyces
sensu stricto species). Interestingly, the cytosolic bac-
terial enzyme allows the synthesis of uracil in the
absence of oxygen, whereas the mitochondrial ances-
tral eukaryotic one does not, a property that could have
allowed the emergence of facultative anaerobe yeasts.
Several other examples of acquisition or reacquisition
of metabolic functions in various yeast lineages have
been reported!® "% Furthermore, a recent systematic
analysis of inserted genes in conserved synteny blocks*
and a systematic computer analysis using phylogenomic
criteria'? suggest that the phenomenon is not rare in
yeasts. Although the mechanism of transfer has not
been elucidated, it is probably facilitated by the fact that
most yeast species are terrestrial saprobes living in close
association with other organisms. Interestingly, trans-
ferred genes have a tendency to duplicate in their new
yeast host*.

De novo gene formation and acquisition of other alien
sequences. Every sequenced yeast genome has revealed
a small but significant number of specific genes with-
out clear-cut homologues in other species, including the
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most closely related ones. These genes are generally of
unknown function and unclear origin. If these genes
have not been acquired by horizontal transfer, they
may be examples of de novo gene formation. In com-
plex eukaryotes, such genetic innovations often result
from exonization of mobile sequences or exon shuf-
fling. However, the dearth of spliceosomal introns in
Saccharomycotina — despite their intron-rich ancestors*
— and the inconstant presence of active class I
transposons® predict that exonization and exon shuf-
fling should have a more limited role in yeast evolution.
Nevertheless, these two mechanisms may partly explain
the fusions and fissions of protein domains that have
been observed in yeast genomes'*. The de novo forma-
tion of protein-coding genes by mutational sequence
changes is also possible in yeasts. In S. cerevisiae, a short
protein-coding gene, BSC4, that is involved in DNA
repair during stationary phase seems to have emerged
from a transcribed but non-coding sequence that is
present in related species'”. Another example is pro-
vided by the S. cerevisiae-specific gene MDF1, which
seems to have emerged from translation of the antisense
transcript from the ancestral ADFI gene, which is con-
served across yeast species''®. The translation product
of MDF1I suppresses mating efticiency of S. cerevisiae by
binding to the MATa2 protein, hence promoting veg-
etative growth. The integration of fragments of mito-
chondrial DNA (NUMTs) into nuclear chromosomes
is also a strong mutagenic force that could, theoreti-
cally, create novel gene fusions; for example, 5" exten-
sion of a protein-coding gene was recently reported in
Debaryomyces hansenii'’’. The process of transfer of
mitochondrial DNA to the nucleus is not entirely under-
stood, except that it must involve the fragmentation of
mitochondrial DNA before integration at double-strand
breaks of chromosomes, as judged from the frequent
occurrence of mosaics in both natural and experimental
cases''”!'8, Similarly, the presence of nuclear sequences
of plasmid and viral origin (NUPAV's) was recognized
in about 40% of the sequenced Saccharomycotina
genomes'”. Although most correspond to pseudo-
genes, some active protein-coding genes were shown
to originate from the non-retroviral RNA viruses
that are occasionally found in various yeast and
fungal species''>'.

Conclusions and perspective

Many lessons have been learnt from the recent progress
of yeast evolutionary genomics, even if many lineages
still remain to be explored given the broad evolution-
ary diversity and multiple phylogenetic origins of yeasts
among fungi. New sequencing technologies mean that
investigations are no longer limited to model systems
or the important biotechnological or infectious agents
on which most of yeast evolutionary genomics pres-
ently relies. Sequencing projects specifically directed
at biodiversity studies are in sight. Natural as well as
artificially evolved populations are becoming amenable
to complete genome analyses by rapid resequencing to
discover mutational changes, copy-number variations
and other genome alterations™**'*'. Integration of these
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results with comparative genomic data should rapidly
increase our understanding of eukaryotic genome evo-
lution processes, using yeasts as models. But more data
will probably be needed to understand the complexity
of the genetic determinism of the various functional
adaptations of yeasts. The sequence divergence between
extant yeast lineages is generally so extensive that it sug-
gests that a considerable drift has been superimposed
onto gradual Darwinian adaptations during yeast evolu-
tion. This view is consistent with the rapid propagation
of essentially clonal unicellular populations undergoing
repeated bottleneck events that facilitate the emergence
of not-necessarily-optimized variants'?. The recurrent
loss of sex and the variety of mechanisms used to limit
actual genetic exchanges suggest that this mode of
propagation offers advantages to ensure the long-term
evolutionary success of yeasts.

With this view of yeast evolution, two major ques-
tions deserve further studies. The first concerns the
multiple emergences of various yeast forms from more
complex fungal lineages (FIC. 1). More data are needed
to address this question. At present, it looks likely that
these events correspond to non-reversible regressive
changes to fulfil conditions under which rapid clonal
expansions become more important than biological
complexity. It will be interesting to examine the nature
and the diversity of such changes. The second relates to
the very long evolutionary conservation of major yeast
lineages, such as the Saccharomycotina, over several
hundreds of billions of successive generations. By com-
parison, the diversification of animal lineages is several
orders of magnitude shorter in terms of generations
(even at the cellular level). The currently known rates
of mutations, gene duplications and losses and horizon-
tal acquisitions suggest that Saccharomycotina genomes
have experienced a much larger range of mutational
changes since their origin than have Metazoa genomes,
as if they were trapped in a sort of evolutionary dead-
lock in which changes constantly occur in the genomes
without significant innovation. One possibility is that
the loss of spliceosomal introns in these yeasts* reached
a threshold beyond which the role of RNA-mediated
mechanisms for novel gene formation (which seem to
have important roles in multicellular eukaryote evolu-
tion) becomes insufficient to compensate for the losses.
The lack of traces of RNAi machinery in genomes of
Saccharomycotina, except in specific cases'®, also sug-
gests that RNA-mediated mechanisms have a limited
role in yeasts. In addition, the frequent loss of active
transposons in yeast lineages, which probably correlates
with the loss or reduction of their sexual exchanges, is
expected to accentuate the phenomenon. The altera-
tion of the genetic code in an entire yeast lineage'*,
the successive changes of tRNA sparing rules'?, and
other unexpected features of non-coding RNAs sug-
gest that additional investigations of the exact role of
RNA-mediated mechanisms in yeast evolution may
be promising. But whatever lies ahead for yeast evolu-
tionary genomics, it is already clear that studying yeast
genomes is a rewarding route towards elucidating novel
general principles of evolution.
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