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Abstract
With almost 20 genomes sequenced from unicellular ascomycetes (Saccharomycotina),
and the prospect of many more in the pipeline, we review the patterns and processes
of yeast genome evolution. A central core of about 4000 genes is shared by all the
sequenced yeast genomes. Gains of genes by horizontal gene transfer seem to be
very rare. Gene losses are more frequent, and losses of whole sets of genes in some
pathways in some species can be understood in terms of species-specific differences
in biology. The wholesale loss of redundant copies of duplicated genes after whole-
genome duplication in the ancestor of one clade of yeasts is likely to have caused the
emergence of many reproductively isolated lineages of yeasts at that time, but other
processes are responsible for species barriers that arose more recently among close
relatives of Saccharomyces cerevisiae. Copyright  2007 John Wiley & Sons, Ltd.
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Phylogenetic position of the
Saccharomycotina among ascomycetes

The number of extant fungal species is thought
to be in the millions, although only about 80 000
have been described [1]. The known species are
typically divided into five phyla, Ascomycota,
Basidiomycota, Glomeromycota, Zygomycota and
Chytridomycota, although some of these may not
be monophyletic [2]. The largest phylum, Ascomy-
cota, is defined by the production of a spe-
cialized structure, the ascus, that surrounds the

spores formed during meiosis [2]. The Ascomy-
cota diverged from the Basidiomycota in the
region of 741–1195 million years ago (95% con-
fidence interval from Ref. 3), and the monophyly
of the Ascomycota is well supported by molec-
ular data [4,5]. There are two main subphyla
within the Ascomycota: the Pezizomycotina (which
includes hyphal fungi such as Neurospora crassa)
and the Saccharomycotina (which includes yeasts
such as Candida albicans and Saccharomyces
cerevisiae and are sometimes called the hemias-
comycetes). These two subphyla diverged about
798–1166 million years ago [3], shortly after
the split from Basidiomycota. Recent molecu-
lar evidence showing that Schizosaccharomyces
pombe is an outgroup to both of these taxa has
prompted the proposal of a third ascomycete class
[6], the Archiascomycotina (Figure 1). Additional
molecular sequence data have supported the novel
classification [2,4,5], indicating that unicellular
yeasts have evolved from multicellular hyphal pro-
genitors more than once.

Copyright  2007 John Wiley & Sons, Ltd.
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Figure 1. Phylogenetic relationships among the sequenced fungal genomes [5]. The tree is a maximum-likelihood phylogeny
reconstructed using the concatenated sequences of 153 genes that are universally present in the 42 genomes shown.
Bootstrap percentages are shown for all nodes. Major clades are named, including the ‘Saccharomyces complex’ [9], the
group of species that share the whole-genome duplication (WGD), those with the variant genetic code (CTG) and the
Saccharomyces sensu stricto group. Modified from Ref. 5

More than 1000 species of Saccharomycotina
have been described. Their centre of greatest biodi-
versity appears to be in insect guts, and it is likely
that thousands more species remain to be discov-
ered from this habitat [7,8]. All of the Saccha-
romycotina genomes sequenced thus far fall into
three clusters (Figure 1). The first cluster is com-
prised primarily of species from the genera Sac-
charomyces and Kluyveromyces (Figure 1), and is
generally referred to as the ‘Saccharomyces com-
plex’ [9]. The second cluster consists of species
that translate CTG codons as serine rather than
leucine, a reassignment that occurred more than

170 million years ago [10,11]. This cluster includes
Candida species and yeasts such as Debaryomyces
hansenii and Lodderomyces elongisporus [5]. The
sole sequenced member of the third cluster is
Yarrowia lipolytica [12].

In this review we focus on the yeasts in the ‘Sac-
charomyces complex’, the most densely sequenced
of the three Saccharomycotina clusters. We begin
by reviewing a number of studies that illustrate the
key mechanisms underlying gene gain and gene
loss in yeasts and discuss the whole-genome dupli-
cation (WGD) that occurred in a common ancestor
of several yeast species. In the second part we
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review the literature on speciation in yeasts and
describe recent work implicating gene duplication
and the subsequent loss of redundant gene copies
as a key mechanism of speciation. In particular, we
focus on work from our laboratory showing that
loss of duplicate gene pairs after the WGD may
have led to a burst of speciation after the WGD
event.

Gene losses and gains

The S. cerevisiae and Ashbya gossypii genomes
share 4281 genes that are syntenic and orthologous
[13]. This set of genes forms a common core that
is largely shared by all the sequenced genomes of
Saccharomycotina species. A particular species can
deviate from this core by losing some genes that it
does not need, or by gaining new genes, either by
gene duplication or by horizontal transfer. How do
these gene losses and gains become established in
a species?

Gene loss

Even though many S. cerevisiae genes reveal no
phenotype when deleted, it is unlikely that any
genes in yeast genomes are truly redundant. If any
such genes existed, there would be no advantage
to maintaining them and hence no selection against
losing them, so we would expect them to have been
mutated and lost from genomes long ago. Genes
with no obvious phenotype may nevertheless make
a small contribution to growth rate, or may only
be needed under certain conditions that were not
studied in the laboratory [14,15].

Given that truly redundant genes are unlikely
to exist and assuming that a gene is initially
present in all individuals in a population, there are
three circumstances that could allow it to become
lost: (a) if the selection pressure that caused the
gene to be maintained disappears [16]; (b) if a
new selection pressure emerges that causes the
gene to be maladaptive [17]; or (c) if another
gene is present that can complement the loss
of the original gene [18]. In population genetics
terms these three situations can be described,
respectively, as the removal of purifying selection,
as gene loss favoured by positive selection, and as
a selectively neutral event. Examples of all three
situations are known, as described below.

Seven genes in the GAL pathway are absent
or pseudogenes in the genome of S. kudriavzevii,
despite being present in all other studied Saccha-
romyces sensu stricto species [16]. These genes
function to sense, import and metabolize the sugar
galactose. Their loss has been attributed to the
removal of a selective pressure, and is presumed
to have occurred because S. kudriavzevii does
not encounter galactose in its natural environment.
Although it is hard to exclude the possibility that
their loss was beneficial in some way, the fact
that the GAL genes were also lost independently in
several other yeast lineages that occupy very differ-
ent ecological niches argues against the possibility
that the GAL genes were maladaptive in the spe-
cific environment (rotting leaves [16]) preferred by
S. kudriavzevii.

In contrast, the loss of five genes in the BNA
pathway in Candida glabrata is likely to have
occurred under strong positive selection, because
this pathway plays an important role in virulence
[19]. The BNA pathway is responsible for the
synthesis of nicotinic acid and allows S. cerevisiae
and other yeasts to replenish their pool of NAD+
if it is depleted by the transcriptional repressor
Sir2. C. glabrata, however, is entirely dependent
on external sources of nicotinic acid. When this is
not available, genes that are usually repressed by
Sir2 become expressed. Notably, the human urinary
tract is very low in nicotinic acid, and expression of
the Sir2-regulated EPA adhesin genes is increased
in this environment [19].

Lastly, the loss of the a2 gene from the ances-
tral mating-type (MAT ) locus in yeasts appears to
be an example of gene loss due to redundancy
[20,21]. In C. albicans a2 is required to activate a-
specific genes in a cells, but in S. cerevisiae these
genes are expressed by default in a cells and are
instead repressed by α2 in α cells. By examin-
ing how a-specific genes are regulated in yeasts
that are more closely related to S. cerevisiae than
to C. albicans, Tsong et al. [21] reconstructed the
evolutionary steps that brought the a-specific genes
from positive control in an ancestor similar to C.
albicans to negative control in S. cerevisiae, and
showed that an intermediate stage is likely to have
involved redundant control by both systems. Thus,
loss of the a2 gene was possible because, although
there was strong purifying selection for appropri-
ate expression of a-specific genes, compensatory
changes arose that could complement the loss. As
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in the case of the GAL pathway, it is hard to exclude
the possibility that the change was favoured by
selection for some unknown reason, but these three
examples serve to illustrate the possible conditions
under which gene loss may occur.

Gene gain

Although gene gain might at first glance appear
to be just gene loss in reverse, there are some
important differences. Foremost among these is
that, irrespective of the selection pressures operat-
ing on the new gene, it may originate by a variety
of processes, including gene duplication, horizon-
tal gene transfer (HGT) and de novo emergence of
an open reading frame. Of these, gene duplication
is by far the most important but a number of note-
worthy cases of HGT into yeasts have also been
described. The best-documented example is URA1,
coding for an enzyme (dihydro-orotate dehydro-
genase) in the uracil biosynthesis pathway, which
was gained in the Saccharomycotina lineage by
horizontal transfer from a bacterium resembling
Lactococcus lactis [22,23]. URA1 initially coex-
isted with the distantly related native gene URA9,
and eventually displaced URA9 in some lineages,
including S. cerevisiae. The enzymes encoded by
the two genes use different electron acceptors: the
Ura9 enzyme requires a functioning mitochondrial
electron transport chain, whereas the Ura1 enzyme
is active even in the absence of respiration. Thus,
the gain of URA1 by horizontal transfer likely con-
tributed to the increased ability of yeasts in the S.
cerevisiae lineage to grow without oxygen [22].
Hall et al. [23] searched systematically for genes
that were transferred from bacteria into the S. cere-
visiae or A. gossypii genome and found only 11
such genes, including URA1. Remarkably, eight of
the 11 transferred genes are located in subtelomeric
regions of the yeast genomes, which perhaps sug-
gests that subtelomeric regions are a preferred site
for the uptake of novel DNA. Horizontal transfer of
an adenyl deaminase (ADA) gene from Burkholde-
ria bacteria into the wine spoilage yeast Dekkera
bruxellensis (or from an unknown third species
into both Dekkera and Burkholderia) has also been
reported recently [24].

As noted above, the key mechanism of gene
gain in yeast and probably throughout eukary-
otes is gene duplication [25]. It now appears that

duplicates must be preserved by one of two pro-
cess: (a) neofunctionalization, in which one dupli-
cate evolves a useful new function while the
other performs the ancestral function; [26] or
(b) subfunctionalization, in which the duplicates
partition ancestral functions between them so that
both duplicates are required for full fitness. [27]
Although computational analyses have tended to
provide support primarily for neofunctionaliza-
tion, [28,29] experimental analyses have provided
support for both models. For instance, Thomson
et al. [30] used ancestral sequence reconstruction
and chemical synthesis to ‘resurrect’ the common
ancestor of Adh1 and Adh2, homologous alco-
hol dehydrogenases that favour opposing chemi-
cal reactions. They showed that the ancestral Adh
enzyme favoured the forward reaction converting
acetaldehyde to ethanol, thus behaving in the same
manner as Adh1. This strongly suggests that the
ADH2 gene was preserved because it conferred
a novel beneficial function (converting ethanol to
acetaldehyde), although it must be pointed out
that Adh1 and Adh2 differ by 24 (of 348) amino
acids, and thus the possibility cannot be excluded
that ADH2 was originally preserved for a differ-
ent reason and only lately has gained its novel
behaviour.

If it is difficult to prove that a duplicate pair has
been preserved by neofunctionalization because the
behaviour of evolutionary intermediates may not be
the same as that of modern sequences, it is no less
difficult to demonstrate that subfunctionalization
has occurred. This is because even when it is clear
that each of a pair of duplicates can perform only
a subset of functions that a single-copy homologue
(or a reconstructed common ancestor) can perform,
it is all but impossible to exclude the possibility that
one of the duplicates also has an unknown novel
function that was not possessed by the progenitor
sequence and that this is the ultimate reason
for preservation. Nevertheless, van Hoof [31] has
provided compelling evidence that four pairs of
duplicate genes preserved in S. cerevisiae since the
WGD have been preserved by subfunctionalization.
Although all four pairs were chosen on the basis
that they were likely candidates for preservation
by neofunctionalization, SIR3 and ORC1 are of
particular interest because both are well-studied
genes with few obvious functional similarities.
SIR3 is a non-essential gene involved in silencing
at the HML and HMR loci and at subtelomeres,
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whereas ORC1 is an essential subunit of the origin
recognition complex (ORC) that initiates DNA
replication. Van Hoof [31] showed that the single-
copy SIR3/ORC1 homologue in S. kluyveri can
complement deletions of both SIR3 and ORC1 in
S. cerevisiae, even though the two S. cerevisiae
deletions cannot complement one another. This
result implies that neither SIR3 nor ORC1 in S.
cerevisiae performs an essential function that was
not present in their shared ancestor, and that they
have partitioned (subfunctionalized) the ancestral
functions between them.

These examples lend themselves to two conclu-
sions. First, as was the case with gene loss, gene
gain seems to be possible both with and with-
out positive Darwinian selection. Although a2 is
required for mating in C. albicans, it was lost
from an ancestor of the ‘Saccharomyces complex’
species without any obvious compensating bene-
fit. Similarly, the replacement of the single-copy
SIR3/ORC1 gene that existed prior to the WGD
(and was probably also required for mating) by a
pair of paralogues in S. cerevisiae also occurred
without conferring any apparent advantage. In con-
trast, adaptive rationales can be ascribed to the loss
of the genes in the BNA pathway and to the gain
of ADH2. Second, it suggests that the resolution of
duplicate gene pairs after the WGD that occurred
in the ‘Saccharomyces complex’ involved a variety
of different processes. In particular, although most
gene loss is likely to have been neutral because
of the presence of a second copy, the preservation
in duplicate of hundreds of previously single-copy

genes may have involved both neofunctionalization
and subfunctionalization.

The yeast whole-genome duplication

The major phylogenetic division within the Sac-
charomyces complex is between those yeasts
whose common ancestor underwent a whole-
genome duplication (WGD [12,13,28,32]) and
those that diverged prior to this event (Figure 1).
The genome of modern S. cerevisiae is dominated
by the changes wrought by the WGD and the sub-
sequent return of the genome to a haploid/diploid
inheritance cycle [33]. The most obvious structural
change is the doubling of the number of chromo-
somes relative to the ancestral ‘pre-WGD’ yeast,
which can be tracked by identifying pairs of dupli-
cated centromeres [28,34]. The genome transiently
increased its number of genes from about 5000
to 10 000, and then lost one member of most of
the pairs to leave the present-day set. S. cerevisiae
currently has about 5500 protein-coding genes, of
which 1102 form 551 duplicated ‘ohnolog’ pairs
[35].

The loss of one member of most of the previ-
ously duplicated gene pairs and the resulting inter-
leaving of single-copy genes between sister regions
(Figure 2) means that around half of all neighbour-
ing gene relationships were altered in the aftermath
of the WGD. It has recently been shown that fol-
lowing a WGD event in the plant Arabidopsis,
the pattern of duplicate loss between sister regions

K. polysporus sister regions

S. castellii sister regionsS. castellii sister regions

C. glabrata sister regions

S. cerevisiae sister regionsS. cerevisiae sister regions

non-WGD genomes:
Ancestral gene order

A. gossypii
K. waltii
K. lactis

post-WGD genomes:

Figure 2. Screenshot from the Yeast Gene Order Browser (for details, see ref. 35). Each rectangle represents a gene
and homologous genes are arranged in columns. Genes from the two sister regions in each post-WGD species appear
‘interleaved’ in single genomic regions from non-WGD species. In addition to data from ref. 35, gene order in the
Kluyveromyces polysporus genome and the inferred ‘ancestral’ gene order that existed immediately prior to the WGD event
are shown (D. R. Scannell, J. L. Gordon and K. H. Wolfe, unpublished)

Copyright  2007 John Wiley & Sons, Ltd. Yeast (in press)
DOI: 10.1002/yea



D. R. Scannell, G. Butler and K. H. Wolfe

was not random but resulted in the production of
‘gene-rich’ and ‘gene-poor’ regions [36]. Although
there is no evidence that a similar process occurred
after the WGD in yeast, the orientation bias of
neighbouring genes has been changed, resulting
in a reduction of the excess of convergently and
divergently transcribed neighbouring gene pairs (as
opposed to parallel orientations) seen in non-WGD
yeasts [37]. This appears to have had an effect on
the correlation in expression of neighbouring genes
[37] and raises the obvious question of whether the
chromosomal clustering of co-expressed genes [38]
and genes involved in the same biological process
[39] in S. cerevisiae was affected by the reorga-
nization of neighbouring gene relationships after
the WGD.

Ancient WGDs (paleopolyploidizations) have
been analysed at the genome-sequence level in
all four eukaryotic kingdoms: plants, [40–44] ani-
mals, [45–47] fungi [13,28,32] and protists [48].
Among these WGD events, the fraction of the
original genes that survived in duplicate varies
from approximately 10% to 50%, but this is
largely a function of the amount of time since
polyploidization. Nevertheless, it is notable that
similar functional classes of genes have been
retained in duplicate after many of these events.
For instance, cytosolic ribosomal protein genes
have been retained in duplicate in both plants
[49] and fungi [50]. Similarly, transcription factors
and/or kinases (‘regulatory’ genes) were prefer-
entially retained in duplicate after the WGDs in
yeast, [50] plants [51] and animals. [52] In addi-
tion, it has been shown that duplicates derived from
a first WGD event have a significantly increased
chance of being re-retained after subsequent WGD
events, [48,53] and that the types of genes that
are retained in duplicate after WGD typically do
not give rise to duplicates by other mechanisms
[51]. Because the characteristics of cytosolic ribo-
somal protein genes and ‘regulatory’ genes are
very different, it is likely that more than one
explanation will be required to account for these
observations. In the former case, it has been pro-
posed that ribosomal protein genes are retained
for increased dosage [50] and that WGD is the
primary mode of duplication by which this can
happen, because a duplication of only some of
the set of ribosomal protein genes would lead
to dosage imbalance and a dominant negative
phenotype [54]. In reference to our comment in

the previous section (‘Gene gain’) that duplicated
genes are preserved by either subfunctionalization
or neofunctionalization, we note that the increased
gene dosage conferred by a second duplicate can
be regarded as a form of quantitative neofunc-
tionalization. Although no qualitatively new func-
tion has evolved, the presence of a duplicate con-
fers an advantage relative to the ancestral geno-
type.

No plausible explanation has yet been offered
for the preferential retention of kinases and tran-
scription factors in duplicate after WGD, although
a number of possibilities can be considered.
First, there is some evidence that genes in these
functional classes have more complex promoters
[55,56] and thus may be particularly good candi-
dates for preservation by subfunctionalization. Sec-
ond, kinases and transcription factors often have
many substrates [57] or targets, [58] respectively,
and can thus be considered to be under a high level
of pleiotropic constraint. Because target phospho-
rylation sites or cis-regulatory elements are likely
to be heterogeneous (i.e. all deviating from the
consensus in slightly different ways), partial loss-
of-function mutations in each member of a pair of
duplicates may result in each having high affinity
for only a subset of the ancestral targets, and thus a
requirement for both copies to be retained. This is
reminiscent of both coding region subfunctional-
ization [59] and quantitative subfunctionalization
[60]. Third, it is possible that the simultaneous
duplication of multiple regulatory genes prevents
dysregulation. Indeed, it is notable that kinases
and transcription factors are among the functional
classes most likely to produce a deleterious pheno-
type when overexpressed in isolation [61]. Finally,
studies in both plants [49] and yeasts [62] have
suggested that duplicated pathways may become
independently expressed following WGD. It is pos-
sible that regulatory genes are only recruited when
new pathways require regulation.

There are some convincing examples of neofunc-
tionalization associated with the WGD in yeast, the
most striking of which involve adaptation of dupli-
cated gene copies to growth in low-oxygen envi-
ronments. Among the Saccharomycotina, yeasts are
classified as either Crabtree-positive or Crabtree-
negative. In Crabtree-positive species (such as S.
cerevisiae) glucose is metabolized through fermen-
tation in preference to respiration, even when oxy-
gen levels are high. S. cerevisiae is also among the
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few yeasts that can grow in the complete absence of
oxygen, and can be induced to generate respiratory-
deficient mitochondrial mutants (‘petites’) [63]. A
recent study by Merico et al. [64] showed that these
phenotypes are generally present in the species that
are descended from the WGD event, whereas the
majority of the non-WGD species show a reduced
Crabtree effect and a reduced ability to grow in
the absence of oxygen. Many of the gene pairs
that have been retained in duplicate by S. cere-
visiae are involved in carbohydrate metabolism,
[50] and the members of many of these pairs
are differentially expressed in response to either
oxygen [65] or glucose [66] availability. The evi-
dence suggests that the last common ancestor of
the species with duplicated genomes was adapted
to living in a low-oxygen environment, and had
the capacity to ferment. The expansion of lineages
descended from the WGD may have coincided
with the increased availability of fruit sugars at the
end of the Cretaceous [32,67]. Further adaptations
to the ‘fermentative lifestyle’ occurred specifically
in an ancestor of the Saccharomyces sensu stricto
species, with duplications of ADH and PDC genes,
among others, happening more recently than the
WGD [30].

Origins of new species

Saccharomyces sensu stricto yeast species are gen-
erally accepted to be distinct on the basis of
low viability of spores produced by hybridization.
Whereas mating between members of the same S.
cerevisiae strain produces spores with viabilities
of close to 100% and spores produced by mating
between S. cerevisiae strains often show viabilities
of ∼80%, [68] mating between S. cerevisiae and
S. paradoxus or other Saccharomyces sensu stricto
species typically result in <1% of spores being
viable (for references, see ref. 69). The determi-
nants of reproductive barriers among yeast species
have been investigated intensely over the last few
years. Three are reviewed here: chromosomal rear-
rangements, sequence divergence acted on by the
mismatch repair system, and a modified Dobzhan-
sky–Muller mechanism related to reciprocal gene
loss. The third of these mechanisms provides a link
between the loss of duplicated genes, particularly
after WGD, and the emergence of reproductively
isolated lineages.

Chromosomal speciation
Chromosomal rearrangements are hypothesized to
lead to hybrid inviability by inducing the forma-
tion of multivalents at meiosis. Multivalents are
prone to mis-segregation and can result in the
production of aneuploid spores with decreased fit-
ness. The reduction of fitness may be due either
to spores being deficient for essential genes or
to the increased likelihood of mis-segregation in
future meioses. Both retrospective and interven-
tionist approaches have been employed to estimate
the contribution of chromosomal rearrangements to
hybrid viability between S. cerevisiae and other
sensu stricto yeasts.

Fischer et al. [70] used a combination of elec-
trophoresis and PCR to identify karyotype changes
in sensu stricto yeasts relative to S. cerevisiae. They
detected no rearrangements in S. paradoxus or S.
kudriavzevii relative to S. cerevisiae, but four in S.
cariocanus and S. bayanus and two in S. mikatae.
These observations are inconsistent with the known
levels of spore viability among these species. For
instance, if each rearrangement reduces spore via-
bility by 50%, then the expected spore viability
in a cross between S. cariocanus and S. para-
doxus is 6.25%, but the observed viability is only
one-tenth of this. Additional factors must therefore
contribute and Fischer et al. concluded that chro-
mosomal rearrangements were not a prerequisite
for speciation.

Nevertheless, the possibility remained that rear-
rangements contribute quantitatively to reproduc-
tive isolation, or that they may reinforce species
barriers after they have arisen by another mech-
anism. To address this issue, Delneri et al. [71]
used the Cre-lox inducible recombination system
to engineer strains of S. cerevisiae that are co-
linear to one of two strains of S. mikatae. One
of these S. mikatae strains differs from wild-type
S. cerevisiae (but not the engineered strain Sct1)
by a single rearrangement, and the other differs
from wild-type S. cerevisiae (but not the engineered
strain Sct1/2) by two rearrangements. In subsequent
crosses between these engineered strains and wild-
type S. cerevisiae, spore viabilities of 60% and 25%
were obtained with Sct1 and Sct1/2, respectively.
These percentages are close to what is expected
under the assumption of 50% loss of viability per
rearrangement noted above, and suggests that mis-
segregation contributes to spore death. In addi-
tion, interspecific crosses between Sct1 and the
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S. mikatae strain with which it is co-linear, resulted
in 20–30% spore viability in four of ten crosses.
These data clearly support the view that chromo-
somal rearrangements at least have the potential
to contribute to species barriers in yeast, but the
failure to restore full viability indicates that other
mechanisms must also be invoked. Indeed, it was
noticed that all of the viable spores were aneu-
ploid, with some having up to 25 chromosomes. It
is therefore possible that these extra chromosomes
are masking recessive Dobzhansky–Muller incom-
patibilities (discussed below) that might otherwise
reduce viability.

Sequence divergence acted on by the mismatch
repair system

In contrast to the chromosomal rearrangement
model of speciation, there is unambiguous evidence
that sequence differences between homologous
chromosomes can interfere with recombination and
lead to non-productive meioses between diverged
yeast species [72]. Moreover, there is evidence that
this interference is mediated by the mismatch repair
system and that it results in spore inviability by two
separate mechanisms, non-disjunction at meiosis
I [72] and mismatch-stimulated chromosome loss
[73]. Both of these mechanisms result in poten-
tially lethal aneuploidy. Indeed, the most attractive
aspect of this model is that it predicts the existence
of the widespread aneuploidy that has arisen during
(and confounded) attempts to study other possible
mechanisms of speciation.

To test the hypothesis that sequence divergence
detected by the mismatch repair system can lead
to aberrant meioses, Hunter et al [72]. crossed
strains of S. cerevisiae and S. paradoxus and
then measured the rates of both recombination
and aneuploidy in the resulting gametes. This was
done using wild-type and mismatch repair-deficient
(pms1 null and msh2 null) strains of S. cerevisiae.
Comparisons between crosses performed using the
wild-type and mutant strains showed that recom-
bination, non-disjunction and viability changed in
concert. For instance, both the spore viability and
the rate of recombination seen when wild-type S.
cerevisiae was crossed to wild-type S. paradoxus
was approximately 1% of that seen in intraspecific
crosses. In contrast, when msh2 null S. cerevisiae
was crossed with wild-type S. paradoxus, recombi-
nation and viability both rose to ∼10%. In addition,

non-disjunction was significantly lower when an
msh2 null strain was crossed to S. paradoxus than
when a wild-type strain was used. These data sup-
port the view that, when diverged sequences pair
at meiosis but fail to recombine (due to the mis-
match repair system), non-disjunction may occur
and lead to inviable aneuploid spores. Subsequent
work clarified the mechanism by which this occurs.
Chambers et al. [73] showed that asci that con-
tain two viable spores tend to be disomic, consis-
tent with meiosis I non-disjunction, but asci with
three viable spores typically contain no disomes
and one recombinant spore. They proposed that
the unpaired recombinant genotype arises because,
although the sequences of S. cerevisiae and S. para-
doxus are similar enough that one successful strand
invasion may occur, the probability of the recipro-
cal strand invasion occurring is negligible. Hence,
one recombinant chromosome is formed and the
other is aborted.

Two lines of evidence suggest that sequence
divergence acted on by the mismatch repair system
may be sufficient to account for reproductive isola-
tion among sensu stricto yeast species. First, Greig
et al. [74] used the same assays described above to
assess the impact of between-strain sequence differ-
ences on reproductive isolation in S. cerevisiae and
S. paradoxus and found in both cases that it could
account for at least 50% of the variation: spore
viability and recombination were both increased in
a msh2 null background. Second, Liti et al. have
shown that, once chromosomal rearrangements are
taken into account, there is a linear relationship
between the level of sequence divergence and the
level of spore inviability [75]. This is consistent
with a causal relationship and, in the absence of
any significant evidence that genic incompatibili-
ties play a role in species barriers among sensu
stricto yeasts, suggests that sequence divergence
may be a sufficient explanation.

Dominant and recessive Dobzhansky–Muller
incompatibilities
An alternative to the chromosomal basis for hybrid
infertility is the existence of Dobzhansky–Muller
incompatibilities between epistatically interacting
genes. This model posits that after an ances-
tral species splits to create two daughter lin-
eages, incompatible changes can arise in alternative
members of a pair of loci that interact and are co-
adapted [76]. Thus, in one lineage one of the genes
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diverges from its ancestral sequence, whereas in
the second lineage the other gene diverges from its
ancestral sequence. These changes are neutral (or
possibly beneficial), provided that the other locus
has not changed in sequence, but if the diverged
versions of both genes are brought together in a
hybrid they will interact in such a way as to reduce
fitness. It is important to note that the incompati-
bility can be either dominant or recessive. In the
former case, the presence of the two diverged genes
will reduce fitness irrespective of what other genes
are present. In the latter case, however, the exis-
tence of an incompatibility can be masked by the
presence of an ancestral type sequence at both loci
(e.g. in an F1 hybrid).

To test the possibility that dominant Dobzhan-
sky–Muller incompatibilities might play a role in
reproductive isolation between sensu stricto yeast
lineages, Greig et al. [68] repeated the test orig-
inally performed by Dobzhansky in Drosophila
[77]. Dobzhansky had observed that in infertile D.
pseudoobscura hybrids, homologous chromosomes
failed to pair at meiosis, thus arresting spermatoge-
nesis. In order to distinguish between the possibility
that the chromosomes could not pair because their
sequences were too divergent and the possibility
that genetic incompatibilities between the two par-
ents had prevented successful meiosis, Dobzhansky
examined the pairing of tetraploid spermatocytes.
Because tetraploidy is achieved by duplication of
the homologous chromosomes that are present in
diploids, failure to pair cannot be due to the lack
of a homologous partner. When Dobzhansky per-
formed this test using tetraploid spermatocytes, he
observed that the hybrids were still infertile and
concluded that sterility was due to genetic factors.
Strikingly, when repeated using sensu stricto yeast
species, precisely the opposite result was obtained
[68].

Greig et al. [68] first created pseudo-haploids of
several yeast species by deleting a single copy of
the MAT locus from non-hybrid diploids. They
then made interspecific crosses between S. cere-
visiae pseudo-haploids and pseudo-haploids from
the other sensu stricto species. In each case, the
spore viability of the hybrid was ∼90% com-
pared to <1% for true hybrid diploids. Indeed, the
spore viability of the hybrids obtained by cross-
ing pseudo-haploids was not significantly different
from that obtained in intraspecific crosses of nor-
mal haploids. These data indicate comprehensively

that hybrid infertility among these yeast species is
not due to dominant Dobzhansky–Muller incom-
patibilities. If dominant interactions between loci
were responsible, increasing the number of copies
of each gene present would not be able to rescue
the infertile phenotype.

That recessive Dobzhansky–Muller incompati-
bilities do not play a role in speciation of sensu
stricto yeasts is suggested by the fact that S.
cerevisiae chromosome III can be replaced by S.
paradoxus chromosome III without any loss of
viability in the haploid [73]. This indicates that,
although the chromosomes are ∼15% divergent at
the DNA level and ∼10% divergent at the protein
sequence level, [78] all the functional elements on
chromosome III are conserved between these two
species. Moreover, because the S. paradoxus chro-
mosome III is present in an otherwise completely
S. cerevisiae background, no recessive Dobzhan-
sky–Muller incompatibilities can exist between
loci on S. paradoxus chromosome III and other
loci in the genome. Liti et al. [75] mention (without
evidence) that most chromosomes in S. cerevisiae
can similarly be replaced individually by their S.
paradoxus counterparts. If this is true, it strongly
suggests that Dobzhansky–Muller incompatibili-
ties play little part in sensu stricto yeast speciation.
Moreover, because the S. paradoxus and S. cere-
visiae genomes are co-linear, [70,79] it suggests
that sequence divergence acted on by the mismatch
repair system is the primary mechanism of specia-
tion in these yeasts.

There is, however, some indirect evidence that
recessive Dobzhansky–Muller incompatibilities
exist in yeast species, based on interspecific
crosses. Whereas dominant epistatic interactions
can be revealed by crossing haploids from two
parental species and examining the fertility of the
F1 generation, recessive incompatibilities can only
be revealed by examining F2 or successive gen-
erations in which regions of the genome may be
homozygous at the locus of interest. To investi-
gate the fertility of an F2 generation, Greig et al.
exploited the fact that most F1 hybrid diploids are
fertile at a low level (typically <1%) and col-
lected 80 gametes from a large cross [69]. They
then allowed these to auto-diploidize to obtain a
homozygous F2 generation. Interestingly, the F2
hybrids fulfilled the two main requirements for a
new species, high fertility (∼80%) and isolation
from the ancestral population (back-cross hybrid
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fertility ∼7%). Nevertheless, the reason for the
∼20% decrease in fertility relative to the pure
parental strain is unclear. As the authors point
out, chromosomal incompatibilities cannot explain
the difference, since the F2 hybrids were pro-
duced by auto-diploidization and must therefore
be able to pair chromosomes at meiosis. In addi-
tion, the authors argue that aneuploidy is not the
explanation, although they show — as was also
observed for the hybrids obtained by crossing
S. mikatae to artificially co-linear S. cerevisiae
strains [71] — that the F2 hybrids are highly ane-
uploid. By this process of exclusion, Greig et al.
[69] concluded that the decreased fertility must
be attributable to recessive Dobzhansky–Muller
incompatibilities. However, given the results of the
chromosome complementation experiments cited
above, [73] direct evidence for a role in repro-
ductive isolation will be required to establish their
relevance.

Although the evidence for a contribution of
Dobzhansky–Muller incompatibility to reproduc-
tive isolation among sensu stricto species is equiv-
ocal, it should be noted that abundant epistasis has
been detected in genome-wide scans for expres-
sion quantitative trait loci (QTLs) [80] and that
negative fitness consequences have been demon-
strated for certain pairs of alleles from different
S. cerevisiae strains [81]. For instance, haploids
with an MLH1 allele from strain S288C (cMLH1 )
and a PMS1 allele from strain SK1 (kPMS1 )
were shown to accumulate mutations at approxi-
mately 100 times the rate of any other combina-
tion of alleles (cMLH1–cPMS1, kMLH1–kPMS1,
kMLH1–cPMS1 ). This defect was observed in
both genetic backgrounds and shown to result in
a significant reduction in the number of complete
tetrads over the course of ∼100 generations, con-
sistent with a fitness cost [81]. Thus, although the
cMLH1–kPMS1 interaction results in neither invi-
ability nor sterility of spores produced by crossing
S288C and SK1, it indicates that incompatibilities
exist between genotypes of different strains and that
other more severe incompatibilities may also be
segregating.

Modified Dobzhansky–Muller mechanism

In spite of the popularity of the Dobzhansky–
Muller model, [76] only a handful of ‘specia-
tion genes’ have been identified, and the two

members of a pair of epistatically interacting loci
have been identified in only a single case [82].
One possible explanation for why speciation genes
have been so elusive — even in taxa such as
Drosophila, where evidence supports the existence
of Dobzhansky–Muller incompatibilities [77] — is
that another mechanism, which behaves similarly
to Dobzhansky–Muller incompatibility in genetic
crosses but does not involve co-adapted gene pairs,
also exists. One such mechanism was suggested by
Werth and Windham, [83] based on studies of poly-
ploid plants, and was subsequently recognized by
Lynch and Force as a special case of Dobzhan-
sky–Muller incompatibility [84]. Werth and Wind-
ham [83] proposed that reciprocal loss of different
members of a duplicated gene pair in two lineages
can lead to reduced hybrid fitness, because gametes
produced by a hybrid may receive a null copy of
the previously duplicated gene from each of the
parental genotypes (Figure 3). In this scenario, a
pair of null genes takes the place of the pair of
epistatically interacting protein-coding genes in the
classical Dobzhansky–Muller model. Loss of fit-
ness arises because the hybrid gamete (or spore)
is deficient for a required function, rather than
because of an incompatibility per se. Neverthe-
less, the expected results in genetic crosses are the
same as in the case of classical recessive Dobzhan-
sky–Muller incompatibility; assuming the previ-
ously duplicated gene is essential and that the sur-
viving copies reside on different chromosomes in
the parental lineages, one-quarter of hybrid gametes
will be inviable (Figure 3).

Despite their similarities, the modified Dobzhan-
sky–Muller mechanism differs significantly from
the classical model in terms of the underlying
mutations. Whereas classical Dobzhansky–Muller
incompatibility invokes co-adapted alleles segre-
gating at pairs of loci and is often thought to arise
as a consequence of adaptive substitutions, [76]
the modified Dobzhansky–Muller model relies on
gene duplication and subsequent null (inactivat-
ing) mutations. Two considerations arise from this.
First, because the modified mechanism does not
rely on adaptive mutations and the rates of both
gene duplication [25] and null mutations are high
in eukaryotes, it may be a frequent and hence com-
paratively important mechanism by which repro-
ductive isolation is created [85]. Second, because
large numbers of genes are duplicated and subse-
quently lost following WGD events, the modified
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Gene Duplication

Ancestral Genotype Diverged Genotype

F1 hybrid diploid

Lineage 1 Lineage 2

Ancestral Genotype

Spores

Inviable

Figure 3. Cartoon illustration of the modified Dobzhan-
sky–Muller mechanism of reproductive isolation resulting
from reciprocal loss of duplicate gene copies. In this exam-
ple, the blue gene was formed by duplication of the yellow
gene. Two lineages containing the duplicate gene pair then
separate. Lineage 1 later loses the blue gene, restoring the
ancestral genotype. Lineage 2 loses the yellow gene and
retains the blue one. If lineages 1 and 2 subsequently meet
and hybridize, 1/4 of the spores produced by their hybrid
will lack both the yellow and the blue genes and will be
inviable if the gene product is essential. If the same process
occurs at several duplicated gene pairs, the net spore viabil-
ity will be approximately (3/4)n, where n is the number of
duplicated essential genes that were lost reciprocally in the
two lineages [83,84]. For 50 such genes, only one spore per
1.7 million is expected to be viable

Dobzhansky–Muller model may provide a mecha-
nism by which species radiations can occur. Werth
and Windham calculated that for hybrids between
a pair of lineages that diverged soon after a poly-
ploidy event, when 70% of the ancestral genome
is still duplicated and assuming only 500 essential
genes in the genome, less than 0.5% of gametes are
expected to be viable [83]. As more loci become
single-copy and more realistic numbers of essential
genes are considered, the probability that hybrids
could produce viable gametes declines rapidly and
the number of mutually reproductively isolated lin-
eages that can emerge rises sharply.

We examined the hypothesis that reciprocal gene
loss after a WGD can lead to the emergence
of multiple daughter lineages by comparing the

genomes of three yeasts, S. cerevisiae, S. castellii
and C. glabrata, that diverged from after the WGD
in their common ancestor [86]. We used the Yeast
Gene Order Browser (Figure 2 [35]) to trace
the fates of ancestrally duplicated genes among
lineages and showed that reciprocal gene loss had
occurred at hundreds of ancestral loci between all
pairwise combinations of species. Consistent with
the expectation outlined above, we estimated that
the probability of producing a fertile hybrid spore
following a mating between S. castellii and S.
cerevisiae was at most 6 × 10−9, thus confirming
that the level of reciprocal gene loss is more
than sufficient to account for reproductive isolation
among these species [86]. Moreover, reciprocal
gene loss occurred at the same time as speciation.
By inferring the number of genes that were still
duplicated at internal nodes in the phylogenetic
tree, we found that the WGD was followed by
a period of rapid and widespread gene loss and
that the majority of reciprocal gene loss events
occurred contemporaneously with the divergence of
the lineages represented by S. cerevisiae, S. castellii
and C. glabrata.

Our results and the evidence that sequence diver-
gence operated on by the mismatch repair system
[75] can both affect spore inviability suggest that
at least two mechanisms contribute to speciation
among yeasts in the Saccharomycotina. Immedi-
ately following the WGD, the loss of large numbers
of duplicate genes from the genomes of incipient
yeast species resulted in the emergence of several
major lineages (corresponding to Clades 1–6 in
Kurtzman’s phylogenetic tree [9]). As the rate of
gene loss slowed, however, reciprocal gene loss
and the modified Dobzhansky–Muller mechanism
contributed progressively less to the establishment
of new reproductive barriers. Sequence divergence
operated on by the mismatch repair system appears
to be the principal isolating mechanism among
modern sensu stricto species.

Conclusion

Yeast comparative genomics has proved to be
a powerful system for addressing questions in
genome evolution. The existence of a highly stable
core of genes in almost all sequenced yeast species
and the remarkable conservation of synteny in the
‘Saccharomyces complex’ have been of particular
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importance. They have permitted detailed studies of
both gene gain (by duplication and horizontal trans-
fer), gene loss (under a variety of circumstances)
and the combined process of gene gain and loss that
occurs with WGD. Recent studies have greatly clar-
ified the process of speciation among sensu stricto
yeasts, as well as implicating WGD and reciprocal
loss of previously duplicated genes in the emer-
gence of several major lineages.
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