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Abstract
The molecular evolution of the group of yeasts closely related to Saccharomyces
cerevisiae has been profoundly affected by an ancient polyploidy event that resulted in duplication of the whole genome. This event occurred in the common ancestor of the Saccharomyces sensu stricto and sensu lato species, including Candida glabrata. Recent progress in genome sequencing has allowed the molecular
sorting-out process after genome duplication to be investigated in detail. The loci
where both copies of the gene were retained, as opposed to deletion of one copy,
appear to be those that have either been subject to selection for high dosage of the
gene product, or where functional divergence between the two copies was
achieved rapidly.

1 The 'true' yeasts
The kingdom Fungi consists of a vast range of eukaryotic organisms found in diverse environments. Most fungi are composed of hyphae – filamentous, threadlike structures often congregating into systems called mycelia. However, some
fungi assume unicellular forms known as yeasts. In addition, some species are dimorphic, incorporating both structural forms in their life cycles depending on environmental conditions. Although many fungal species are unicellular, those in the
phylum Ascomycota are often referred to as the 'true' yeasts due to their predominantly unicellular life cycles. This phylum comprises three classes: Archiascomycetes (e.g. Schizosaccharomyces pombe), Euascomycetes (e.g. Neurospora
crassa), and Hemiascomycetes (e.g. Saccharomyces cerevisiae). This review focuses on the class Hemiascomycetes, which includes some of the most important
yeasts for basic, applied and medical research, features that have made Hemiascomycetes the focus of extensive genomics research.
Saccharomyces cerevisiae (bakers' yeast) is the most renowned and best studied yeast. Its natural capability to produce ethanol by fermentation and carbon dioxide by respiration has been exploited for millennia in the brewing and baking
industries. Its economic importance has provided much impetus for basic research
into this yeast. Beginning with the work of Winge and Lindegren in the 1930s
(reviewed in Mortimer 1993a; 1993b), the ability to perform crosses with
S. cerevisiae and its tractability in the laboratory made it an attractive research tool
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in classical genetics. Combined with modern molecular techniques, it has become
one of the best characterized eukaryotic model organisms.
Apart from S. cerevisiae, many related yeasts are also widely employed for the
production of different wine, beer, and bread (Demain et al. 1998). However,
some species can produce other important compounds such as vitamins, citric
acid, and lipids. Candida utilis is used for the production of animal feed as well as
the flavoring substances ethyl acetate and acetaldehyde. Many species of the genera Candida, Debaryomyces, Pichia, and Yarrowia can utilize hydrocarbons as
sole carbon sources and could potentially be used to clean up oil spills. With recent advances in recombinant DNA technology, a number of yeasts have been developed as host organisms for the production of heterologous protein such as human hormones and enzymes of commercial interest (Gellissen and Hollenberg
1997).
Within the Hemiascomycetes, many species of the genus Candida are opportunistic pathogens of humans. They cause a range of diseases and are often associated with immunocompromised patients (Hazen 1995; Calderone 2002). The principal yeast pathogen for human is Candida albicans, which is the most common
species isolated from bloodstream infections. However, other species such as
C. tropicalis, C. dubliniensis, and C. glabrata are emerging concerns as they are
less susceptible to some antifungal drugs and their incidence has increased relative
to that of C. albicans. The medical importance of the Candida species has stimulated much research interest and the development of accurate strain detection systems.

Fig. 1 (overleaf). Phylogeny of hemiascomycetes in the 'Saccharomyces complex', redrawn
from Kurtzman (2003). Species whose genomes have been extensively sequenced (> 3x
coverage) are highlighted (Goffeau et al. 1996; Cliften et al. 2003; Kellis et al. 2003;
Dietrich et al. 2004; Dujon et al. 2004; Kellis et al. 2004). Eremothecium gossypii is synonymous with Ashbya gossypii. The tree is based on parsimony analysis of six genes.
Numbers on internal branches are bootstrap percentages, and branches where no number is
shown recurred in <50% of bootstrap replicates. Names on the right are new genus names
proposed by Kurtzman (2003). The probable phylogenetic position of the whole-genome
duplication (WGD) event is shown by an arrow. The positioning of the WGD after the divergence between Zygosaccharomyces and the upper clades is based on the presence of 7
chromosomes in the type strain of Z. rouxii (Torok et al. 1993; Sychrova et al. 2000) and
the extensive colinearity of gene order between Z. rouxii and outgroup species such as
K. waltii or K. lactis, contrasting with its 1:2 relationship to S. cerevisiae (Wong et al.
2002; J. Gordon and K. H. Wolfe, unpublished results). The positioning of the WGD before
the divergence of Tetrapisispora and Vanderwaltozyma from the upper clades is less certain
and is inferred from the presence of about 20 chromosomes in K. yarrowii and about 13 in
K. polysporus (Belloch et al. 1998).
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2 Taxonomy and phylogeny
A consistent and well established phylogenetic relationship is fundamental to infer
evolutionary events within a group of species. Traditionally, yeast taxonomy has
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been based on phenotypic and metabolic features often prone to ambiguity. This is
especially true in closely related species such as the hemiascomycete yeasts. To
address this issue, various sequence-based reconstructions of the phylogeny of the
ascomycetes have been carried out. Some of the more comprehensive studies involved the use of 18S rRNA sequences (Cai et al. 1996; James et al. 1997; Keogh
et al. 1998), partial 26S rRNA sequences (Kurtzman and Robnett 1998), the complete rDNA repeating unit (Wong et al. 2003), and the mitochondrial cytochromec oxidase II (cox2) gene (Belloch et al. 2000). Although the phylogenetic trees obtained from these studies are reasonably congruent, significant progress was
achieved by a recent phylogenetic analysis that combined sequence data from
multiple loci and included almost all the known species in the group of Hemiascomycetes called the 'Saccharomyces complex' (Kurtzman and Robnett 2003).
Their analysis placed 75 species associated with the genera Saccharomyces and
Kluyveromyces into 14 clades. Kurtzman (2003) subsequently used this phylogeny
as the basis for proposing a reorganization of the taxonomy of this group of species (Fig. 1).
Species in the current genus Saccharomyces can be divided into three groups
(Fig. 1). The Saccharomyces sensu stricto species, including S. cerevisiae, are in a
homogeneous group. The phylogenetic relationships within the sensu stricto were
recently re-examined using a 106-gene data set from whole genome sequences,
which produced a tree slightly different from that in Figure 1 (S. paradoxus clustered with S. cerevisiae instead of with S. mikatae; Rokas et al. (2003); see also
Phillips et al. (2004) and Holland et al. (2004)).
The sensu stricto group is phylogenetically distinct from the Saccharomyces
sensu lato species, which form a heterogeneous group that is not monophyletic
with respect to other species in the genera Kluyveromyces and Candida. Many of
the Saccharomyces sensu lato species have been placed into a new genus, Kazachstania, by Kurtzman (2003) (Fig. 1). The third Saccharomyces group consists of
just one species, S. kluyveri, which is phylogenetically distant from the
sensu stricto and sensu lato groups. Physiologically, S. kluyveri is quite dissimilar
to the other Saccharomyces yeasts. Most notably, it is unable to form true petite
mutants (Moller et al. 2001). It can utilize pyrimidines and purines as sole sources
of nitrogen (Gojkovic et al. 1998). Cytogenetic analysis have revealed that its
karyotype reveals a lack of small chromosomes and it contains roughly half the
number of chromosomes found in other Saccharomyces species (Petersen et al.
1999). The latter, along with subsequent studies, have established that it diverged
from other yeasts before the whole genome duplication event leading to other Saccharomyces lineages (Wolfe and Shields 1997; Wong et al. 2002). Taken together,
the placement of S. kluyveri in the genus Saccharomyces seems questionable and
Kurtzman (2003) placed it in a new genus, Lachancea.
Kurtzman and Robnett (2003) highlighted the disparity between the welldefined phylogenetic clades in their analysis and the way in which species were
grouped into genera under current systematic treatments (summarized in Kurtzman and Fell 1998). Many well-known genera, including Saccharomyces, Kluyveromyces, Zygosaccharomyces, and Candida were polyphyletic. This led Kurtzman (2003) to propose sweeping revisions to the taxonomy of this group of
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species, whereby the 14 well-supported clades in the multi-gene phylogenetic tree
(Kurtzman and Robnett 2003) became 14 genera that are probably monophyletic.
Rapid progress in genomics has resulted in almost-complete genome sequences
becoming available from representatives of six of these 14 clades (Fig. 1). However, even though each of the 14 clades seems reasonably robust, there is still
some doubt about the branching order of these clades relative to one other. Many
of the internal branches along the 'spine' of the tree in Figure 1 have low bootstrap
confidence, and analyses based on complete genome sequences tend to arrange
S. kluyveri, K. waltii, K. lactis, and E. gossypii into one or two monophyletic
groups as opposed to the three separate lineages represented by Lachancea, Kluyveromyces, and Eremothecium in Figure 1 (Hittinger et al. 2004; J. Gordon, D.
Scannell, K. Byrne, S. Wong and K. H. Wolfe, unpublished results).

3 Yeast genome sequencing projects
In 1995, Haemophilus influenzae became the first free-living organism to have its
genome completely sequenced (Fleischmann et al. 1995). While the genome of
this bacterium is only around 1.8 Mb in size, it heralded the genomics era where
the full complement of genes of an organism can be systematically identified and
analyzed. At the same time, researchers worldwide were busy sequencing the appreciably larger genomes of various eukaryotes. In 1996, S. cerevisiae became the
first eukaryotic genome to be completely sequenced (Goffeau et al. 1996). The sequence was determined by a large consortium of laboratories over several years,
beginning with chromosome III in 1992 (Oliver et al. 1992). It consists of 16
chromosomes that add up to approximately 14 Mb, much smaller than those of
other model eukaryotes such as Arabidopsis thaliana (125 Mb) or Drosophila
melanogaster (137 Mb). Yet, it still poses a substantial challenge for researchers
trying to decipher its contents. The number of protein-coding genes was originally
estimated to be in the region of 6,200 but has since been modified to a more conservative 5,500 to 5,700 (Wood et al. 2001; Kellis et al. 2003). Unlike multicellular organisms, the genome of S. cerevisiae is very compact with around 70% of
the total sequence coding for genes. In addition, only around 4% of genes contain
introns, greatly assisting the annotation process. Repetitive elements in the genome are represented by the yeast retrotransposons, the Ty elements, which occur
in about 50 copies often associated with tRNA genes (Hani and Feldmann 1998).
But these make up a relatively small proportion of the genome compared with
multicellular eukaryotes such as human, where over 50% of the genome can be
classified as repetitive DNA (Baltimore 2001). Hence, the compact nature of the
S. cerevisiae genome permits useful comparative genomics studies to be carried
out using relatively small amounts of sequence data from other similar yeasts.
Subsequently, a number of fungal genomes have been completely sequenced.
They include the genomes of Schizosaccharomyces pombe (in class Archiascomycetes; Wood et al. 2002) and Neurospora crassa (in class Euascomycetes; Galagan
et al. 2003). These species are so distantly related to S. cerevisiae that, although
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some interesting comparisons can be made in terms of their proteome contents and
organism-specific biology, there is almost no conservation of gene order along
chromosomes between these species and S. cerevisiae and many genes do not fall
into simple one-to-one orthology relationships between these genomes.
In 2003, extensive genome sequence data became available for several other
Saccharomyces sensu stricto species. S. mikatae and S. bayanus were independently sequenced to 7x coverage by Kellis et al. (2003) and to 3x coverage by
Cliften et al. (2003); Kellis et al. also sequenced S. paradoxus (7x), and Cliften et
al. also sequenced S. kudriavzevii (3x). The close relationship between these
yeasts and S. cerevisiae means that their genomes are almost identical in organization, with few chromosomal rearrangements disrupting syntenic regions. However, it proved to be extremely useful in the identification of rapidly evolving
regulatory elements.
Comprehensive sequence information has also become available in the past
year from more distantly related hemiascomycetes, as summarized in Figure 1
(Cliften et al. 2003; Dietrich et al. 2004; Dujon et al. 2004; Kellis et al. 2004). The
result is that we now have sequences from two species in (or close to) the sensu
lato group (S. castellii and Candida glabrata), and four species that are somewhat
more distantly related (K. waltii, S. kluyveri, K. lactis, and E. gossypii). In addition
to the species highlighted in Figure 1, which covers only the 'Saccharomyces
complex' (Kurtzman and Robnett 2003), the genome sequences of several other
more distantly related hemiascomycetes are known: the genome sequences of
Candida albicans, Debaryomyces hansenii, and Yarrowia lipolytica sequences are
public (Dujon et al. 2004; Jones et al. 2004), and the Pichia angusta (Hansenula
polymorpha) sequence is available under restricted terms (Ramezani-Rad et al.
2003). Lastly, more limited amounts of random sequence information from the
genomes of several other yeasts were produced by the Génolevures project
(Souciet et al. 2000).

4 The origin of new genes
There are four possible ways for a new gene to emerge during evolution: (i) duplication of an existing gene, (ii) combination of parts of different genes to create a
mosaic gene, (iii) de novo generation of a gene from non-coding DNA, and (iv)
horizontal transfer of a gene from another species. While examples of all four
routes have been documented (reviewed in Wolfe and Li 2003), by far the most
common way to create new genes is by gene duplication.
In his classic book Evolution by Gene Duplication, Ohno (1970) proposed that
biodiversity evolved in big leaps by the creation – through duplication – of novel,
redundant genetic raw material. Some three decades later, this mechanism of genome evolution is universally accepted. In Ohno's view, the original copy of a
gene retained the original function (a sort of backup mechanism) while the extra
copy was free to vary in sequence. Under this hypothesis, a newly formed copy of
a gene faces one of two possible alternative outcomes: either it is lost from the ge-

Duplication of genes and genomes in yeasts 7

nome due to the accumulation of deleterious mutations (nonfunctionalization), or
else it is preserved in the genome by virtue of acquiring a novel role that is selectively advantageous (neofunctionalization). Since deleterious mutations occur
more frequently than beneficial ones, it was expected that most new gene duplicates would quickly pick up an inactivating mutation that would turn them into
pseudogenes, eventually becoming deleted from the genome, but occasionally the
extra copy of a gene would survive because it acquired a sequence change that
conferred a beneficial new function. Ohno's model predicts that, in cases where a
duplicated gene has survived, the rate of sequence change in the new copy of the
gene will have been faster than in the original copy. The problem, of course, is
that it is usually not possible to know which member of a pair of paralogous sequences is the 'original' gene and which is the 'copy'. In fact, the distinction is
meaningless for some types of duplication (e.g. polyploidy) and only makes sense
in some very specific circumstances where it is possible to tell which copy is derived from which (e.g. in the case of retrotransposed mammalian genes that have
lost introns).
In the decades following Ohno's work, it has become apparent that all genomes
contain many large gene families, which indicates that gene duplication has been a
major force in organismal evolution. However, the ubiquity of gene duplication
has led to a problem: there have been so many duplications that it is hard to see
how they can all have involved the gain of novel gene functions. A solution to this
problem was proposed by Lynch and Force, who suggested that subfunctionalization could provide a mechanism of gene preservation in the immediate aftermath
of gene duplication (Force et al. 1999; Lynch and Force 2000). Subfunctionalization is a process whereby a gene with multiple functions (e.g. a gene whose expression is induced under several distinct conditions) becomes duplicated, and
random inactivation of some of the functions in each of the daughter copies results
in selection against loss of either of the daughters from the genome. Subfunctionalization is, thus, a mechanism whereby mutations that are not adaptive (i.e. most
mutations) can lead to the preservation of both copies of a duplicated gene because the daughters both perform subsets of the parent's suite of functions. Later
on, it is possible (but not essential) that further mutations could result in the gain
of a new function (neofunctionalization) by one of the daughters.
For yeast, however, subfunctionalization is not expected to be an effective
mechanism of duplicate gene preservation (Lynch and Force 2000). This is because the population sizes of yeast species are very large. For subfunctionalization
to happen, loss-of-subfunction alleles must become fixed by genetic drift at the
daughter loci. But when the effective population size exceeds 106 – 107 individuals, which is almost certainly true for yeast species, the very long time required for
a neutral loss-of-subfunction allele to drift to fixation in the population means that
the allele is very likely to acquire a second, inactivating, mutation in transit before
it can become fixed (Lynch and Force 2000). This means that loss-of-subfunction
alleles will not drift to fixation, so subfunctionalization will not occur in yeast.
So, have most of the duplicated genes in the yeast genome therefore been retained because they have novel functions? Before tackling this question in Section
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8, we will review one of the sources of duplicated genes in the Saccharomyces
complex of species.

5 Whole genome duplication
One of the most dramatic ways to increase the gene repertoire of an organism involves the duplication of the entire genome (polyploidization). Genomic data has
provided evidence of ancient polyploidization events in many species that are now
genetically diploid – a situation referred to as paleopolyploidy. Paleopolyploid
species include plants such as Arabidopsis and the cereals (Blanc et al. 2003;
Paterson et al. 2004), ray-finned fishes such as the zebrafish and Fugu (Taylor et
al. 2001; Vandepoele et al. 2004), tetrapods such as frogs of the genus Xenopus
(Hughes and Hughes 1993), and a large clade of yeasts in the Saccharomyces
complex (Fig. 1).

Fig. 2 (overleaf). (a). Illustration of our model of gene order evolution following wholegenome duplication (WGD). The box at the top shows a hypothetical region of chromosome containing ten genes numbered 1–10. After WGD, the whole region is briefly present
in two copies. However, many genes subsequently return to single-copy state because there
is no evolutionary advantage to maintaining both copies. In this example, only genes 1, 6
and 10 remain duplicated. However, the arrangement of these three homolog pairs in the
post-WGD species (bottom) would be sufficient to allow the sister regions to be detected
using that genome sequence alone. Also, the order of genes in sister regions in post-WGD
species have well-defined relationships to the gene order that existed in the pre-WGD genome (top), which will also be similar to the gene order seen in any species that diverged
from the WGD lineage before the WGD occurred. Based on Keogh et al. (1998). Figure 2
(b). An example of gene order relationships between parts of two sister regions in
S. cerevisiae (from chromosomes X and XI), and the homologous single chromosome regions from A. gossypii, K. lactis and K. waltii. In this representation, each rectangle represents a gene and homologs are arranged as vertical columns. Arrows below the rectangles
show transcriptional orientation. Gray lines connect adjacent genes but do not indicate the
actual gene spacing on the chromosome. In this example, the S. cerevisiae genes TOR1 and
TOR2 are the only pair of ohnologs in the region and there is a single TOR1/TOR2 ortholog
in the other species. Nine other genes have all returned to a single-copy state following
WGD. Apart from the post-WGD gene losses in S. cerevisiae and the presence of a gene
(9923) in K. waltii that has no ortholog in the other species, there have been no other rearrangements of the region in any species. This image is a screenshot from a Yeast Gene Order Browser (YGOB) currently under development in our laboratory (K. Byrne and K. H.
Wolfe, unpublished).
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Ohno (1970) envisaged that whole genome duplication (WGD) provides a simple mechanism to generate vast numbers of duplicated genes. His name is so often
associated with this process that gene duplicates produced by polyploidization are
sometimes referred to as 'ohnologs' (Wolfe 2001). There are compelling advantages for polyploidy in evolution. In a polyploid species every gene is copied, including all the necessary regulatory elements. The relative stoichiometric proportions of all the gene products are also preserved in this process, minimizing
potential damaging dosage effects caused by gene copy number imbalance (Papp
et al. 2003). Polyploidy also generates fully redundant biochemical pathways, allowing freedom for radical biochemical innovation that can lead to major evolutionary transitions. Duplicating all the components of a pathway would be impos-
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sible by other means unless all the genes are physically close. Therefore, polyploidization is able to provide great genetic flexibility without some of the problems associated with smaller scale duplication events.
In 1997, we proposed that S. cerevisiae is a paleopolyploid species derived
from an ancestor whose genome duplicated in a single event roughly 108 years ago
(Wolfe and Shields 1997). The hypothesis was that subsequent chromosomal
translocation and gene loss events have shaped the S. cerevisiae genome into its
current form. By assessing the locations of duplicated genes in the S. cerevisiae
genome, several pieces of supporting evidence for this model were found, including (i) that approximately half of the genome could be paired into sister regions
where a series of genes on one chromosome had a series of homologs on another
chromosome; (ii) that the large sister regions did not overlap with one another;
and (iii) that the overall orientation of duplicated regions, with respect to centromeres and telomeres, had largely remained the same. That a whole genome duplication (WGD) has occurred during the evolution of S. cerevisiae was confirmed in
2004 through the sequencing of the genomes of several species that separated
from the S. cerevisiae lineage prior to the WGD (Dietrich et al. 2004; Dujon et al.
2004; Kellis et al. 2004; Fig. 2).

6 Intraspecific detection of genome duplication
Genomic data from a particular species provides two ways to uncover a past polyploidization event, using information from that species alone. Both methods are
dependent on the presence of ohnologs. The map-based approach involves the
matching up of chromosomes, or parts of chromosomes, that can be linked by homologs located in each sister region. In the example cartooned in Figure 2a, genes
1, 6, and 10 occur as duplicated pairs in the current genome and would allow identification of the whole region between genes 1 and 10 as a duplicated 'block'.
Wolfe and Shields (1997) identified 55 such duplicated blocks in S. cerevisiae,
and subsequent work verified 52 of these with a further 32 possible paired regions
(Seoighe and Wolfe 1999a). Such fragmented blocks are proposed to have arisen
by WGD with subsequent reciprocal translocation between chromosomes. This
view is supported by the fact that nearly all pairs of sister regions are interchromosomal, as confirmed by independent analyses (Friedman and Hughes 2001; Cavalcanti et al. 2003). Physically, the identified duplicated blocks covered about 50%
of the genome (compared to a theoretical expectation of 100% for a complete genome duplication), highlighting the limitation of intraspecific block detection
methods.
Extensive loss of gene duplicates has occurred in S. cerevisiae. It was estimated
that 16% of the total gene set are ohnologs, meaning that only 8% of duplicates
were preserved from the pre-polyploid ancestor. Therefore, the low number of ohnologs retained in yeast is likely to cause the sizes of sister regions found by mapbased approaches to be underestimated, and may even cause some regions to lie
undetected in the case of small sister regions where every pair of duplicated genes

Duplication of genes and genomes in yeasts 11

has been reduced to single-copy (Seoighe and Wolfe 1998; Kellis et al. 2004). An
additional factor in yeast is the estimated 108 years of sequence divergence, which
means that some ohnologs may not be identified using standard sequence similarity searches, further diminishing the coverage of sister regions.
Despite these shortcomings, there is convincing evidence from the S. cerevisiae
genome itself that this species is a paleopolyploid. Llorente et al. (2000b) proposed a contradictory model where the duplicated blocks were produced by independent segmental duplications occurring at different times. The key to the resolution of the two hypotheses lies on the organization of sister regions. Under the
WGD model, blocks produced by a single genome duplication event cannot overlap with each other, because the blocks are the surviving fragments of structures
that were originally whole duplicated chromosomes (Wolfe and Shields 1997; Keogh et al. 1998). Under the alternative segmental duplication model, parts of
chromosomes can be duplicated multiple times, creating significant overlaps between sister regions. The data clearly reveal that the majority of blocks do not
overlap. Despite this, recent experimental evidence has shown that segmental duplications of large sections of chromosome can be formed in S. cerevisiae during
artificial evolution experiments (Koszul et al. 2003), but for unknown reasons
segmental duplications do not seem to have contributed significantly to the actual
evolutionary history of the S. cerevisiae genome.
An alternative to map-based approaches to study paleopolyploidy is to use phylogenetic tree-based approaches to re-trace the origin of duplicated genes. The expectation is that ohnologs produced by a single round of genome duplication
should be the same age. Friedman and Hughes (2001) tested this by estimating
when, in evolutionary time, pairs of S. cerevisiae ohnologs diverged (i.e. the time
they were duplicated). They identified 28 blocks containing genes that seemed to
have duplicated simultaneously and 11 blocks containing varying amounts of relatively young duplicated genes. However, most of these recent duplicates are located within subtelomeric regions (regions near the telomeres of chromosomes)
which can be subject to gene homogenizing effects (Wolfe 2001).
It is important to note that although a single genome duplication event has undoubtedly taken place in the lineage leading to S. cerevisiae, there are many other
groups of paralogous genes in S. cerevisiae that were not formed by this event.
The ancestral organism that underwent WGD was itself a complex eukaryote with
numerous gene families – many of which expanded further via the WGD. With the
availability of complete genome sequences, there is now good evidence that genes
are often duplicated as tandem repeats, creating locally clustered multigene families. This is exemplified by the SUC, MAL, and MEL gene families in S. cerevisiae
(Carlson et al. 1985; Michels et al. 1992; Turakainen et al. 1994). Interestingly,
these tandem duplicates tend to be located in subtelomeric regions. It is known
that recombinational exchanges, a process that can generate tandem repeats, are
relatively frequent near chromosome ends compared to the rest of the genome
(Pryde and Louis 1997). There is extensive population variation in the repertoire
of some subtelomeric genes even between different yeast strains, and these genes
often play adaptive roles, such as the utilization of different carbon sources or resistance to stresses (e.g. Maciaszczyk et al. 2004; Nomura and Takagi 2004). As
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well as tandem repeats, some other gene families have copies with highly similar
sequences at dispersed locations around the genome, but these were not formed by
the WGD, for example the pyruvate decarboxylase (PDC1/ PDC5/ PDC6/ THI3)
gene family (Moller et al. 2004).

7 Interspecific detection of genome duplication
Evidence of genome duplication can be obscured by events such as extensive gene
loss, chromosomal rearrangements and independent gene duplications. As described above, the ohnolog approach to infer polyploidization is useful but it is
limited in its ability to detect small sister regions in a genome. This can be greatly
supplemented with genomics data from related species. Sister regions in
S. cerevisiae are interspersed with 'singletons' – genes that were duplicated en bloc
but have subsequently returned to single-copy (in Fig. 2a, genes 2, 3, 4, 5, 7, 8,
and 9 are singletons). They have little informative value in intraspecific comparative mapping because only ohnologs can be considered. However, singletons can
be brought into play using genomics data from an outgroup species that diverged
before polyploidization. Immediately after genome duplication, every ancestral
chromosomal region corresponds to a pair of duplicated blocks in the polyploid
genome. In terms of gene order, it follows that every pair of neighboring genes is
also duplicated. Due to the stochastic nature of gene loss after diploidization, a
pair of previously adjacent genes may end up as singletons residing on different
chromosomes, although still within the same duplicated block (e.g. genes 2 and 3
in Fig. 2a). Without nearby ohnologs to act as anchors, the pairing of the region
would have been impossible to detect intraspecifically. Yet, the gene adjacency relationship is readily preserved in the genome of a species that diverged from the
S. cerevisiae lineage before the WGD occurred (e.g. a species with the 'pre-WGD'
gene order shown at the top of Fig. 2a). Therefore, ancestral gene order information can be invaluable in providing the missing links between sister regions.
Several early studies used fragmentary gene order information from other species to study the origins of sister regions in S. cerevisiae (Keogh et al. 1998; Ozier-Kalogeropoulos et al. 1998; Seoighe and Wolfe 1999a; Ladrière et al. 2000;
Langkjaer et al. 2000; Llorente et al. 2000b; Wong et al. 2002). These studies suggested that species such as K. lactis had 'pre-WGD' gene orders similar to what is
inferred to have existed in an ancestor of S. cerevisiae before the genome duplication happened. These findings have now been comprehensively confirmed through
the sequencing of the complete genomes of three pre-WGD species: E. gossypii
(Dietrich et al. 2004), K. waltii (Kellis et al. 2004), and K. lactis (Dujon et al.
2004), each of which shows a 1:2 gene order relationship to sister regions in the
S. cerevisiae genome (Fig. 2b).
In contrast, 'post-WGD' species (e.g. S. bayanus, S. mikatae, S. paradoxus)
showed extensive gene order conservation with S. cerevisiae (Keogh et al. 1998;
Fischer et al. 2001). Most of the disruptions in synteny in these species have been
attributed to genome rearrangements such as translocations after the WGD event.
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However, some genomic regions in post-WGD species can also display an apparent pre-WGD organization (Langkjaer et al. 2000; Llorente et al. 2000b; Fischer et
al. 2001). This can be explained by species divergence after WGD but before the
process of gene loss is complete, resulting in differential gene loss between sister
regions (Seoighe and Wolfe 1999b).
Phylogenetic analysis of genes in related species provides another way of detecting polyploidization. Ohnologs retained by a paleopolyploid genome are predicted to be present as singletons in species that diverged before genome duplication. Unless the complete genome sequence of an outgroup species is available,
straightforward gene counting to investigate this 2:1 relationship, as attempted by
Llorente et al. (2000a), may not be reliable due to the confounding influence of
multigene families. In order to obtain a clearer picture, phylogenetic methods are
required. A pair of ohnologs in one species is expected to be more closely related
to one another than to their ortholog in a species that diverged before the duplication event. This is represented by an A(BC) topology in a phylogenetic tree, where
A corresponds to the gene in the outgroup (pre-WGD) species and the ohnologs in
the post-WGD species are denoted by B and C. Other possible topologies, C(AB)
and B(AC), can reflect shared older gene duplication events followed by gene loss
(i.e. misidentification of putative ohnologs), or rapid sequence divergence of one
gene, causing aberrant phylogenetic tree reconstruction. Under perfect circumstances, trees drawn only from S. cerevisiae ohnologs and their orthologs in a preWGD species should all assume the A(BC) topology. Furthermore, the timing of
the duplication event (the coalescence date) should be uniform among different
ohnolog pairs.
Due to the lack of appropriate outgroup sequences, Wolfe and Shields (1997)
obtained coalescent dates for only 12 pairs of duplicated genes and concluded that
the genome duplication event had occurred on the order of magnitude of 108 years
ago. This date is consistent with the results from a later analysis using a larger ohnolog data set with C. albicans genes acting as outgroups (Pal et al. 2001). However, some relatively young ohnolog pairs were found in both studies. There are
several possible reasons why two pairs of genes that in fact duplicated simultaneously might appear to be different ages. The age can be underestimated if gene
conversion has acted to homogenize the sequences at any time after their initial
duplication. Aberrantly old date estimates can result if the pre-WGD genome contained a pair of tandemly duplicated genes that were already different in sequence,
and each sister region in the post-WGD species retained one of these paralogs
(Smith et al. 1999). In the context of a genome doubling process, a set of ohnologs
may have apparent variable duplication dates due to the asynchronous nature of
the diploidization process, as may have happened in maize (Gaut and Doebley
1997; Wolfe 2001).
Apart from irregular coalescent dates, there is also another difficulty in using of
tree-based methods to place the WGD event on the phylogeny of hemiascomycetes. Trees constructed from S. cerevisiae ohnologs and their putative prepolyploidization orthologs do not always conform to the A(BC) topology. For example, the citrate synthase genes of S. cerevisiae (ScCIT1 and ScCIT2) are ohnologs based on their genomic locations, but phylogenetic analysis grouped
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ScCIT1 with SkCIT1 from S. kluyveri to the exclusion of ScCIT2, even though extensive gene order information indicates that S. kluyveri is a pre-WGD species
(Langkjaer et al. 2000). More recently, Langkjaer et al. (2003) analyzed the phylogenetic relationship of 38 S. cerevisiae ohnolog pairs and their orthologs in five
other yeasts. Surprisingly, significant proportions of orthologs from S. kluyveri
and K. lactis (58% and 28% respectively) grouped with one member of their corresponding ohnolog pair. The authors arrived at the conclusion that the WGD
event pre-dated the speciation of S. kluyveri and K. lactis from S. cerevisiae, and
that different ohnolog pairs diverged in sequence independently at different times.
The complete genome sequence data now available from the S. kluyveri and
K. lactis genomes makes this hypothesis untenable, however, because these species are clearly pre-WGD (they only have one locus orthologous to each ohnolog
pair in S. cerevisiae). We suspect that the phylogenetic trees reported by
Langkjaer et al., including the CIT tree, have been affected by long branch attraction, an artifact of phylogenetic methodology that causes erroneous tree topologies
and can arise if sequences have very unequal evolutionary rates (M. A. Fares and
K. H. Wolfe, unpublished results).

8 Genes lost, genes kept
The occurrence of WGD during the evolution of S. cerevisiae enables us to study
the evolutionary fates of a large sample of genes (i.e. every gene in the genome)
that were all duplicated simultaneously. Some of these genes survived in two copies, whereas many others went back to being single copies. Studying the functions
of these sets of genes provides some answers to the question of how duplicated
genes can survive in a species where subfunctionalization is impossible. There
seem to have been two major mechanisms by which duplicates formed by WGD
survived: selection for increased dosage, and neofunctionalization.
For some types of gene, the presence of additional copies in the genome can
confer a selective advantage even without any divergence in the function of the
loci. This can occur through 'dosage' effects if a cell gains a competitive advantage
simply by merit of having higher quantities of the protein or RNA encoded by the
gene. This concept is familiar from examples such as the tandem amplification of
metallothionein genes in response to high concentrations of copper (Fogel and
Welch 1982), or the correlation between the numbers of copies of tandem repeats
of the rDNA array and cell division rate (Rustchenko et al. 1993). Selection for increased dosage is the likely reason why almost every gene for cytosolic ribosomal
proteins has been retained in duplicate following the WGD in an ancestor of
S. cerevisiae; for most of these highly expressed gene pairs there has been little or
no divergence in the sequence of the two copies and they are probably being homogenized by gene conversion. Similarly, selection for increased dosage probably
underlay the retention, after WGD, of duplicated genes for chaperones such as
SSB1/SSB2 and HSP82/HSC82.
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For other pairs of genes, neofunctionalization is the probable reason why both
copies have been retained in the genome. One of the clearest examples of apparent
en masse neofunctionalization of genes duplicated by WGD is in the establishment of a set of gene isoforms specialized for growth under highly anaerobic conditions. Well studied examples of aerobic/anaerobic gene pairs include
CYC1/CYC7, and COX5A/COX5B. Microarray experiments identified ten ohnolog
pairs that display alternate expression profiles under aerobic or hypoxic conditions
and suggested that these are only the tip of the iceberg: one-quarter of
S. cerevisiae ohnolog pairs have at least one member that shows differential expression depending on oxygen levels (Kwast et al. 2002). The group of species
that are descended from the WGD (Fig. 1) also show other evidence of adaptation
towards specialization for rapid anaerobic growth: all are likely petite-positive
(meaning that they can dispense with their mitochondrial if grown on a fermentable carbon source; Piskur 2001), and their genomes are depleted of genes coding
for oxygen-requiring peroxisomal oxidase enzymes (S. Wong and K. H. Wolfe,
unpublished results). Another example of neofunctionalization after WGD is the
formation of a specialized myosin heavy chain (Myo4) that is involved specifically in setting up the asymmetry between mother and daughter cells, while its ohnolog (Myo2) is not involved in this process and continues to carry out the more
usual functions of myosin (Bohl et al. 2000). A further example of neofunctionalization is the evolution of Gal3 into an inducer of galactose catabolism, whereas its
ohnolog Gal1 retains enzymatic activity as a galactokinase (Platt et al. 2000).
It is still unclear what fraction of the duplicated genes retained in S. cerevisiae
after WGD were retained for dosage reasons, and what fraction underwent neofunctionalization. In fact, the two processes are not mutually exclusive, and some
gene pairs that were originally retained for dosage reasons may subsequently have
undergone functional divergence. Kellis et al. (2004) searched for examples of
ohnolog pairs where one copy shows evidence of significantly accelerated evolution, as expected under Ohno's model, and found evidence of acceleration in 76
out of 457 ohnolog pairs (17%). Although there are many possible causes of such
an acceleration, this result suggests that neofunctionalization may have occurred
in many of the retained pairs. Kellis et al. pointed to several examples where the
faster-evolving member of the pair also seemed to be the one with the more 'derived' function. Their result contrasts with an earlier study of ohnologs in
tetraploid Xenopus (an organism with a much lower population size, making it
much more likely that subfunctionalization will be a major factor in the retention
of duplicate frog genes): Hughes and Hughes (1993) did not find any evidence of
sequence acceleration in either copy of the Xenopus gene pairs.
Can any generalizations be made about which genes are retained after a WGD
and which become single-copy again? Genome duplication provides a unique opportunity to compare the fates of duplicated genes in different functional categories because, unlike the case for individual gene duplications in a genome, all the
ohnologs are the same age so those that have survived in duplicate have survived
for the same length of time. One of the most striking early results about the WGD
in S. cerevisiae was that almost all the genes for cytosolic ribosomal proteins were
retained in duplicate, and genes coding for protein kinases and other signal trans-
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duction components were also significantly over-represented among the ohnologs
(Seoighe and Wolfe 1999b). Was this an accident, or was this outcome somehow
inevitable? An indication that some types of genes might have higher probabilities
of survival after a polyploidy has recently come from analyses of the genome of
Arabidopsis thaliana. This plant underwent several successive polyploidizations
during its evolution, the most recent of which was about 24-40 million years ago
and so is considerably younger than the yeast WGD. For the most recent WGD in
Arabidopsis, signal transduction (i.e. protein kinases and protein phosphatases) is
among the categories of gene function that are over-represented among the retained genes, just like in yeast (Blanc and Wolfe 2004; Seoighe and Gehring
2004). Ribosomal proteins are also over-represented. Furthermore, the same types
of gene tend to have been retained in duplicate after each round of WGD in
Arabidopsis – that is, genes that were retained in duplicate after the earlier rounds
of duplication are more likely also to have been retained in duplicate in the recent
WGD (Seoighe and Gehring 2004). This suggests that there is a degree of inevitability to the sorting-out process after a WGD. Diversifying a signal transduction
pathway by retaining duplicate genes for many of its components would be a
powerful way to increase the regulatory complexity of an organism following a
WGD. Interestingly, though, the end players in signal transduction cascades –
transcription factors – are over-represented among the ohnologs in Arabidopsis
but not in Saccharomyces (Seoighe and Wolfe 1999b; Blanc and Wolfe 2004;
Seoighe and Gehring 2004).
However, yeasts and plants are so distantly related that perhaps one should not
read too much into these apparently convergent results. It would be preferable to
make comparisons about the outcomes of WGDs in groups of more closely-related
species, as is now becoming possible in yeast species. It is particularly notable that
C. glabrata, which is a descendant of the same WGD event as in S. cerevisiae
(Fig. 1), does not retain two copies of most cytosolic ribosomal protein genes
(Dujon et al. 2004). This suggests that species-specific factors can also strongly
affect the outcome of a WGD. Further investigation of these types of questions
should lead to a better understanding of the (r)evolutionary effects that the WGD
had on yeast biology.
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