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Yeast genome evolution in the post-genome era
Cathal Seoighe and Kenneth H Wolfe*

The Saccharomyces cerevisiae genome sequence, augmented
by new data on gene expression and function, continues to
yield new findings about eukaryote genome evolution. Analysis
of the duplicate gene pairs formed by whole-genome
duplication indicates that selection for increased levels of gene
expression was a significant factor determining which genes
were retained as duplicates and which were returned to a
single-copy state, possibly in addition to selection for novel
gene functions. Proteome comparisons between worm and
yeast show that genes for core metabolic processes are
shared among eukaryotes and unchanging in function, while
comparisons between different yeast species identify ‘orphan’
genes as the most rapidly evolving fraction of the proteome.
Natural hybridisation among yeast species is frequent, but its
long-term evolutionary significance is unknown.
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Introduction

The complete genome sequence of the yeast Saccha-
romyces cerevisiae [1] has provided an invaluable anchor
point for all subsequent studies of the genomes of the
yeasts and their evolution. Yeast genome evolution is of
interest both because §. cerevisiae is a model organism
with a three-year head start over other eukaryotes in
genomics research, and because of the economic value or
pathogenic properties of several yeast species. The yeast
family hemiascomycetes has the added advantage of con-
taining a broad range of relatively well studied species,
including both close and distant relatives of §. cerevisiae
[2,3°°,4,5]. One of the challenges in this post-genomic era
is to use the §. cerevisiae sequence efficiently to further
our knowledge about these other species. A large-scale
sequencing project is currently underway for the patho-
genic yeast Candida albicans [6-8). By the end of July
1999 this project had already produced 15 Mb of
sequence in fewer than 2,000 contigs. Work is currently
under way to at least partially sequence the genomes of
Ashbya gossypii [9] and many other hemiascomycetes [10].
The recent completion of Caenorhabditis elegans sequenc-
ing project [11] was also of great significance for the study
of the yeast genome [12].

T'his review discusses recent research into molecular evo-
lution of the §. cerevisiae genome, with emphasis on

genome duplication and the evolution of gene order
along chromosomes.

Genome duplication and gene order evolution

Complete or partial duplication of the genome may have
had a profound impact on many organisms’ evolution [13].
In addition to altering the karyotype and increasing the
number of genes, duplication brings about a reorganisation
of local gene order through differential gene loss [14] and
may also increase the likelihood that large-scale chromoso-
mal rearrangements will be fixed [15,16]. The large
duplicated chromosomal regions found in the genome of
S. cerevisiae [17-19], as well as limited gene order informa-
tion from related species [20], suggest that §. cerevisiae is a
degenerate tetraploid that underwent genome duplication
approximately 108 years ago [17]. It is not currently possible
to test whether this genome duplication occurred within a
single species (autotetraploidy) or was the result of hybridi-
sation between two closely related species (allotetraploidy).

§. cerevisiae has a large number of reasonably close relatives
(in genera such as Kluyveromyces, Zygosaccharomyces and
Torulaspora, as well as Saccharomyces) but their phylogenet-
ic relationships are poorly resolved by ribosomal RNA
sequence analyses [3°°,4,5,20]. The genome duplication
event occurred somewhere within this phylogenetic bush
of lineages. 'Irees drawn from protein sequences show that
C. albicans and Kluyveromyces lactis diverged from the
§. cerevisiae lineage before genome duplication occurred,
but the Saccharomyces sensu stricto species (8. bayanus,
S. pastorianus, S. paradoxus and §. cerevisiae) diverged after
it and so share the duplicated genes [17,20]. The place-
ment of K. /actis outside the genome-duplicated clade is
supported by extensive data showing that the relationship
of its gene order to that in §. cerevisiae is in line with what
is predicted on the basis of genome duplication (Figure 1;
[20,21°°,22]). The fragmentary evidence currently avail-
able from Candida glabrata suggests that it diverged from
§. cerevisiae after the genome duplication occurred, but
before the sorting-out process of differential gene loss was
complete (Figure 1). If so, the relationship between gene
orders (and copy numbers) in these two species may be
quite complex. Recent analysis of the available C. a/bicans
genome sequence data indicates that gene order compar-
isons between distantly related species are greatly affected
by a high frequency of small-scale inversions involving
single genes or a small number of contiguous genes
(C Seoighe, KH Wolfe, unpublished data).

Reconstructing the ancestral genome

Gene deletion and chromosomal rearrangement (by recipro-
cal translocation) after genome duplication are proposed to
have given rise to the mosaic of partly identical chromosomal
regions (duplicated blocks) in the genome of §. cerevisiae that
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Figure 1

Schematic representation of gene order
evolution following genome duplication
(based on Keogh et al. [20]). Letters A-J
represent genes, with different fonts used to
distinguish between homologues. For
simplicity, no interchromosomal translocations
have been shown. Species 1 diverged from
species 2 and 3 before genome duplication
occurred. Species 2 and 3 are descended
from the same genome duplication event, and
have some shared gene losses and some
species-specific losses. We hypothesise that
the genome of C. glabrata is descended from
the same genome duplication event as

S. cerevisiae based on the following
observations: C. glabrata has 14
chromosomes [47] and two rDNA arrays
[48,49]; for two gene pairs in S. cerevisiae
(DED1/DBP1 and PDR5/PDR15),

C. glabrata contains a sequence significantly
more closely related to one member of the
pair than to the other, as expected if
speciation occurred after genome duplication;
gene order is generally identical in the two
species [49-53], but one example of
apparent differential gene loss within a
duplicated block has been identified

(K Haynes, personal communication).
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(e.g. S. cerevisiae)

was described by our laboratory [17] and recently updated
[22]. The pattern of blocks was assessed to see whether their
arrangement in the ancestral genome prior to duplication
could be inferred using the principle of maximum parsimony
[23]. The result was that there are many alternative and
equally parsimonious series of reciprocal translocations, sug-
gesting many indistinguishable alternatives for the order of
the blocks before genome duplication. Furthermore, many
regions in the §. cerevisiae genome cannot currently be paired
up because they lack a sufficient number of genes that have
been retained in duplicate since genome duplication. This
missing information means that the minimum number of

reciprocal translocation steps required to rearrange the cur-
rent map of duplicated blocks into a symmetrical pattern (i.e.
to reconstruct the order of blocks in the pre-duplication
genome) is less than the actual number of translocations that
took place after duplication (estimated to be approximately
70-100 [23]). The problem of estimating the minimal num-
ber of steps has been tackled both computationally and
analytically [23,24°]. Although an interesting problem, it is,
perhaps, biologically uninformative.

By Southern hybridisation of probes to pulsed-field gels,
Ryu ez al. [25] found that chromosomes Il and IV of
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Table 1

Fraction of S. cerevisiae proteins in different functional
categories that have been retained in duplicate since genome
duplication*.

Protein category Number of Percent X2t
proteins retained
in category in duplicate
All proteins 5792 12.9
Essential proteins 731 2.7 59
Nonessential proteins 2255 16.6 24
YPD functional categories
Cyclins 22 545 30
Protein phosphatases 40 32.5 12
Heat-shock proteins 32 31.3 8
Protein kinases 123 29.3 26
GTPase-activating proteins 19 26.3
Glucose metabolism 223 26.0 30
Guanine nucleotide exchange 23 21.7
factors
GTPases 55 18.2
Amino acid metabolism 189 12.7
Transcription factors 261 12.3
tRNA synthetases 42 11.9
ABC cassette proteins 30 10.0
Proteases (non-proteasomal) 72 9.7
Ubiquitin-conjugating proteins 24 8.3
Proteasome subunits 34 2.9
Serine-rich proteins 10 0.0
AAA ATPase domain proteins 16 0.0
Ribosomal proteins 209 39.2 112
Mitochondrial ribosomal proteins 44 0.0 6
Cytosolic ribosomal proteins 165 50.3 179

*Adapted from [30]. X2 values with one degree of freedom are shown
if significant at the 5% level.

8. cerevisiae were rearranged in its sibling §. bayanus, and
proposed that chromosomal rearrangement could have
caused their speciation. Further mapping identified the
rearrangement as a reciprocal translocation between the
two copies of the gene RPLZ, which are part of a large
duplicated block on these chromosomes. Phylogenetic
analysis of the noncoding sequences upstream and
downstream of RPLZ2A and RPLZB in the two species
demonstrated elegantly that a recombination had
occurred within the gene [16]. The authors suggested
that duplicated loci are frequently involved in chromoso-
mal rearrangements. Reciprocal translocations between
duplicate loci do not disrupt the map of duplicated
blocks and, consequently, are not included in our esti-
mate of the number of reciprocal translocations since
duplication [23].

Tracking proteome evolution and finding
families for orphans

In a report coinciding with the publication of the C. elegans
genome sequence, Chervitz er al. [26] compared the com-
plete predicted sets of proteins in C. elegans and
8. cerevisiae. In general, proteins carrying out core biologi-
cal processes were found to be conserved in sequence and

function, whereas proteins that are substantially different
in the two species are associated with organism-specific
functions or pathways [26]. This type of comparative pro-
teomics approach will become increasingly important as
the sequences of other fungal genomes reach completion.
Ultimately, the differences in biology among species must
be explicable in terms of differences in their genomes.

Ozier-Kalogeropoulos ¢z a/l. [21°°] sequenced 658 random
genomic tags from K. /actis and identified 296 genes, more
than tripling the number of identified K. /actis genes.
Genes were identified by sequence similarity, with the
majority (all but five of the 296) having homologues in
8. cerevisiae. Of particular interest was the discovery of
K. Jactis orthologues for 59 so-called orphan genes from
8. cerevisiae. Orphans are genes having no previously iden-
tified orthologues or paralogues, in any species [27]. The
results of Ozier-Kalogeropoulos ez /. [21°°] show that these
genes are yeast-specific rather than truly unique. Interest-
ingly, the sequence similarity between K. /actis and
§. cerevisiae was lower for orphans than for non-orphans
(i.e. genes having homologues in other species). This
result also held for comparisons between C. albicans and
S. cerevisiae [21°°]. It is not clear whether these genes
appear as orphans precisely because they are more rapidly
evolving, or whether taxon-specific genes evolve more
rapidly. Ozier-Kalogeropoulos e a/. [21°°] measured simi-
larity in terms of BLASTX score, but this question
deserves more detailed study using complete gene
sequences and molecular evolutionary methods.

Why keep duplicated genes?

After gene duplication one member of a gene pair may
accumulate deleterious mutations and be lost, or both
copies of the gene may be retained. There are two likely
evolutionary reasons for retaining both copies: selection for
increased levels of expression, or divergence of gene func-
tion. Functional divergence can be produced through
complementary degeneration [28], where each daughter
gene retains only a subset of the functions of the parent, or
(perhaps more rarely) if one daughter acquires a new func-
tion. Degenerative tetraploidy provides an opportunity to
study the evolution of many duplicated pairs of genes,
which were all formed simultancously.

We estimate that approximately 8% of the genes in the
pre-duplication Saccharomyces genome were retained in
duplicate [23], so that duplicate pairs formed by poly-
ploidy account for approximately 16% of the current
§. cerevisiae gene set. We have identified 12.9% of §. cere-
visiae’s genes as polyploidy-derived duplicates [22], so
most of the pairs formed by this event have already been
found. The remainder lie in regions of the genome that
were heavily fragmented by rearrangements. Compared to
the average for the genome (12.9%), genes classified as
essential are significantly under-duplicated, and
nonessential genes are significantly over-duplicated (2.7%
and 16.6%, respectively; Table 1). This illustrates the
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Over-representation of highly expressed genes among duplicates. The
fraction of genes having a particular expression level is shown,
considering all genes in the genome (grey line) or just those genes that
have been retained in duplicate after genome duplication (black line).
Expression data is from Holstege et al. [32] and was grouped into
bins of genes expressed at 0-4, 4-8, 8—-12 (etc.) mRNA molecules
per cell. The large bin representing the lowest expression category
(0—-4 mRNA molecules per cell) is not shown and contained 87% of all
genes and 76% of the duplicated genes.

apparent genetic redundancy of many duplicated genes,
although Thatcher er a/. [29] reported that yeast genes
that were previously classified as nonessential may in fact
make a small contribution to evolutionary fitness. It is
apparent from the functional classifications of duplicated
proteins and from the excess of duplicated genes classi-
fied as nonessential (Table 1) that genes that were
retained in duplicate continue to perform closely related
functions. Of the 280 duplicated pairs for which the Yeast
Proteome Database (YPD) [30] lists a functional category
for both proteins, the categories are different for only 26
pairs and most of these differences do not appear signifi-
cant when examined more closely. Taken together these
observations suggest that in many cases duplicated genes
were retained to improve the efficiency with which exist-
ing functions were carried out.

The genes that have been retained in duplicate in 8. cere-
visiae are also not distributed evenly among YPD
functional categories (Table 1), indicating some non-ran-
domness or predetermination of the fates of duplicated
genes. Some functional categories are over-duplicated,
including cyclins and much of the signal transduction
apparatus (protein kinases and phosphatases, G'I'Pases,
G'TPase-activating proteins and guanine nucleotide
exchange factors, but not transcription factors). Many
cytosolic ribosomal protein genes, but no mitochondrial
ribosomal protein genes, are duplicated. For cytosolic ribo-
somal proteins, 50.3% of the genes are mapped to
duplicated chromosomal regions and can be attributed to
genome duplication. Many of the remainder are also dupli-
cated [31] but do not form part of larger paired regions.

“An outgroup is not available for this pair. This pair is probably not a
part of the genome duplication (see text).

Many of the over-duplicated functional categories
(Table 1) include very highly expressed genes, such as heat
shock, glucose metabolism, and cytosolic ribosomal pro-
teins. The correlation between the expression level of a
gene and its likelihood of being retained after whole-
genome duplication was explored further using
whole-genome transcription data from Holstege er al.
[32°°]. The tendency to retain high-expression genes in
duplicate (or alternatively, the tendency for each copy of a
duplicate gene to be highly expressed) is not confined to
the highest categories of gene expression but extends
down to expression levels of about 10 mRNA molecules
per cell (Figure 2). Thus it appears that increased gene
expression (and consequent rapid growth) was a significant
concern in the sorting-out of which genes were retained
and which were lost. It must, however, be noted from Fig-
ure 2 that a majority of duplicated genes have expression
levels below 10 molecules per cell, and that selection for
diversification of gene function may have been important
for these genes. It will be of interest to see whether the cri-
teria for sorting-out were the same in other lineages such
as C. glabrata (Figure 1).

Intron losses

The set of gene pairs retained in duplicate includes 49 pairs
in which at least one gene contains an intron. Of these, 11
pairs are missing the intron in one copy (Table 2). By com-
parison to the available nucleotide sequences from
C. albicans, we conclude that in almost all cases the intron
was present in the ancestral gene, so that one intron was lost
in 8. cerevisiae after the genome duplication. The single
exception to this is the gene pair SECI4/YKL091C. In this
case the intron, present in S. cerevisiae SEC14 [33], is missing
from YKL.091C and all the available orthologues of SEC/4
(K. lactis, C. glabrata, C. albicans). Further analysis suggests
that this pair of genes should not have been attributed to the
genome duplication, despite their similar sequences and
paired genomic locations [17], because in phylogenetic trees
the hemiascomycete SECI4 sequences cluster together
with YK1.091C as an outgroup. Nonetheless, the intron must
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have been gained in §. cerevisiae SEC14 after its divergence
from C. glabrata and other ascomycetes. The above data pro-
vide an idea of the rate at which introns are lost in
8. cerevisiae (10 introns lost out of 96 in ~108 years, ignoring
possible parallel loss).

Isochores laid to rest?

Chromosome 111 of §. cerevisiae, the first chromosome to be
sequenced, showed two striking peaks of G + C content
[34]. This variation in G + C content was particularly evi-
dent in the third coding position (GC3s) and seemed to be
analogous to the isochores that had been described in
mammals [35]. As complete sequences emerged for more
chromosomes, some appeared to contain similar peaks of
GC3s content, whereas others did not contain any signifi-
cant peaks. A reassessment of the variation of GC3s along
all 16 yeast chromosomes [36] revealed clusters of genes
with similar GC3s content on most of the chromosomes.
However, no periodic GC3s content variation could be
detected in any chromosome, with the possible exception
of chromosome III [36]. On a more local scale it was found
that the GC3s content of neighbouring genes is weakly
correlated on every chromosome. Li ez a/. [37] also exam-
ined compositional heterogeneity along  yeast
chromosomes, but used raw nucleotide data without dis-
tinguishing between coding and noncoding DNA, or
separating codon positions. In agreement with Bradnam ¢z
al. [36], this work also indicated some heterogeneity along
yeast chromosomes.

Non-linear genome evolution

"T'he sensu stricto yeast S. pastorianus has long been recog-
nised as a hybrid between . cerevisiae and S. bayanus (or an
S. bayanus-like species such as §. monacensis). Further
analysis reveals that both §. cerevisiae-type and S. bayanus-
type chromosomes are present in §. pastorianus indicating
that this species is an allotetraploid [38,39,40°°]. Karyotyp-
ic analysis continues to reveal natural hybrids among
Saccharomyces species including, most recently, Saccha-
romyces sp. CID1 (CBS 8614) which appears to contain
chromosomes from two parent species and mitochondria
from a third [41,42°°].

Despite the frequency of natural yeast hybrids, polyploidy
appears to have been extremely rare in the history of
S. cerevisiae. Our analysis of the genome suggests that
tetraploidy occurred only once in approximately 108 years
[17]. This appears to indicate that the probability of allote-
traploids such as §. pastorianus surviving as a species is
small. It is possible that hybrids frequently cause horizon-
tal transfer of small numbers of genes, but that fixation of
complete allotetraploidy is a much rarer event.

Conclusions

The availability of the §. cerevisiae genome sequence has
sparked interest in the organisation and evolution of many
other ascomycete genomes. The growth of comparative
genomics and proteomics as a research area indicates that

we are beginning to recognise that the reductionist
approach, which has been a hugely powerful tool in mole-
cular biology, has its limitations. What is of interest now are
the differences between organisms in terms of proteomes
and physiology; the similarities are taken for granted.

Is yeast a good model for genome evolution in other eukary-
otes? Many of the phenomena discussed here also occur in
vertebrates, including isochores [35], gene order change
[43], genome duplication [44], horizontal gene transfer [45],
and taxon-specific genes [46]. But because the quality of
information available about the yeast genome far exceeds
that for any vertebrate, it remains to be seen whether the
findings from yeast have exact parallels in vertebrates.
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