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Evolutionary relationships between
Saccharomyces cerevisiae and other
fungal species as determined from
genome comparisons
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The increasing number of fungal genomes whose sequence has been completed
permits their comparison both at the nucleotide and protein levels. The informa-
tion thus obtained improves our knowledge on evolutionary relationships betwe-
en fungi. Comparison of the Saccharomyces cerevisiae genome with other
Hemiascomycetes genomes confirms that a whole-genome duplication occurred
before the diversification between Candida glabrata and the Saccharomyces
sensu stricto species and after separation from the branch leading to the other
Hemiascomycetes. Duplication was followed by individual gene losses and re-
arrangements affecting extensive DNA regions. Although S. cerevisiae and

C. glabrata are two closely related yeast species at an evolutionary scale, their
different habitats and life styles correlate with specific gene differences and with
more extensive gene loses having occurred in the parasitic C. glabrata. At a clo-
ser evolutive scale, diversification among the sensu stricto species began with
nucleotide changes at the intergenic regions affecting sequences that are not
relevant for gene regulation, together with more extensive genome rearrange-
ments involving transposons and telomeric regions. One important characteristic
of fungal genomes that is shared with other eukaryotes is the fusion of gene
sequences coding for separate protein modules into a single open reading frame.
This allows diversification of protein functions while saving gene information.

Saccharomyqes cerevisiae, Candida, Hemiascomycetes, Comparative genomics,
Genome duplication, Protein modules

Relaciones evolutivas entre Saccharomyces cerevisiae
y otras especies fiingicas establecidas mediante
comparaciones genomicas

El creciente nimero de genomas flngicos cuya secuencia se ha completado
permite su comparacién tanto a nivel de nucleétidos como de la proteina. La
informacién obtenida de este modo mejora nuestro conocimiento sobre las rela-
ciones evolutivas entre hongos. La comparacién del genoma de Saccharomyces
cerevisiae con el de otros Hemiascomicetes confirma que tuvo lugar una duplica-
cion del genoma entero en un antecesor antes de la diversificacion entre
Candida glabrata y las especies Saccharomyces sensu stricto, y después de la
separacion respecto de la rama que condujo a otros Hemiascomicetes. La dupli-
cacion vino seguida de pérdidas de genes individuales asi como de reordenacio-
nes mas extensas del DNA. Aunque S. cerevisiaey C. glabrata son dos
especies de levaduras relativamente proximas a una escala evolutiva, sus dife-
rentes habitats y estilos de vida se correlacionan con diferencias genéticas espe-
cificas y con la existencia de pérdidas mas numerosas de genes en la especie
parasita C. glabrata. A una escala evolutiva més préxima, la diversificacion entre
las especies del grupo sensu stricto empez6 con cambios nucleotidicos en las
regiones intergénicas que afectarian secuencias no relevantes para la regulacion
génica, junto con reordenaciones mas extensas que implicarian transposones y
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regiones teloméricas. Una caracteristica importante de los genomas fungicos
que ocurre también en otros eucariotas es la fusién de secuencias génicas que
codifican modulos proteicos individuales en una Unica pauta de lectura. Ello per-
mite la diversificacion de las funciones proteicas al mismo tiempo que se ahorra

informacién genética.
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Completion of the Saccharomyces cerevisiae geno-
me sequence in 1996 [12] opened new approaches to the
study of evolution of eukaryotic organisms, among other
merits of such scientific achievement. Annotation of the
genes from the DNA sequence revealed that the function
of about 40% of them was totally or partially unknown at
that time. Less than ten years later, much more is known
on the function of the about 5,800 genes of S. cerevisiae,
thanks to the focused work on individual genes and their
products, but also on whole genome studies such as those
on protein location [16], protein complexes [15,28], pro-
tein abundance [11] or gene expression in response to
external stimuli [10]. These are only a few examples of
large scale studies that have been possible only after
sequencing and annotation of the whole S. cerevisiae
genome, and that have opened the path to similar studies
in other organisms. A new scientific area (systems bio-
logy) has emerged based on systemic experimental appro-
aches as those initially employed with S. cerevisiae. A
large amount of information on the above studies and on
the function of the individual S. cerevisiae genes can be
obtained in www.yeastgenome.org (Saccharomyces
Genome Database). However, it should be kept in mind
that in spite of such efforts, more than 1,000 genes of this
organism still are classified in databases as being of unk-
nown function.

By the time this review is written (November
2005), eight fungal genomes are defined as completely
sequenced in the GeneBank server
(www.ncbi.nlm.nih.gov), although the sequence of several
other fungal species are essentially completed too.
Overall, the information on the full sequence of more than
20 fungal genomes is accessible. They include members
of the Archiascomycetae, Hemiascomycetae and
Basidiomycetae classes, and therefore they cover an evo-
lutionary range that could extend more than 1,000 million
years [2,13]. This amount of information allows the com-
parison of fungal genomes covering short phylogenetic
distances (for instance, within Hemiascomycetes) or lar-
ger distances that include the other two classes (Table).
Comparative genomics has merged as a new discipline
that in the case of fungi allows a better understanding of
species evolution and helps to explain the different life
styles that can be found among them, besides introducing
new information useful from a medical or technological
point of view. Comparison of the genomes of two species
that have so much diverged along evolution as
S. cerevisiae and Cryptococcus neoformans demonstrates
that they share at least 65% of the genetic information
[22]. Obviously, some genetic traits such as those coding
for capsule synthesis and other possible virulence factors
(as melanin formation) are specific of C. neoformans.
This high level of conservation is remarkable for two spe-
cies that diverged in the evolutionary tree about 1,000
million years ago [13].

The S. cerevisiae genome results from a massive
genome duplication and extensive gene loss

Analysis of the sequence of the 16 chromosomes
of the S. cerevisiae genome revealed the existence of
numerous pairs of chromosomal homologous regions. On
these basis it was postulated that a whole-genome duplica-
tion had occurred in an ancestry of S. cerevisiae [32]. This
duplication event would have been followed by extensive
gene loss, which in general would have affected only one
of the two members of the generated gene pairs
(Figure 1), as well as gene inversions and transpositions
among other events affecting individual genes. The result
would be the present S. cerevisiae genome, where indivi-
dual genes without homologues in the own genome coe-
xist with families formed by two paralogous genes that are
located in sister chromosomal regions (large blocks of
homologous genes) at two different chromosomes [33].
Evolution after the duplication event would explain why
only a fraction of the S. cerevisiae genome shows the rem-
nants of such duplication. However, 56 of such blocks still
can be detected in the S. cerevisiae genome. More
recently, it has been described the partial sequencing of
the genome of 13 Hemyascomycetes, including several
Saccharomyces sensu estricto species [25], and the com-
plete sequencing of the genomes of Eremothecium
(Ashbya) gossypii [6], Kluyveromyces waltii [19],
Candida glabrata, Kluyveromyces lactis, Debaryomyces
hansenii and Yarrowia lipolytica [8]. By comparing the
genomes of these species representing a broad evolutio-
nary range within Hemiascomycetes, this has allowed to
confirm that existence of such ancient duplication, which
occurred after separation of the K. waltii and
Saccharomyces-C. glabrata branches, but before diversifi-
cation of the Saccharomyces sensu stricto species from
C. glabrata (Figure 2). In fact, duplication remnants are
present in the C. glabrata genome and many block
regions in the latter display homology with blocks in the
S. cerevisiae genome [7]. However, the fact that the total
number of blocks in C. glabrata (twenty) is lower than in
S. cerevisiae indicates a more extensive gene loss affec-
ting one of the two paralogues in C. glabrata [8], and is in
accordance with the parasitic life style of this species. At
this respect, the total gene number in C. glabrata is lower
than in the other Hemiascomycetes, although this does not
parallels a lower genome size or chromosome number
(Table). On the contrary, the number of chromosomes in
S. cerevisiae and C. glabrata is significantly larger than in
the other species, which is probably also a reflection of
the ancient duplication affecting these two species and
their common evolutionary origin.

A consequence of gene duplication is the possibi-
lity for functional redundancy, with its implications on
phenotypic stability. This is for instance the case of two of
the G1 cyclins of the S. cerevisiae cell cycle, Clnl and
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Table. General characteristics of completely sequences fungal genomes .
Species Genome size Number of Total Total tRNA Data from
(Mb) chromosomes ORFs genes Ref.
S. cerevisiae 121 16 5807 274 8
C. glabrata 12.3 13 5283 207 8
K. waltii 10.7 8 5230 240 19
K. lactis 10.6 6 5329 162 8
E. gossypii 9.2 7 4718 199 6
D. hansenii 12.2 7 6906 205 8
C. albicans 14.8 8 6419 ND' 22
Y. lipolytica 20.5 6 6703 510 8
N. crassa 38.4 7 1082 424 22
S. pombe 12.6 3 4973 174 22
C. neoformans 19.0 14 6594 141 22

'ND: not determined
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Figure 1. Scheme of the duplication of a genome sequence followed by loss
of marked genes. Inversions and other possible events are not shown.

Cln2, although even in this case evolution may have
selected for some particularities in the function of each
pair member [9]. In other cases, each family member has
become functionally specialized by acting at a different
cellular compartment from other members of the family.
Enzymes involved in the defence against oxidative stress
in S. cerevisiae offer a number of examples on this situa-
tion [27]. Thus, S. cerevisiae contains two cytosolic thio-
redoxins (Trx1, Trx2) plus one mitochondrial one (Trx3);
all three proteins show significant homology in amino
acid sequence. Of the two dithiol glutaredoxins, Grx1 is
exclussively cytosolic while its homologue Grx2 shares a
cytosolic and a mitochondrial location. Interestingly,
S. cerevisiae has a peroxisomal omega class glutathione
transferase (Gtol) that is induced under oxidative stress
conditions, plus two homologues (Gto2, Gto3) located at
the cytosol (our unpublished results). Among the fungal
genomes sequenced to now, only the S. cerevisiae-closely
related species Saccharomyces paradoxus has a predicted
peroxisomal Gtol orthologue; other fungal species con-
tain a single Gto homologue, probably located at the cyto-
sol. Gene duplication in the Saccharomyces evolutionary
line has therefore led to a new enzyme activity at an orga-
nelle such as the peroxisome, as a distinctive trait of S.
cerevisiae and close relatives in contrast to other fungi.
Parallel loss of peroxisomal glutathione transferases in
different evolutionary lines from a fungal ancestor that
contained such enzyme could also have led to the present
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Figure 2. Phylogenetic tree of Hemiascomycetes, showing the branch
points of representative species. The genomes of the indicated species
have been totally or partially sequenced. Branch lengths are not proportio-
nal to evolutionary distances. 1: whole-genome duplication; 2: emergence
of the Saccharomyces sensu stricto group with multiplication of sugar utili-
zation genes. The tree is based on references 7 and 8.

situation, but this seems a less plausible hypothesis, as it
would require a larger number of independent genetic
changes. The presence of a glutathione transferase
protecting against reactive oxygen species generated at the
peroxisome could explain the acquisition of some meta-
bolic traits by S. cerevisiae peroxisomes compared to
other fungal species, such as the participation in lysine
metabolism [3].

Combination of protein modules leads to functional
diversification

Evolution of new biological functions by new com-
binations of previously existing protein modules very pro-
bably has been a motor for evolution in eukaryotes [14].
S. cerevisiae offers a number of examples of this situation.
We have studied a family of monothiol glutaredoxins that
are characterized by the presence of a single cysteine resi-
due at the active site, in contrast with classical glutaredo-
xins, which contain two cysteines at the active site
[1,24,29]. S. cerevisiae has three monothiol glutaredoxins.
One of them (Grx5) is localized at the mitochondrial
matrix and is involved in the synthesis of iron/sulfur clus-
ters, while Grx3 and Grx4 are nuclear [24]. Besides their
differential location, these Grx molecules have another
difference. While Grx5 contains a single glutaredoxin
domain, Grx3 and Grx4 result from the fusion into a
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single molecule of an N-terminal thioredoxin (Trx)-like
domain plus a C-terminal glutaredoxin (Grx) domain
(Figure 3a). In these molecules the Trx-like domain is
important for nuclear localization but is does not display a
thioredoxin enzyme activity, since it lacks one of the acti-
ve site cysteine essential for such activity [24]. Therefore,
the Grx3 and Grx4 molecules may have resulted from a
fusion event of preexisting thioredoxin and glutaredoxins
molecules followed by loss of the first enzyme activity.
Such Trx-Grx molecules would have adopted biological
functions different from their predecessors, which at least
in S. cerevisiae could consist in the redox regulation of
transcriptional factors at the nucleus [23]. The Grx3/Grx4
homologue in human cells is the PICOT protein, that
could be a modulator of the protein kinase C activity [31].
The coexistence in a single organism of glutaredoxins
with the single Grx structure and those with the mixed
Trx-Grx structure is characteristic of eukaryotes but not of
prokaryotes, where only single Grx domain monothiol
glutaredoxins exist [29]. With respect to Grx35, its biologi-
cal role in the formation of iron-sulfur clusters at the mito-
chondria seems to be evolutionarily conserved from
bacteria to higher eukaryotes, as homologues from diffe-
rent origins are able to substitute for the Grx5 function
when targeted to S. cerevisiae mitochondria [30, and our
unpublished observations].

To determine the distribution of both Trx-Grx and
single Grx monothiol glutaredoxins among fungal species,
we made BLASTA searches (using S. cerevisiae Grx5 or
Grx3 as respective queries) against all the protein sequen-
ces of fungal species whose genomes are considered as
completely sequenced according to GeneBank. Among
the eight genomes, only D. hansenii and Encephalitozoon
cuniculi lacked Grx5 homologues, that is, monothiol glu-
taredoxins with a single Grx domain (Figure 3b). It is not
easy to explain the case of the halophilic yeast, which pro-
bably has lost the Grx5 protein while its function in the
mitochondrial formation of iron-sulfur clusters being
substituted by some other thiol oxidoreductase activity. In
the case of E. cuniculi, this is an obligate intracellular
parasite that has experimented extensive genetic reduction
(2.9 megabase genome, 1,997 potential protein-coding
genes) and mitochondrial lost, as a general characteristic
of fungi-derived microsporidia [18]. This genetic loss can
explain the absence of genes coding for both Grx and Trx-
Grx glutaredoxins in its genome. In fact, E. cuniculi is the
only among the eight fungal genomes that lacks a gene for
a Grx3 homologue (Figure 3b). As S. cerevisiae with
Grx3 and Grx4, C. glabrata also has two Trx-Grx glutare-
doxins, while the other species have a single one. The fact
that glutaredoxins with the Trx-Grx structure are present
both in Ascomycetae and Basidiomycetae (this study) but
also in animals and plants [1,29] support the idea that this
structure appeared in the eukaryotic lineage before the
amimals-plants-fungi divergence, that is more than 1,600
million years ago [13].

These hybrid molecules offer the possibility to
study the coevolution of their domains as compared to the
evolution of the original independent molecules. To com-
pare the monothiol glutaredoxins among fungi, we exten-
ded the study to Neurospora crassa, Schizosaccharomyces
pombe, Aspergillus nidulans and C. albicans in addition
to the species listed in figure 3b. The genomes of these
four species code for both S. cerevisiae Grx5 and
Grx3/Grx4 homologues. All of the ten molecules analyzed
with a single Grx domain (including Grx5) have an N-ter-
minal region compatible with a mitochondrial targeting
sequence, as revealed by the application of localization
prediction analysis programmes. It can therefore be con-
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Species Grx structure Trx Grx structure
S. cerevisiae Yes (Grx5) Yes (Grx3, Grx4)
C. glabrata Yes (Q6FJDO) Yes (Q6FSS7, Q6FKF5)
D. hansenii No Yes (XP459996)
E. gossypii Yes (Q75A65) Yes (Q74ZT7)
K. lactis Yes (Q6CVT2) Yes (Q6CSU2)
Y. lipolytica Yes (XP505699) Yes (Q6CES4)
C. neoformans Yes (Q5KLM7) Yes (Q5KJR8)
E. cuniculi No No

Figure 3. Presence of monothiol glutaredoxins with the Grx and Trx-Grx
structure among fungi. (a) General structure of both types of monothiol glu-
taredoxins, with the sequence reminiscent of thioredoxin active sites at the
Trx domain and the glutaredoxin (thiol oxidireductase) active site at the Grx
domain. (b) Monothiol glutaredoxins with Grx or Trx-Grx structure present in
the eight fungal genomes totally sequenced as indicated at GeneBank
(http://www.ncbi.nlm.nih.gov). Homology searches were done using
BLASTP at the GeneBank server, with S. cerevisiae Grx5 (for Grx mole-
cules) or Grx3 (for Trx-Grx molecules) as query. Only those proteins that
resulted in significant alignments along at least 80% of query and subject
sequences were considered positive (with E values higher than 10-5).
SwissProt entries of the respective proteins are indicated into parenthesis,
except for D. hansenii Trx-Grx protein and Y. lipolytica Grx protein, for
which the GeneBank entry is indicated.

cluded that the mitochondrial localization of S. cerevisiae
Grx5 can be extended to its fungal homologues, and also
to the correspondent higher eukaryotes molecules [30].
Multiple sequence alignment of Grx5 and its nine fungal
homologues using ClustalW results in a phylogram tree
(Figure 4a) that groups the sequences in a manner that
basically parallels the evolutive relationships between the
ten fungal species [7]. The only exception is the C. albi -
cans Grx5 homologue, that appears well separated from
the other sequences in the tree, not becoming associated in
the same cluster with other Ascomycetous sequences.
As expected from the proximity between S. cerevisiae and
C. glabrata, the closest sequence to S. cerevisiae GrxS5 is
that of the C. glabrata orthologue.

Phylogram trees after Clustal W multiple align-
ments were generated from Grx3 and Grx4 and their fun-
gal homologues, separately for their C-terminal Grx
(Figure 4b) and N-terminal Trx-Grx (Figure 4c) domains.
When the analysis was done on the whole amino acid
sequence including both domains, the generated tree was
similar to that based on the Grx domain alone (not
shown). The tree resulting from the comparison of the Grx
domains grouped the sequences in a manner that was also
parallel to the evolutionary relationships among the com-
pared species. The Grx domains of Grx3 and Grx4 group
together and well separated from the other sequences, sup-
porting that the two glutaredoxins are the result of the
genome duplication occurring at the Saccharomyces line.
Surprisingly, one of the two C. glabrata Grx sequences
(corresponding to SwissProt entry Q6FKFS5) does not
position close to the other C. glabrata sequence and to
Grx3/Grx4 (Figure 4b), as would have been expected
from the evolutionary relationship between both species
and the genome duplication having occurred in a common
ancestor. This observation suggests that the gene coding



for the Q6FKFS5 protein may have not resulted from such
duplication but from a different genetic event, maybe
from horizontal transfer of foreign DNA. Alignment of
the Trx domains alone (Figure 4c) confirms the separation
between the two C. glabrata Trx-Grx molecules. With
this exception, the Trx regions also become grouped basi-
cally as expected from the phylogenetic relationships
among the studied species, the Trx regions of the
C. neoformans, S. pombe, N. crassa and A. nidulans mole-
cules being the most distant from the S. cerevisiae homo-
logues (Figure 4c). Branches lengths are larger for the Trx
tree than for the Grx tree. Although these comparisons
must be taken with caution, the fact may indicate that
variation along evolution has affected more intensely to
the Trx region. It must be considered that the enzymatic
activity of the molecule resides in the Grx region, which
could suppose an important restriction for amino acid
changes, while the Trx region is necessary for nuclear
targeting [24].

Summarizing, the example of the monothiol gluta-
redoxins indicates that these genomic comparisons may
shed some light on evolution of multidomain molecules.
In this particular case, our observations indicate that both
Trx and Grx domains have evolved closely among them
once the hybrid molecule was formed in an old eukaryotic
ancestor, and that this evolution has occurred separately
from the monothiol glutaredoxins with a single Grx uni-
versally present from bacteria to humans. This does not
exclude the possibility of other events such as horizontal
transfer as that suggested for C. glabrata.

Evolution at a short-time scale within the genus
Saccharomyces

The above considerations concern evolution within
fungi at a long-time scale, that is, in a period of about
1,000 million years [13]. How is evolution operating at a
shorter time scale, for instance within the genus
Saccharomyces? Two recent studies [5,20] address this
question within the Saccharomyces sensu stricto group,
that accumulates an estimated 5-20 million years of sepa-
rate evolution [4,21]. Partial sequencing of the genomes
of the S. paradoxus, Saccharomyces mikatae,
Saccharomyces kudriavzevii and Saccharomyces bayanus
species and comparison with the S. cerevisiae genome
sequence [5,20] allowed establishing that sinteny (that is,
gene position and orientation relative to neighbour genes)
is conserved for most of the compared Saccharomyces
genomes. Nucleotide changes are more frequent in inter-
genic regions than inside genes (about twice the rate in the
former), as expected from the fact that these intergenic
regions have fewer restrictions for maintaining mutations
than coding regions where many nucleotide changes
would lead to non-functional amino acid changes. Even in
intergenic regions, nucleotide changes have not occurred
homogeneously. This has allowed characterizing conser-
ved intergenic sequences that may correspond to promoter
regulatory motifs less prone for evolutionary changes than
other sequences, for instance those downstream of 3’ ends
of genes. The observation demonstrates the existence of a
selective pressure that acts conservatively at gene promo-
ters. With respect to coding sequences, there exists a high
level of conservation among the sensu stricto yeast spe-
cies and most changes at the nucleotide level have occu-
rred at the third position among synonymous codons, that
is, they are conservative [20]. More extensive rearrange-
ments (reciprocal translocations, inversions, segment
duplications) are much less frequent and have occurred
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Figure 4. Philogram trees after ClustalW multiple alignments of (a) S. cere-
visiae Grx5 and the indicated homologues, excluding the respective mito-
chondrial targeting sequences (first 29 amino acids in Grx5, Ref. 24), (b)
the C-terminal Grx domains of the indicated proteins (from amino acid 199
to 283 in Grx3), and (c) the N-terminal Trx domains of the indicated proteins
(from amino acid 38 to 133 in Grx3). Protein nomenclature is as in figure 3.

preferentially at telomeric regions and near transposon-
like (Ty) elements [20]. Transposons and telomeres there-
fore reveal as a leading cause of genome evolution. In
spite of the high level of genome conservation between
the sensu stricto species, there exist a low number of
genes that are species-specific [4,20]. They may have
resulted from recombination events involving more dis-
tant species. A large proportion of these species-specific
genes have a metabolic function, particularly sugar meta-
bolism. Remarkably, a few genes exist in the four analy-
zed species that are subjected to a change rate
significantly higher or lower than the average; the results
are protein products with a considerable number of amino
acid positions changes or on the contrary, with extreme
amino acid conservation [20]. An example of the latter is
the case of the mating-type gene MATa2, which has per-
fect 100% amino acid and nucleotide conservation across
all four species over the entire length (119 amino acids).
Although some of the above genome changes are
still difficult to explain on a molecular basis, they shed
new light on the mechanisms of genome evolution that
may be applicable to other organisms. Again, genomic
studies on S. cerevisiae and related species may open the
way for analysis of the evolution of biological systems.
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