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Abstract The identification of molecular evolutionary mechan-
isms in eukaryotes is approached by a comparative genomics
study of a homogeneous group of species classified as
Hemiascomycetes. This group includes Saccharomyces cerevi-
siae, the first eukaryotic genome entirely sequenced, back in
1996. A random sequencing analysis has been performed on 13
different species sharing a small genome size and a low frequency
of introns. Detailed information is provided in the 20 following
papers. Additional tables available on websites describe the ca.
20000 newly identified genes. This wealth of data, so far unique
among eukaryotes, allowed us to examine the conservation of
chromosome maps, to identify the ‘yeast-specific’ genes, and to
review the distribution of gene families into functional classes.
This project conducted by a network of seven French laboratories
has been designated ‘Génolevures’. © 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction

Fungi, and yeasts in particular, have a long standing role in
the development of genetics and molecular biology. Saccha-
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! Sequences and annotations are accessible at: Génoscope (http://
www.genoscope.cns.fr), FEBS Letters Website (http://www.elsevier.nl/
febs/show/), Bordeaux (http://cbi.genopole-bordeaux.fr/Genolevures)
and were deposited into the EMBL database (accession number from
AL392203 to AL441602).

romyces cerevisiae, the first eukaryotic organism to be se-
quenced [1], contributed significantly to the recent and rapid
emergence of genomics. Comparative genomics is a new field
which provides insights into the understanding of molecular
evolution. It helps to interpret the complex genomes of higher
eukaryotes as recently exemplified by the impact of the work
on Tetraodon nigroviridis, a compact genome, for the human
genome analysis [2,3]. The rapidly growing number of fully
sequenced prokaryotic genomes, allows comparison between
related species such as Mycoplasma [4-6] or Chlamydia [7].
For eukaryotic organisms, only few genomes have been com-
pletely sequenced so far: S. cerevisiae [1], Caenorhabditis ele-
gans [8], and, more recently, Drosophila melanogaster [9].
Others are close to completion: Schizosaccharomyces pombe
(http://www.sanger.ac.uk/Projects/S_pombe/genomic_sequence.
shtml), Arabidopsis thaliana [10,11] and Homo sapiens in its
first draft version [12,13]. The comparison of'S. cerevisiae with
C. elegans confirms its phylogenic relationship with the animal
kingdom, but the evolutionary distance between these two
species remains large, thus limiting our understanding of mo-
lecular evolution among eukaryotes. Even though S. pombe is
an ascomycete, preliminary sequence comparisons between S.
pombe and S. cerevisiae provide similar results indicating a
very long evolutionary distance between the two yeasts [14].
It appears to us that the comparative analysis of closely re-
lated organisms is needed to answer basic questions concern-
ing molecular evolution, such as: what are the species-specific
genes and how numerous are they for speciation? how are
genes distributed among functional families? what is the rate
of amino acid divergence among the proteins encoded by
these genes? what are the general mechanisms involved in
reshaping of chromosomal maps? With their relatively small
genome size, yeasts offer a unique opportunity to explore
eukaryotic genome evolution by the comparative analysis of
numerous species.

0014-5793/00/$20.00 © 2000 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(00)02272-9


https://core.ac.uk/display/82212582?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Ascomycetes have been the object of numerous taxonomic
studies which have led to successive modifications of classifi-
cation [15]. The recent use of rDNA sequence comparisons,
has longly improved this classification [3,16]. The group of
Ascomycetes now comprises three classes: the Archiascomy-
cetes (including the orders Schizosaccharomycetales, Taphri-
nales, Protomycetales, and Pneumocystidales); the Euascomy-
cetes (with the subdivisions orders Pyrenomycetes,
Discomycetes, Loculoascomycetes, and Plectomycetes) and
the Hemiascomycetes with only one order, the Saccharomy-
cetales. This classification corresponds to the introduction of
the new class of the Archiascomycetes in 1993 [17]. The Hemi-
ascomycetes encompasses the budding yeasts and the yeast-
like genera Ascoidea and Cephaloascus. Family assignment
within the Saccharomycetales order remains uncertain, and
the classification presented by Kurtzman [16,18], is expected
to be modified when novel molecular data will become avail-
able. The work presented here, based on the partial sequenc-
ing of 13 species selected across the entire Hemiascomycete
realm, may contribute to sharpen this classification at the
same time as to provide new data on molecular evolution.

2. Materials and methods

For each species, a random genomic DNA library was prepared by
generating fragments ranging in size from 4 to 5 kb. This size was
selected as to offer the maximum probability of finding two neigh-
bouring genes. Single-pass sequencing (up to 1.0 kb on average [19])
of both extremities of each insert was performed such that each in-
dividual insert is characterised by two random sequence tags (RSTs).
The analysis of the sequences of each of the 13 selected species, using
a manual validation step [20], is reported in the following papers [21—
33]. Since the studied species show gene sizes comparable to S. cere-
visiae, and similarly rare occurrence of introns, it was often possible to
identify the presence of more than one ORF in each RST. In some
favourable situations, thanks to the exceptional quality and length of
the sequencing reads, five ORFs have been detected in the insert RST
[21-33]. Previous sequences from Kluyveromyces lactis and Candida
albicans, have shown an average gene density of (.72 and a protein
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sequence identity with S. cerevisiae orthologues of 60%. Thus about
75% of these sequences data can be readily identified by comparison
with S. cerevisiae. Assessing the proper number of RSTs which is
required for the best characterisation of one yeast genome was a
priori difficult. We have therefore conducted these experiments by
analyzing some species with 5000 RSTs and other ones with only
2500 RSTs. Others genetic elements, not sharing identity to the S.
cerevisiae genome, were identified by comparison with all predicted
protein sequences from other completely sequenced organisms as well
as with SwissProt [20]. The genome coverage of 0.2 for species studied
by 2500 RSTs or 0.4 for four species studied by 5000 RSTs permitted
the assembly of few RSTs in contigs where repetitive genetic elements,
as for example Ty, rDNA, or plasmids, where further identified.

3. Results and discussion

3.1. Selection of a set of yeast species representative of the
Hemiascomycete class

Limited comparative genomics information between related
yeast species was provided by the studies of Ozier-Kalogéro-
poulos et al. [14] comparing K. lactis and S. cerevisiae, that of
Hartung [34] on C. albicans and that of Prillinger et al. [35] on
Ashbya gossipyi. In the present work, we decided to generate
an important set of novel sequence data by focusing on a
defined taxonomic group: the yeasts from the Hemiascomy-
cete class. In setting up this list (Fig. 1) our primary concern
was to select, as far as could be inferred from 18S rDNA
phylogeny [16,36], a set of species representing the various
branches of the Hemiascomycete class. A second criterion
was within each branch to give preference to species of indus-
trial or biomedical interest, which could be used for subse-
quent functional studies or have already been the object of
extensive genetic studies. Following these criteria, we have
retained the following species Pichia angusta (also called Han-
senula polymorpha); K. lactis; Yarrowia lipolytica and Zygo-
saccharomyces rouxii; because they have been subjected to
numerous genetic and molecular studies during the last 15
years and, as a direct consequence, are increasingly used for
industrial purposes [37-43]. Saccharomyces bayanus (var. uva-
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Fig. 1. Synopsis of the 13 hemiascomycetous yeast species analysed in the Génolevures programme. The left part of the figure corresponds to a
cladogram that was constructed from the rDNA sequence encoding the 25S rRNAs by using the maximum parsimony (PAUP 3.1.1.), S. pombe
was used as an outgroup. Values on branches represent bootstrap values on 500 replicates. The species name is followed by the reference of
the strain analysed in this work, plus when available from the literature the level of ploidy and the chromosome number. For each species is in-
dicated by two letters the code recovered at the beginning of each sequence, the number of different reads, the total length of DNA sequenced
in this work and the reference of the corresponding article in this issue. (1) other strain named MCYC 623-6C ura3; (2) denotes type strain;
(3) other strain named 2359/152; (4) other strain named W29, is a natural isolate.
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Table 1A

Homologues to each protein-coding S. cerevisiae gene found in the 13 other hemiascomycetous species

ORF Old New Sb Se Ss Zr Sk Kt Kl Km Pa Dh Ps Ct Y1 T
Chromosome 1

YALOG68¢ 3 2 79 - - - - - - — - - - - - 1
YALOG67c¢ 1 1 77 - - 64 — 75 80 41 50 26 — - 54 8
YALOG66w 3 3 - - - — - - - - - - - - - 0
YALOG65¢ 3 3 - - - - - - - - - - - - - 0
Chromosome 16

YPRI98w 1 1 - 39 - — — — - - — — - 37 - 2
YPRI99¢ 3 3 - - - — - - - - - - - - - 0
YPR200¢ 3 3 - - - - - - - - - - - - - 0
YPR201w 1 1 - - - - - - 6 - - - - - - 1

The table indicates, for each of the 6263 ORFs of S. cerevisiae listed according to their map location (gene designation refers to [54]), the per-
centage of amino acid identity with the homologous gene in each of the 13 yeast species determined from blastx alignments (— no homologue
identified in this species). In cases where several genes of a given yeast species are homologous to a given gene of S. cerevisiae, only the closest
homologue is represented. - indicates that the ORF of S. cerevisiae is one of several possible homologues to the gene of the other yeast species,
as result of the existence of gene families in S. cerevisiae. Old and New, class to which belong the ORF of S. cerevisiae, respectively, before
and after this project: (1) ORF conserved in non-Ascomycetes, (2) ORF conserved in Ascomycetes only, (3) ORF without homology out of
the S. cerevisiae genome, (4) questionable ORF (see [52] for details), 7: total number of yeast species in which at least one homologue of the
S. cerevisiae ORF has been identified. Sb, S. bayanus var. uvarum; Se, Saccharomyces exiguus; Ss, Saccharomyces servazzii; Zr, Z. rouxii; Sk,
Saccharomyces kluyveri; Kt, K. thermotolerans; K1, K. lactis; Km, Kluyveromyces marxianus var. marxianus; Pa, P. angusta; Dh, D. hansenii
var. hansenii; Ps, P. sorbitophila; Ct, C. tropicalis; Y1, Y. lipolytica.

Table 1B
Homologues to each of the 52 S. cerevisiae tRNA genes species found in the 13 other hemiascomycetous species

Sc Sb Se Ss Zr Sk Kt Kl Km Pa Dh Ps Ct Y1
A (GCA) tRNA 5 - — - - + - — — — — — — — 1
A (GCT) tRNA 11 + + + + + + + — — — — + + 9
C (TGC) tRNA 4 - + + + + + — — + — + — — 7
D (GAC) tRNA 15 — + + + — — — + — + + + — 7
E (GAA) tRNA 14 + + + + + + — + - - + + + 10
E (GAG) tRNA 1 — - — — - + — — + — — — — 2
F (TTC) tRNA 10 + + + + + + — + + + — + + 11
G (GGA) tRNA 3 - - — + + + - - — — + - — 4
G (GGC) tRNA 16 + - + + + + — — + — + + + 9
G (GGG) tRNA 2 — + - - — — — — — — — _ _ 1
H (CAC) tRNA 7 — + — + + — — — — + + — — 5
1 (ATA) tRNA 2 - + + + - + — — — + — + + 7
I (ATT) tRNA 13 + — + + + — + + + — + + 9
K (AAA) tRNA 7 - - + + + + — - — — + — — 5
K (AAG) tRNA 14 - - + + + + - + — — — — - 5
L (CTA) tRNA 3 — + + + — + - — — — — - 4
L (CTC) tRNA 1 - - — - - — — — — — + - _ 1
L (TTA) tRNA 7 + + + + + — — + + + + — — 9
L (TTG) tRNA 10 + + + + + + — — + — - — — 7
M (ATG) tRNA 10 — + + + + — — + + — — + + 8
N (AAC) tRNA 10 — + + + — + — — + + + — — 7
P (CCA) tRNA 10 + + + + — + — + + + — + — 9
P (CCT) tRNA 2 — - — + - — — — — - - — + 2
Q (CAA) tRNA 9 — — + + + + — + + + + + + 10
Q (CAG) tRNA 1 - - — - - — — — + - — — _ 1
R (AGA) tRNA 11 — + + + — + - + — + — + — 7
R (AGG) tRNA 1 — - — — — — — — - — — — _ 0
R (CGG) tRNA 1 — - — + — - — — — - — 1
R (CGT) tRNA 6 + + + — + — + — _ _ _ _ 5
S (AGC) tRNA 4 + — — + — + — + + — — — + 6
S (TCA) tRNA 3 + + + — — + — - + — _ + _ 6
S (TCG) tRNA 1 - - + + — + — - — — — — — 3
S (TCT) tRNA 11 + + + + + + — + + + + — + 11
T (ACA) tRNA 4 — + — + — + — + — + + — _ 6
T (ACG) tRNA 1 - — + + + - — — — — - — — 3
T (ACT) tRNA 11 — — + + + + — + + + + + + 10
V (GTA) tRNA 2 - - — - - + - — — — — - — 1
V (GTG) tRNA 2 — - — + + + — — + + — — — 5
V (GTT) tRNA 14 — - + + + + — + + + + + + 10
W (TGG) tRNA 6 + + + + + + — + + + + — + 11
Y (TAC) tRNA 8 — + — + + + + — — + + — + 8
Total by species 274 12 22 24 33 22 29 2 17 19 17 17 14 15

The first column indicates the total number of S. cerevisiae tRNA genes belonging to a given species. Abbreviations as in Table 1A.
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Fig. 2. Map location of the S. cerevisiae homologues of the yeast species sequenced. Each S. cerevisiae chromosome (designated by its number
1-16) is drawn to scale as a horizontal red line (scale in kb) with its telomeres and centromere represented by red void triangles and diamonds,
respectively. For each of the 13 yeast species studied in this work (name in the upper right corner of each panel), the unambiguous S. cerevisiae
homologues (alignments validated as ‘0’) are represented by green vertical bars (total number below the yeast name). All other possible homo-
logues (alignments validated as ‘00’) are represented by purple vertical bars (total number in brackets below the yeast name). Panels 14 and 15
show the location of the S. cerevisiae homologues to all 13 species, altogether. Panel 16 shows the location of all predicted S. cerevisiae ORFs
using the same representation for reference of gene density variation along chromosomes. Inserts on upper right corner indicate the total num-
ber of genes on each S. cerevisiae chromosome having unambiguous homologues (ordinate) relative to the chromosome size (abscissa). Note

that the size of chromosome 12 excludes rDNA.
P

rum) is close to S. cerevisiae and represents an important
economical species due to its oenological properties. The list
of the remaining species fill the gap between the members of
the Hemiascomycete class. Some of them are important hu-
man pathogens such as Candida tropicalis, or are potentially
useful for industrial purposes such as Pichia sorbitophila. All
species were obtained from the CBS (Centraal bureau voor
Schimmelcultures) or the CLIB (Collections des Levures d’In-
térét Biotechnologique) collections.

3.2. Yeasts as cell factories

Most of the arguments listed in this paragraph, on the
impact of the hemiascomycetous yeasts on human life, were
taken from the review of Demain et al. [44]. Yeasts are linked
to human life for the production of beer (whose first records
could be traced back to Sumeria around 7000 BC). Yeasts
also produce wine, bread and various metabolic products
such as vitamins, ethanol, citric acid, lipids, etc. Enzymes
such as o-galactosidase used for the crystallisation of sugar
from sugar beet is produced by Saccharomyces pastorianus.
Species of the genus Kluyveromyces are lactose fermenters
producing ethanol from by-products of the milk industry.
Candida utilis is grown on cheap substrates unfavourable for
other yeasts and is used for the production of animal nutri-
ment but also for the production of some flavours such as
ethyl acetate and acetaldehyde. Species from the genera Can-
dida, Yarrowia and Debaryomyces assimilate hydrocarbons.
Yet, their use to clean oil spill was unsuccessful so far. Citric
acid is produced from n-alkanes, vegetable oils or glucose
under aerobic conditions by Y. lipolytica. Several species of
the genus Pichia are able to produce large quantities of extra-
cellular phosphomannans from glucose under aerobic condi-
tions, which can be used as food additives. Z. rouxii is able to
depolymerise tannin extracts. More recently, recombinant
DNA technology in yeast has allowed the expression of het-
erologous gene products such as hormones or vaccine [45].
Good knowledge of the yeast secretion pathway lead to effi-
cient recovery of the recombinant proteins in the media. In
addition, these products are glycosylated (though not exactly
as in the human cells). The range of yeasts species used as
hosts is growing. Most of the earlier applications of this tech-
nology used S. cerevisiae as was the case, for example, for the
production of the surface antigen of hepatitis B virus [46].
Now the use of alternative yeasts is increasing. Heterologous
expression is now also performed in P. angusta, Y. lipolytica,
and K. lactis. The aspartyl protease chymosin, for example,
which is the active constituent of the cheese rennet, is over-
produced and secreted from K. lactis [47]. The number of
sophisticated vectors specifically designed for appropriate ex-
pression in various yeast backgrounds is rapidly extending
[48].

3.3. Yeasts as human pathogens

Despite their general usefulness, several yeast species are
pathogenic for humans. Among the most frequent disease
agents are the Hemiascomycetes C. albicans, C. tropicalis
and Candida glabrata and the Basidiomycete, Cryptococcus
neoformans. But a variety of other yeast species are occasion-
ally found in patients. Even S. cerevisiae though extensively
used in classical diet, may produce fatal complications in im-
munocompromised patients [49,50].

3.4. A random sequencing approach for the exploration of the
13 yeast genomes

We reasoned that a large scale comparative analysis be-
tween S. cerevisiae and the 13 selected species, all belonging
to the Hemiascomycete class, should improve our knowledge
on the structural, functional and evolutionary properties of
yeast genomes. Because complete genome sequencing of 13
species would have been a major endeavour, we rationalised
that a random sequencing approach should allow a quicker
exploration upon which subsequent analysis could be per-
formed. The S. cerevisiae genome sequence provided us with
a unique reference to characterise each of the 13 other yeast
species by sequence comparison, then allowing us to compare
the structure of the specific genetic element discovered among
the 13 species. We also rationalised that the identification by
sequence comparisons of chromosomal rearrangements could
help reconstitute part of the chromosome evolution history
within that specific phylum.

To maximise our chances of detecting such rearrangements,
the sequencing of 1000 bp from the two ends of 4-5 kb long
inserts was most appropriate, because their distance corre-
sponds to the average distance between neighbouring genes
in S. cerevisiae. In addition, the number of RSTs should re-
veal a significant number of such rearrangements. Moreover,
sequence divergence and other components of speciation,
could be inferred from the same set of experiments.

3.5. Phylogenetic relationships between the 13 selected yeast
species as revealed by the sequences of rRNAs

The sequences of the rDNA of the 13 yeast species, encod-
ing 18S and 25S rRNA, were determined in this work thanks
to their redundancy. These sequences were used to construct a
cladogram (Fig. 1). A synoptic view of some characteristics
pertinent to the 13 yeast species is available from this figure.
The phylogenetic relationships among species determined
from this cladogram nicely correspond to the distances de-
duced by using criteria such as the decrease of synteny con-
servation [51], the amino acid sequence divergence [52], and
the distribution of the ‘Ascomycetes-specific’ genes [52]. These
data permit to propose the phylogenetic position of P. sorbi-
tophila close to that of the Candida species.
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3.6. Genomic analysis and major achievements

The wealth of novel genomic sequences deciphered in the
Génolevures programme on comparative genomics, ca.
45000000 of nucleotides distributed among 13 related species,
provides a set of data to examine two questions: first, the
identification of the set of genes specific to one phylum and
the distribution of their products into distinct protein fami-
lies; second, the distinction between mechanisms frequently
proposed to play a major role in the genome reshaping and
their implication on the fluctuation of gene family sizes.

With the random sequencing approach, about 20000 new
genes (18 109 genes with the ‘0’ notation or 22 844 genes with
the ‘0’ plus ‘00’ notations) were identified. They are described
in Table 1 (accessible from websites) which lists the 6264 S.
cerevisiae genes and indicates the corresponding orthologue in
each species. Some of these new genes are not present in the S.
cerevisiae reference genome. This could be explained by a low
but significant level of species-specific genes [53] even if the
polymorphism among S. cerevisiae strains could be invoked
for a few cases.

The Génolevures project allowed the distinction of two sets
of genes in the genome of S. cerevisiae: genes commonly
conserved through different phyla during evolution, ‘con-
served-genes’, and genes which have no homologues in a phy-
lum other than the Ascomycetes, ‘Ascomycete-specific genes’.
The vast majority of this latter set, 70%, are genes that have
an equivalent in the other yeast species, the remaining 30%
being mostly composed of questionable ORFs [52]. It has to
be noted that the sequences of the ‘Ascomycete-specific genes’
tend to diverge more rapidly in evolution than the sequences
of the ‘conserved-genes’ [52].

The analysis of the statistical distribution of the number of
yeast species providing homologues to each of the predicted S.
cerevisiae ORFs leads to the estimation of 5651 coding genes
in the S. cerevisiae genome [52]. These comparison studies also
offer the opportunity to revisit the S. cerevisiae genome, as
they reveal the presence of 50 novel genes in DNA segments
previously considered as ‘intergenic’ [54].

The gene redundancy observed in S. cerevisiae [55], as in
nearly all genomes sequenced until now, is recovered in the 13
other species. The classification in gene families as described
by Blandin et al. [54] was used to conduct a statistical analysis
of gene redundancy among the 13 yeast genomes. From this
analysis it is concluded that even if the distribution of genes
among families could be subjected to variations, gene family
sizes are mostly conserved. The overall degree of gene redun-
dancy seems comparable across all the Hemiascomycete spe-
cies analysed [55].

A comparative functional classification of genes was con-
ducted to link the physiological diversity observed between
species to the variation in their respective gene contents.
This analysis revealed that biological diversity result, mostly,
from the variations of the distributions of rapidly evolving
‘Ascomycete-specific genes’ among functional classes. On the
other hand, the number of species-specific genes seems very
low [53]. Moreover there is no strong evidence of gene acqui-
sition through horizontal gene transfer [53].

Unraveling the global gene content of each species was
followed by the analysis of their arrangements in their respec-
tive genomes. A comparative view of the chromosomal gene
distribution in each species is reported in Fig. 2, where the
presence of the corresponding orthologues of S. cerevisiae is
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indicated per chromosome of S. cerevisiae. All chromosomal
arms are homogeneously covered by orthologous genes indi-
cating that each chromosomal fragment of S. cerevisiae pos-
sesses one equivalent in the 13 studied species.

The complete genome sequence of S. cerevisiae revealed the
presence of 55 chromosomal fragments that have resulted
from ancestral duplication events. However duplication could
proceed from multiple repetitive duplication blocks or from a
complete duplication of an ancestral genome. The latter hy-
pothesis was retained by Wolfe [56], who sustained that the S.
cerevisiae genome may result from a tetraploidisation event,
occurring after the separation of the Kluyveromyces and Sac-
charomyces genus. Recently, a study on chromosomal rear-
rangements in the Saccharomyces sensu stricto conclude to
the lack of correlation between these events and speciation
[57]. The present work, with a broad range of species encom-
passing the Hemiascomycete class, offers an opportunity to
reconsider this question. The analysis of the conservation of
synteny between S. cerevisiae and each of the 13 other yeast
species was approached by studying 9000 couples of genes.
The set of yeast species chosen appears, a priori, appropriate
for the study performed because the overall degree of synteny
conservation with S. cerevisiae varies from as high as 98% for
S. bayanus to only 10% for Y. lipolytica with a significant
number of intermediate values. Thus, all phenomena of map
evolution (inversion of gene orientation, frequency of gene
deletion) could be quantified over a broad evolutionary scale.

4. Conclusions

Altogether, our results on the conservation of synteny [51],
on genetic redundancy [54], and on functional classification of
genes [53] led to the conclusion that speciation could result
from a limited reshaping of the genetic repertoire [53] and that
a whole genome duplication is not a prerequisite to explain
the structure of the S. cerevisiae genome and other species of
the Saccharomyces sensu stricto group.

The detailed analysis of the genome of the studied species is
reported in 13 papers (7-19). Plasmids, Ty and related ele-
ments have been identified in numerous species, and in some
cases as for Debaryomyces hansenii, the mitochondrial DNA
has been entirely sequenced. Interestingly, when nuclear in-
trons are identified they are still shorter than those observed
in the S. cerevisiae genome and with the exception of Kluyvero-
myces thermotolerans, there is a deficit in genes encoding
tRNAs and rDNA.
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