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Summary

Comparative genomics allows us to delve into the fundamental differences among 

species that form the basis of biodiversity, as well as the preservative forces of natural 

selection that have left many things unchanged. It is important to understand how these 

opposing influences ultimately shaped the genomes of today. The yeast 

Saccharomyces cerevisiae and its relatively small, completely sequenced genome is an 

ideal model eukaryote for such research. With the availability of sequence data from a 

wide range o f related yeasts, this study re-visited the controversial proposal that 

S. cerevisiae is derived from an ancient polyploid. A novel technique of visualising 

gene order data between species, ‘proximity plots’, was created. It uncovered extensive 

duplicated regions in the S. cerevisiae genome that were previously undetected. The 

organisation of these blocks reaffirmed the genome duplication hypothesis. Computer 

simulation was used to predict post-polyploidisation gene order conservation under a 

gradual diploidisation model, which can explain most of the observed data.

Low-coverage random shotgun sequencing data from the genomes of Candida glabrata 

and Kluyveromyces delphensis were obtained from a commercial source. Subsequent 

gene content analysis, using S. cerevisiae as a reference, has found that a repertoire of 

genes involved in mating, meiosis, as well as a mating type locus, are present in both 

genomes even though C. glabrata is supposedly asexual whereas the closely related 

K. delphensis is mating competent. This led to the proposal that C. glabrata  has a



cryptic sexual cycle and that recombination may be important for long-term 

evolutionary viability.

Another aspect of genome evolution, that of gene clustering, was investigated. The 

evolutionary history of a rare cluster of metabolic genes, unrelated in sequence and 

involved in the degradation of allantoin {DAL), was re-traced using comparative 

genomics and phylogenetic methods. It revealed that the gene cluster has been 

assembled recently in the S. cerevisiae lineage and coincided with the ability for 

anaerobic growth. Environmental influences seemed to have altered a biochemical 

pathway that drove selection to maintain the DAL  genes in a cluster. The physical 

location of these genes may also have important consequences for their regulation.



CHAPTER 1

Introduction

1.1 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, thread-like structures 

often congregating into systems called mycelia. However, some fungi assume 

unicellular forms known as yeasts. In addition, various dimorphic species incorporate 

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 the predominant unicellular form in their life 

cycles. This phylum comprises of three classes: Archiascomycetes, Euascomycetes and 

Hemiascomycetes. This thesis focuses on the species belonging to the class
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CHAPTER I - Introduction

Hemiascomycetes. It includes some of the most important yeasts for basic, applied and 

medical research.

Saccharomyces cerevisiae (baker’s yeast) represents the most renowned and best 

studied yeast. Its natural capability to produce ethanol and carbon dioxide by 

fermentation has been exploited for millennia in the brewing and baking industries. The 

economic importance of this 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 in classical genetics. 

Combined with modem molecular techniques, it has become one of the best 

characterised 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, lipids, etc. 

Candida utilis is used for the production of animal feed as well as the flavouring 

substances ethyl acetate and acetaldehyde. Many species of the genera Candida, 

Debaryomyces, Pichia and Yarrowia can utilise 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 can be developed as hosts organisms for the

2



CHAPTER I - Introduction

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 in humans. They cause a range of diseases and are often associated with 

immunocompromised patients (Hazen 1995; Calderone 2002a). 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, C. glabrata are emerging concerns as they are susceptible to different 

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.

1.2 Taxonomy & Phylogeny

A consistent and well established phylogenetic relationship is fundamental to infer 

evolutionary events within a group of species. Traditionally, yeast taxonomy has 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), nearly all of the coding regions of the rRNA 

repeating unit (Wong et al. 2003; see Chapter 2) and the mitochondrial cytochrome-c

3



CHAPTER I - Introduction

oxidase II gene (Belloch et al. 2000). Although the phylogenetic trees obtained from 

these studies are reasonably congruent, many ambiguous lineages have been resolved by 

a recent analysis combining sequence data from multiple loci (Kurtzman and Robnett 

2003). This has successfully placed 75 species associated with species of the genera 

Saccharomyces and Kluyveromyces into 14 clades.

The genus Saccharomyces can be divided into three groups (Fig. I .l)  The 

Saccharomyces sensu stricto species, including S. cerevisiae, are in a homogeneous 

group and is phylogenetically distinct from the Saccharomyces sensu lata species, 

which forms a heterogeneous group that is not monophyletic with respect to other 

species in the genera Kluyveromyces and Candida. The third group is represented by a 

single species, S. kluyveri, which is more distantly related to 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-positive mutants 

(M0ller et al. 2001). It can utilise 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 contains roughly half the number of chromosomes 

compared to other Saccharomyces species (Petersen et al. 1999). The latter, along with 

subsequent studies, have established that it diverged from other yeasts before the 

genome duplication event leading to the Saccharomyces lineages (Wolfe and Shields 

1997; Wong et al. 2002; see Chapter 2). Taken together, the classification of S. kluyveri 

in the Saccharomyces genus remains questionable.

4
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S. cerevisiae  
S. paradoxus  
S. mikatae 

S. cariocanus 
S. kudrlavzevil 
S. pastorlanus

S. servazzU

85 r  s. exiguus
" T r S .  turicensis 

ap S. bulderi
991 S. bamettii

^ --------------------Candida humilis

T. phafTii 
T. nanseiensis 
T. arboricola

bayanus

S. unisporus
telluns

K. sinensis
K. afncanus

Kaz. viticola
S. maniniae

S. spenceronim
S. rosinii 

K. lodderae
K. piceae

S. kunashirensis

S. castelln
S. dairenensis

Candida glabrata  
K. delphensis

K. baallisponjs 
Candida castellii

K. blattae

T. inomotensis
K. polysponjs

K. yarrow//
Z .roux ii

Z. mellis
Z. bailii 
Z. bisponjs 
p Z .  kombuchaensis 
^ 2 .  lentus 

Z. fhmntinus
Z. mrakii 

Tor. globosa
Tor. franciscae 
Tor pretoriensis 

Tor delbrueckii 
Z. microellipsoides 

Z. cidri
Z. fermentati

K. thermotolerans
K. waltii

S. k luyveri
K. aestuani

K. nonfermentans 
K. wickerhamii

K. lactls
K. marxianus

K. dobzhanskii
E. gossypU

t .  ashbyi
E. cymbalanae

E. coryli

p H . vaneae 
J  I—H. osmophila

'------------H. occiden
S my. ludwigii

transvaalensis

E. sinecaudum
H. valbyensis 

lindneri 
guilliermondii 
uvarvm

occidentalis

-  Pichia anomala

Fig. 1.1 Phylogeny of the hemiascomycetes related to S. cerevisiae. Taken from 

Kurtzmann and Robnett (2003). Eremotliecium gossypii is synonymous with Ashbya 

gossypii. Species mentioned in this thesis are highlighted in bold.
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Kurtzman and Robnett (2003) highlighted the disparity between genera assignments and 

well-defined phylogenetic clades. The Kluyveromyces, Zygosaccharomyces and 

Torulospora genera were found to be polyphyletic, with their representative species 

distributed among different independent clades. Some of these clades even include 

species of the genus Candida, whose members had traditionally been considered to be 

more evolutionary distant from the Saccharomyces. Nevertheless, the accurate 

resolution of the phylogeny among these close relatives of S. cerevisiae has contributed 

greatly to subsequent comparative analyses. Other yeasts encompassed in this thesis 

belong to genera such as Candida, Debaryomyces, Yarrowia and Pichia that constitute 

the remainder of the hemiascomycete yeasts. They are generally more distantly related 

to the 'Saccharomyces group’ but provide a good indicator of genome evolution over a 

long distance.

1.3 Yeast genome sequencing projects

In 1995, Haemophilus influenza 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 analysed. At 

the same time, researchers worldwide were busy sequencing the appreciably larger 

genomes of various eukaryotes.

6
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1.3.1 The genome of Saccharomyces cerevisiae

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 in size, 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 open reading 

frames (ORFs) was originally estimated in the region of 6,000 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 higher 

eukaryotes, such as the case where over 50% of the human genome can be classified as 

repetitive DNA (Baltimore 2001). Hence, the compact nature of the S. cerevisiae 

genome indicates that useful comparative genomics may be carried out using relatively 

small amounts of sequence data from other similar yeasts.

7
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1.3.2 Genomes of other hemiascomycetes

Subsequently, a number of fungal genomes have been completely sequenced. They 

include the genomes of Schizosaccharomyces pombe and Neurospora crassa (Wood et 

al. 2002; Galagan et al. 2003). However, these are distantly related filamentous fungi 

belonging to the classes Archiascomycetes and Euascomycetes, respectively. Within the 

Hemiascomycetes, the genome of C. albicans has been sequenced close to completion 

though it is still too distantly related to 5. cerevisiae for the reliable detection of recent 

evolutionary events. This is exemplified by the high rate of local gene inversions 

between C. albicans and S. cerevisiae (Seoighe et al. 2000). The genome of C. albicans 

was sequenced to around lOx coverage by the Stanford University Sequencing Center 

and made public in 2000. But it has not yet been described in a formal publication; the 

most comprehensive description of this genome is in Tzung et al. (2001). More recently, 

high-quality (7x coverage) draft genome sequences have been published for three other 

Saccharomyces sensu stricto species (Kellis et al. 2003). The close relationship between 

these yeasts and S. cerevisiae means that their genomes are almost identical in 

organisation, with few chromosomal rearrangements disrupting syntenic regions. 

However, it proved to be extremely useful in the identification of rapidly evolving 

regulatory elements.

Due to the high cost of complete genome sequencing projects and the relatively high 

cost-to-benefit ratio in the later stages ( ‘finishing’) of such efforts, random shotgun 

sequencing was proposed to be an informative and inexpensive strategy to survey

8
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genomic sequences in yeasts closely related to S. cerevisiae (Altmann-Johl and 

Philippsen 1996; Hartung et al. 1998; Ozier-Kalogeropoulos et al. 1998).

1.3.3 Genome survey sequencing

The genome survey sequencing (GSS) approach to characterising genomes was 

invented by Reddy et al. (1993) and is similar to an EST project but uses genomic DNA. 

Typically, the genome of a species would be sequenced to a low coverage, depending 

on the total genome size and sequencing efficiency. This generates sequenced reads 

which can be readily assembled into contigs using computer software such as PHRAP. 

The use of paired sequenced reads has allowed the construction of scaffolds, which 

links contigs together and provides an extra layer of information. This type of low 

coverage sequencing reduces cost significantly. Yet interesting regions between two 

paired reads can still be chosen specifically for sequencing to completion.

A number of important questions can be addressed when the data collected by a GSS 

project is compared to a reference species. Firstly, homologues and species-specific 

genes can be characterised, from which inter-specific similarities and differences can be 

distinguished. This also enables the study of molecular evolutionary relationships 

among homologues, such as differing rates of mutation, provided that sufficient 

sequence data is retrieved. Second, conserved non-protein coding functional elements in 

the DNA sequences can be identified, the results of which are more reliable compared 

to those from de novo methods. Third, GSS data can be used to infer some macro-

9



CHAPTER 1 - Introduction

evolutionary events. With the virtues of having short intergenic distances and the rare 

occurrence of introns, it is possible to find a series of yeast genes on contigs and 

scaffolds. This gene order information can often reflect chromosomal rearrangements 

such as translocations and inversions.

Various genomic survey projects have been carried out independently for several 

hemiascomycete species (Ozier-Kalogeropoulos et al. 1998; Langkjaer et al. 2000; 

Cliften et al. 2001). In a more comprehensive manner, the Genolevures project 

systematically surveyed the genomes of 13 evolutionary divergent yeasts, collecting 

around 45 Mb of raw data (Souciet et al. 2000). More recently, Cliften et al. (2003) have 

sequenced a further six Saccharomyces species to low coverage in the search for 

functional sequence motifs. Hence there is now abundant sequence data for multi

species comparisons. With regard to genome content, this can be readily detected using 

homology searches and has been extensively examined in the studies mentioned above. 

As expected, a large proportion of genes identified have homologues in S. cerevisiae 

(Llorente et al. 2000a). The small proportion of species-specific genes have provided 

valuable insights into the metabolic diversity of various yeasts (Gaillardin et al. 2000).

More interestingly, it is possible to detect local and gross genome rearrangements 

through gene order analyses using GSS data. It has already been demonstrated that gene 

order can be conserved between S. cerevisiae and other hemiascomycetes of genera 

such as Ashbya, Kluyveromyces, and Candida (Altmann-Johl and Philippsen 1996;

10
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Hartung et al. 1998; Keogh et al. 1998; Ozier-Kalogeropoulos et al. 1998), and the 

extent of gene order conservation decreases with increasing evolutionary distance 

(Keogh et al. 1998; Langkjasr et al. 2000). This loss of synteny is indicative of 

rearrangements such as inversion, transposition and translocation events. Other 

phenomena such as gene loss or gain may also affect gene order conservation. Indeed, 

detailed gene order comparisons between S. cerevisiae and S. bayanus have revealed all 

these events (Fischer et al. 2001).

1.4 The origin of new genes

There are four possible ways for new genes to emerge -  (i) duplication of existing genes 

(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 genes 

between species. While examples of all such events have been documented (reviewed in 

Wolfe and Li 2003), by far the most common way to create new genes is through gene 

duplication.

1.4.1 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. Classically, a pair of duplicated genes (paralogues) is 

postulated to face two alternative outcomes -  one copy is lost from the genome due to
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the accumulation of deleterious mutations (non-functionalisation) or it is preserved in 

the genome by virtue of acquiring a novel role that is selectively advantageous (neo- 

functionalisation). Since deleterious mutations occur more frequently than beneficial 

ones, it was predicted that a null allele would reach fixation rapidly, essentially 

reverting to the initial single-copy state. And sometimes, one paralogue would gain a 

new function and both duplicates would be maintained in the genome.

However, the classical model faces many difficulties in explaining current data. 

Duplicated genes are kept in genomes more often than expected. Indeed, multigene 

families are common in eukaryotes and significant gene duplications have been 

observed in the small genomes of bacteria, previously thought to possess minimal gene 

sets (Coissac et al. 1997). Many theories have been put forward to explain this 

discrepancy. Duplicated genes can be preserved in cases where increases in dosage are 

advantageous. For example, the genome of S. cerevisiae contains many duplicate copies 

of highly expressed ribosomal protein genes with no apparent functional divergence 

(Seoighe and Wolfe 1999a). The main problem stems from the original notion that 

duplicated genes are redundant and so evolve neutrally. However, substantial evidence 

shows that in most cases purifying selection acts equally on duplicated genes (Hughes 

and Hughes 1993; Lynch and Conery 2000; Robinson-Rechavi and Laudet 2001; 

Kondrashov et al. 2002). Gibson and Spring (1998) highlighted that deleterious 

missense mutations in proteins can exhibit stronger phenotypes than null mutants 

(dominant-negative effect). At the very least, this would have the consequence of
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delaying the process of non-functionalisation under the classical model. Cooke and 

colleagues (Cooke et al. 1997; discussion in Gibson and Spring 1998) argued that 

genetic redundancy conferred by paralogues is selectively advantageous, particularly in 

the error-prone developmental programmes of complex multicellular organisms. Similar 

compensatory protection against mutations, or the robustness of a genome, has also 

been observed for S. cerevisiae paralogues (Gu et al. 2003), although it is still unclear 

whether this is due to redundancy of the genes themselves or the underlying genetic 

network (Wagner 2000; Wolfe 2000).

Consistent with the classical model, neo-functionalisation is associated with positive 

Darwinian selection acting on a gene duplicate. However, these events are predicted to 

be rare and notoriously difficult to uncover. The reliance on using the nonsynonymous 

versus synonymous substitution ratio means that positive selection cannot be reliably 

detected with older gene duplications (Van de Peer et al. 2001). This is further 

complicated by considerable sequence divergence between such paralogues. Various 

clear-cut examples do exist, such as the neo-functionalised antifreeze glycoprotein gene 

from a trypsinogen gene in Antarctic notothenioid fish (Chen et al. 1997) and some eye 

lens crystallin genes that are duplicates of metabolic enzyme genes (reviewed in Hughes 

1999).

Apart from neo-functionalisation. Force and colleagues (Force et al. 1999; Lynch and 

Force 2000) have emphasised the role of sub-functionalisation in the preservation of
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duplicated genes. Under their duplication-degeneration-complementation (DDC) model, 

a pair of duplicated genes may be partially compromised by complementary mutations 

with the effect that they both become indispensable and persist to carry out their 

collective ancestral function. This model allows for limited relaxation of selective 

constraints on both gene duplicates, which can subsequently diverge and specialise 

while at the same time maintaining a degree of redundancy. Such division of labour 

between duplicates appears to be widespread among the paralogous homeobox {Hox) 

genes in vertebrates (reviewed in Prince and Pickett 2002).

It is important to note that neo-functionalisation and sub-functionalisation are not 

mutually exclusive. Conceivably a pair of gene duplicates may undergo a period of sub- 

functionalisation before one copy acquires a novel function. There is also growing 

evidence that mutations associated with the two processes are not restricted to coding 

DNA but can be found at cw-acting regulatory elements, as had been shown in yeast 

(Papp et al. 2003). This is also exemplified by the mouse paralogues Hoxa3 and Hoxd3. 

They have apparently identical functions but their unique roles have been attributed to 

subtle differences in expression profiles (Greer et al. 2000).

Despite the proclivity towards keeping paralogues, non-functionalisation has been 

estimated to occur relatively rapidly (Lynch and Conery 2000). In that study, the 

authors also discovered that gene duplications are frequent events, comparable to the 

rate of mutation per nucleotide site. Therefore, eukaryotic genomes undergo a high
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turnover of duplicated genes. In terms of evolutionary dynamics, retained paralogues 

generally experience a brief period of relaxed selective constraints before strong 

purifying selection takes over.

1.4.2 Models of gene duplication

With the availability of complete genome sequences, there is now clear evidence that 

genes are often duplicated as tandem repeats, creating clusters of 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 

dupHcates tend to be located in regions near the telomeres of chromosomes (sub- 

telomeric regions). It is known that recombinational exchanges, a process that generates 

tandem repeats, between chromosome ends are relatively high compared to the rest of 

the genome (Pryde and Louis 1997). There is extensive population variation in the 

repertoire of some sub-telomeric genes even between different yeast strains, and these 

genes often play adaptive roles, such as the utilisation of different carbon sources. Apart 

from tandem repeats, segments of chromosomes can be duplicated by unequal crossing 

over events. In humans, segmental duplications have greatly expanded the family of 

odorant receptor genes to the extent that these regions now constitute around 0.1% of 

the genome (Trask et al. 1998).
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Even entire chromosomes can be duplicated (aneuploidy), which often happens through 

chromosomal non-disjunction at meiosis. However, aneuploidy is often lethal in animals 

whereas it can be tolerated to great extents in plants.

1.4.2 Whole genome duplication

One of the most dramatic ways to increase the gene repertoire of an organism involves 

the duplication of the entire genome (polyploidisation). Genomic data has provided 

evidence of polyploidy in many species, including those of yeast (Wolfe and Shields 

1997), plants such as maize and Arabidopsis (Gaut and Doebley 1997; Arabidopsis 

Genome Initiative 2000), ray-finned fishes such as the zebrafish and medaka (Taylor et 

al. 2001) and animals such as frogs of the genus Xenopus (Kobel and DuPasquier 1986).

Ohno (1970) envisaged that whole genome duplication provides the most convenient 

way to generate vast amounts of duplicated genes. His name is so often associated with 

this process that gene duplicates produced by polyploidisation are sometimes referred to 

as ‘ohnologues’. With crude comparative data on genome sizes and cytogenetic banding 

patterns, he proposed that one or more rounds of tetraploidisation has occurred in the 

vertebrate lineage. W hile the exact number and timing of these events were not clearly 

specified, it was argued that the big transition from invertebrates to vertebrates would 

necessitate a myriad of new genes, which can be aptly supplied by genome duplication. 

However, tetraploidisation would need to occur before the emergence of mammals, 

which have dosage-sensitive chromosomal sex determination systems. Hence polyploid
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mammals are likely to be sterile or inviable (Muller 1925), although a rare example has 

been found in the tetraploid red viscacha rat which has retained only one copy of each 

sex chromosome (Gallardo et al. 1999). Today, the general consensus in support of this 

hypothesis is that two rounds of genome duplication took place early in the vertebrate 

lineage, also known as the 2R hypothesis (Holland et al. 1994). However, it can be 

extremely difficult to provide conslusive proof for such ancient events because of 

subsequent scrambling factors such as chromosomal rearrangements, gene gain/loss and 

divergence of ohnologous genes. The 2R hypothesis remains a highly disputed theory 

which has accumulated both supporting and contradictory evidence (Taylor and 

Brinkmann 2001; Gu et al. 2002; McLysaght et al. 2002; Hughes and Friedman 2003).

Nevertheless, there are compelling advantages for polyploidy in evolutionary history. 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, minimising potential damaging dosage effects caused by gene 

copy number imbalance. Polyploidy also generates fully redundant biochemical 

pathways, allowing freedom for radical biochemical innovation that can lead to major 

evolutionary transitions. This would had been impossible by other means unless all the 

genes involved in the pathway are physically close. Therefore, polyploidisation is able 

to provide great genetic flexibility without some of the problems associated with other 

small-scale duplication events.

17



CHAPTER 1 - Introduction

An often overlooked benefit conferred by genome duplication concerns the survival of 

small population bottlenecks (Li 1980; Allendorf and Thorgaard 1984). In a diploid 

organism, fixation of homozygous recessive alleles due to random genetic drift would 

be frequent in a small population. By doubling the genome and hence the number of 

alleles, deleterious recessive mutations are less likely to be fixed under tetrasomic 

inheritance (a locus having four alleles). At the same time, extra genetic material boosts 

the potential for adaptation to new environments. During a population bottleneck, a 

tetraploid species would thus have a greater chance of survival than a diploid species.

Polyploid genomes originate from hybridisation of either two identical genomes from 

the same species (autopolyploidy), or two genomes from different species 

(allopolyploidy). Typically after a tetraploidisation event, as most eukaryotic genomes 

are diploid, a gene locus in the genome would contain four alleles exhibiting tetrasomic 

inheritance. Disomic inheritance is usually re-established where each locus is separated 

into two loci, each having two alleles, in a process known as diploidisation.

1.4.2.1 Diploidisation

Genome duplication is a cataclysmic phenomenon. The resulting polyploid genome 

often undergoes dramatic changes in structure and organisation. Diploidisation acts to 

restore tetraploid genomes to the more stable diploid state through changes in DNA. 

Immediately after tetraploidisation, chromosomes form quadrivalents at meiosis and all 

gene loci show tetrasomic inheritance. However, since multivalent formation is prone to
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aberrant chromosomal pairing and non-disjunction at meiosis (Allendorf and Thorgaard 

1984), the return to diploidy would be selectively advantageous. Diploidisation can be 

an asynchronous process. The polyploid genome of a species can harbour both 

tetrasomic and disomic loci at the same time, as had been shown in maize (Gaut and 

Doebley 1997) and in salmonid fish (Allendorf and Danzmann 1997). These are 

referred to as segmental allotetraploids.

The molecular basis of diploidisation remains unclear, although it is likely to involve 

sequence divergence between chromosomes that disrupts quadrivalent formation. Gene 

loss, the fate of most duplicated genes, can occur rapidly (Lynch and Conery 2000). In 

synthetic allotetraploids of Arabidopsis and wheat, gene elimination and epigenetic 

silencing take place almost immediately upon their formation (Comai et al. 2000; 

Shaked et al. 2001; Kashkush et al. 2002). Changes in RFLP patterns were reported for 

the progeny o f newly formed polyploids of Brassica, which may reflect genome 

rearrangement events such as nonhomologous interchromosomal recombination (Song 

et al. 1995). However, rapid genomics changes have not been observed in allopolyploid 

species of cotton (Liu et al. 2001).

In an allotetraploid, each progenitor species contributes a diploid genome consisting of 

pairs of identical homologous chromosomes. The relationship between a pair of 

homologous chromosomes from one progenitor and its corresponding pair in the other is 

referred to as homeologous (partially identical). It is important to address whether the
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flurry of chromosomal re-organisation is a cause or an outcome of diploidisation. The 

former case predicts that sequence divergence between homeologous chromosomes 

should disrupt the formation of quadrivalents, allowing homologous chromosomes to 

segregate as bivalents once again. Alternatively, quadrivalent formation may involve 

some mechanism unrelated to sequence similarity between chromosomes, in which case 

extensive genome rearrangements are simply the results of tetraploidisation and play a 

passive role in diploidisation.

The answer may comprise a mixture of the two predictions. In hexaploid species of 

wheat, formation of the sex-valent (six aligned chromosomes) involves the clustering of 

homologous and homeologous centromeres (M artinez-Perez et al. 2003). However, only 

homologous chromosomes are resolved into pairs mediated by the P h i locus. From then 

on these behave effectively as bivalents during the rest of meiosis. Therefore, it is likely 

that sequence divergence between homeologous chromosomes would enhance the 

efficiency of this homologous pair sorting. M eanwhile, the prominent role of the 

centromere in this process suggests that centromeric regions should be somewhat 

exempt from major re-structuring in order to preserve this sorting process and ensure 

proper gamete formation.

An interesting feature of diploidisation involves the process of gene loss. Lynch and 

Conery (2000) suggested that inactivation of different gene duplicates could eventually 

lead to postzygotic reproductive barriers that promote speciation through a process
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called divergent resolution (or reciprocal silencing). This is based on the model that in 

two geographically isolated populations, each may fix a different copy of a duplicated 

gene, with the other becoming a pseudogene. Subsequent re-unification and mating 

between the two diverging species would produce progeny that are heterozygous at each 

of the duplicated loci. If the loci are unlinked, around 6% of the F2 individuals would be 

double-null homozygotes without a functional allele of the gene in question. The large 

number of gene duplicates in a genome and their cumulative independent divergent 

resolution would therefore create an effective reproductive barrier, leading to isolation 

and speciation.

One of the keys to this model is that the duplicated loci must be unlinked. Otherwise 

any null allele will always be associated with a functional one and no double-null 

homozygotes will be produced. It implies that tandem duplications may not play a 

significant role in speciation by divergent resolution. However, genome duplication 

followed by diploidisation creates the maximum number of duplicated genes in one 

generation. Furthermore, all duplicated loci are located on different chromosomes (i.e. 

unlinked). This means that divergent resolution of polyploid genomes can initiate 

speciation far more effectively.

In many cases, genome duplication is often associated with the rapid radiation of 

species in a phylogenetic tree. Fishes belonging to the family Salmonidae are derived 

from a tetraploid ancestor (Allendorf and Thorgaard 1984) and they consist of more

21



CHAPTER 1 - Introduction

species in comparison with their diploid sister family Osmeridea (Nelson 1984). It has 

been proposed that diversification of the teleosts could had been spurred by the genome 

duplication event in the lineage leading to the ray-finned fish (Amores et al. 1998). 

Much evidence supporting the 2R hypothesis has come from analyses of the Hox 

clusters of genes, whose amplification has been attributed to the developmental 

complexity of the vertebrates (Pendleton et al. 1993). In the case of yeast, 

polyploidisation has been linked with adaptation to anaerobic growth (Wolfe and 

Shields 1997). Finally, genome doubling is undeniably prevalent in plants and is still an 

ongoing process. Around 50-70% of angiosperms show signs of polyploid stages in 

their evolutionary history (Wendel 2000).

The tentative argument is that polyploid species have a broader ecological tolerance due 

to genetic plasticity. Hence they are better equipped to fill previously unoccupied 

environmental niches. Although this is extremely difficult to determine quantitatively 

(Otto and Whitton 2000), genome duplication presents two major contributory factors to 

facilitate the speciation process -  the adaptive potential of vast numbers of duplicated 

genes and the passive role of diploidisation, involving genomic rearrangements and 

divergent resolution, in creating reproductive barriers.
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1.4.3 Paleopolyploidy in Saccharomyces cerevisiae

In 1997, it was proposed that S. cerevisiae is derived from an ancient polyploid 

(paleopolyploid) ancestor whose genome duplicated in a single event roughly 100 

million 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 S. cerevisiae, 

various supporting evidence for this model were found, including (i) that approximately 

50% of the genome could be paired into sister regions; (ii) that the large sister regions 

did not overlap with one another; (iii) that the overall orientation of duplicated regions, 

with respect to centromeres and telomeres, had largely remained the same.

1.4.3.1 Intraspedflc detection of genome duplication

Genomic data from a particular species provides two ways to uncover a past 

polyploidisation event and both methods are dependent on the presence of ohnologues. 

The map-based approach involves the matching up of chromosomes, or parts of 

chromosomes, which can be linked by homologues located in each sister region. Wolfe 

and Shields (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 1999b). Such fragmented blocks are proposed to have 

arisen by genome duplication 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
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2001; Cavalcanti et al. 2003). Physically, the maximum genome coverage of the 

identified duplicated blocks was around 50% (compared to a theoretical expectation of 

100% for a complete genome duplication), highlighting the limitation of intraspecific 

block detection methods.

As predicted by the model of Lynch and Conery (2000), extensive loss of gene 

duplicates has occurred in S. cerevisiae. It was estimated that 16% of the total gene set 

represents ohnologues, meaning that only 8% of duplicates were preserved from the 

polyploid ancestor. Therefore the genome coverage of blocks delineated by the small 

number of ohnologues is likely to be underestimated or even undetected, in the case of 

small sister regions where every pair of duplicated genes have been reduced to single

copy. M oreover, the estimated 100 million years of sequence divergence means that 

some ohnologues may not be identified using standard homology searches, further 

diminishing the coverage of sister regions.

Despite the shortcomings, there is convincing evidence that S. cerevisiae is a degenerate 

tetraploid. Using data from other yeasts, Llorente et al. (2000b) have proposed a 

contradictory model where the duplicated blocks are produced by independent 

segmental duplications occurring at different times. The key to the resolution of the two 

hypotheses lies on the organisation o f sister regions. Under the polyploidisation model, 

blocks produced by a single genome duplication event do not overlap with each other. 

Alternatively, segmental duplication predicts that parts of chromosomes will be
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duplicated multiple times, creating significant overlaps between paired regions. The 

data clearly reveal that the majority of blocks do not overlap. Another observation is 

that two sister regions often have the same centromere-to-telomere orientation. This is 

consistent with a polyploidisation event followed by reciprocal translocations. 

Additionally, the small number of blocks with different centromere-to-telomere 

orientation can be explained by subsequent inversion events, which are prevalent in 

yeasts (Seoighe et al. 2000). Alternatively it would be necessary to invoke a non- 

random segmental duplication process in order to explain the observation (Wolfe 2001).

Another approach to infer a genome duplication event intraspecifically involves re

tracing the origin of duplicated genes. The expectation is that ohnologues produced by a 

single round of genome duplication would have a similar age. Friedman and Hughes 

(2001) tested this by determining when, in evolutionary time, did pairs of ohnologous 

gene pairs diverge (i.e. the time they were duplicated) in S. cerevisiae. They identified 

28 blocks containing genes which 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 which can be 

subjected to gene homogenising effects (W olfe 2001).

It is important to note that while a single genome duplication event has been proposed 

to have taken place in the lineage leading to S. cerevisiae, independent regional 

duplication events encompassing single or several genes have also occurred in parallel
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to generate gene duplicates. As mentioned before, telomeric and subtelomeric regions 

are hot-spots for tandem gene duplications, exemplified by the SUC, MAL and MEL 

gene families, whose members have subsequently relocated to different chromosomes 

by recombination events (Pryde and Louis 1997).

1.4.3.2 Interspecific detection of genome duplication

Evidence of genome duplication can be obscured by events such as massive gene loss, 

chromosomal rearrangements and independent gene duplications. As mentioned above, 

the ohnologue approach to infer polyploidisation can be powerful yet it has limited 

potential in block detection. 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. They have 

little informative value in intraspecific comparative mapping since only ohnologues are 

considered. However, singletons can be brought into play using genomics data from an 

ancestral species which has diverged before polyploidisation. Immediately after genome 

duplication, every ancestral chromosomal region corresponds to duplicated blocks in the 

polyploid genome. In terms of gene order, it follows that every pair of neighbouring 

genes is also duplicated. Due to the stochastic nature of gene loss after diploidisation, a 

pair of previously adjacent genes may end up as singletons residing on different 

chromosomes, although still within the same duplicated block. Without nearby 

ohnologues to act as anchors, the pairing of the region would had been impossible to 

detect intraspecifically. Yet the gene adjacency relationship is readily preserved in the
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pre-duplication genome. Therefore, ancestral gene order information can be invaluable 

in providing the missing links between sister regions.

There have been various comparative gene order studies among the hemiascomycetes. 

A few species containing a merge of genes from two S. cerevisiae sister regions were 

indeed found. These include S. kluyveri, K. lactis and K. marxianus (Keogh et al. 1998; 

Ozier-Kalogeropoulos et al. 1998; Seoighe and Wolfe 1999b; Ladriere et al. 2000; 

Langkjaer et al. 2000). It was argued that these species represent the ancestral genome 

configuration and that polyploidisation has occurred in the S. cerevisiae lineage after the 

speciation of 5. kluyveri. In contrast, species that have diverged after genome 

duplication (e.g. S. bayanus, S. mikatae, S. paradoxus) show extensive gene order 

conservation with S. cerevisiae (Keogh et al. 1998; Fischer et al. 2001). Most of the 

disruption in synteny have been attributed to genome rearrangements such as 

translocations after the polyploidisation event. However, some genomic regions in post

duplication species can also display an apparent ancestral organisation (Langkja£r et al. 

2000; Llorente et al. 2000b). This can be explained by species divergence after genome 

duplication but before the process of diploidisation is complete, resulting in differential 

gene loss between sister regions (Seoighe and Wolfe 1999a).

Phylogenetic analyses of genes in related species provides another means of detecting 

polyploidisation. Ohnologues retained by a polyploid genome are predicted to be 

present as singletons in species that have diverged before genome duplication.
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Straightforward gene counting to investigate this 2:1 relationship, as attempted by 

Llorente et al. (2000a), may not be reliable due to the lack of complete genome 

sequences in other species and the confounding influence of multigene families. In 

order to obtain a clearer picture, phylogenetic methods are required. A pair of gene 

duplicates in one species is expected to be more closely related when compared with 

their homologue in a species that has 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-duplication) species while the paralogues are denoted by B 

and C. Other possible topologies, C(AB) and B(AC), can reflect shared gene duplication 

events followed by gene loss or rapid sequence divergence of one paralogue, resulting 

in aberrant phylogenetic tree reconstruction. The latter case may be rare as most gene 

duplicates have been shown to be under strong purifying selection (Lynch and Conery 

2000; Kondrashov et al. 2002). Therefore, trees drawn only from 5. cerevisiae 

ohnologues and putative ancestral genes from a suitable pre-genome duplication 

outgroup should all assume the A(BC) topology. Furthermore, the timing of the 

duplication event (the coalescence date) should be uniform among different ohnologue 

pairs.

Due to the lack of appropriate outgroup sequences, Wolfe and Shields (1997) obtained 

variable coalescent dates for only 12 pairs of duplicated genes and concluded that the 

genome duplication event had occurred approximately 100 million years ago. This date 

is consistent with the results from a later analysis using a larger ohnologue data set with
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C. albicans genes acting as outgroups (Pal et al. 2001). However, relatively young 

ohnologue pairs have been found in both studies. There are several explanations to 

account for non-uniformity among paralogues that have arisen simultaneously. Gene 

conversion acts to homogenise paralogous sequences and it confers a misleadingly 

young age to a pair of duplicates. Duplication of ancient tandemly repeated genes, 

followed by differential gene loss, can lead to ohnologue pair mis-assignment whose 

time of divergence will correspond to the older tandem duplication event (Friedman and 

Hughes 2001). In the context of a genome doubling process, ohnologues may have 

apparent variable duplication dates due to the asynchronous nature of diploidisation 

(Wolfe 2001).

Apart from iiregular coalescent dates, there is also another difficulty involving the use 

of tree-based methods to place the genome duplication event on the hemiascomycetes 

phylogeny. Trees constructed from S. cerevisiae ohnologues and putative pre- 

polyploidisation orthologues do not always conform to the A(BC) topology. For 

example, the S. kluyveri CITl gene was found to be more closely related to S. cerevisiae 

CITl than to its apparent ohnologue CIT2 (Langkjaer et al. 2000). More recently, 

Langkjaer et al. (2003) have analysed the phylogenetic relationship of 38 S. cerevisiae 

ohnologue pairs and their orthologues in five other yeasts. Surprisingly, significant 

proportions of orthologues from S. kluyveri and K. lactis (58% and 28% respectively) 

group with one of their corresponding ohnologue pair. The authors arrived at the 

conclusion that the polyploidisation event pre-dates the speciation of S. kluyveri and
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K. lactis from S. cerevisiae, and that different ohnologue pairs have diverged in 

sequence independently at different times. While the timing of genome duplication is in 

disagreement with that obtained from interspecific comparative mapping studies (Wolfe 

and Shields 1997; Keogh et al. 1998; Seoighe and Wolfe 1999a; Wong et al. 2002; see 

Chapter 2), further investigations may be required to explain the peculiar tree topologies 

that were observed.

1.4.3.3 Physiological consequences of polyploidisation

There are some interesting physiological difference between yeasts that have diverged 

before and after the proposed genome duplication event. Wolfe and Shields (1997) 

noted that the appearance of the polyploid Saccharomyces sensu stricto and sensu lato 

species coincides with the ability to grow vigorously under anaerobic conditions. In 

contrast, pre-duplication species such as K. lactis are obligate aerobes (Kurtzman and 

Robnett 1998; M0ller et al. 2001). Yeasts can also be divided into two groups based on 

their ability to produce so-called petite mutants, which are respiratory-deficient and 

have large deletions in their mitochondrial DNA or lack the mitochondrial genome 

entirely (Piskur 1994; Chen and Clark-Walker 2000; Middelhoven and Kurtzman 2003). 

The Saccharomyces are generally petite-positive (i.e. able to produce petite mutarts) 

whereas K. lactis is petite-negative. Experiments have revealed that the petite phenotype 

arose just before the divergence of the Saccharomyces sensu stricto and sensu lato 

yeasts (Piskur et al. 1998). Hence there is a clear correlation between tolerance to petite 

mutations and the ability to grow anaerobically. However, S. kluyveri is an exception in
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that it can support anaerobic growth yet it cannot form true petite mutants (M 0ller et al. 

2001). It was proposed that the departure from oxygen dependence has enabled the 

development of the petite phenotype among the Saccharomyces. This would necessarily 

involve re-structuring of metabolic pathways to reduce oxygen dependence, which had 

the side-effect of permitting petite mutants to survive. Fittingly, the genome duplication 

event after the divergence of S. kluyveri should provide ample genetic starting points for 

adaptation to low oxygen environments. Indeed, microarray experiments have shown 

that a quarter of S. cerevisiae ohnologue pairs have at least one member that shows 

differential expression depending on oxygen levels (Kwast et al. 2002). Ten ohnologue 

pairs display alternate expression profiles under aerobic or hypoxic conditions (e.g. 

CYC l and CYC7, C 0X 5A  and C0X5B).

Amongst the Saccharomyces, the sensu stricto species represent some of the most 

vigorous fermenters and hence they are widely used in the brewing industry. 

Interestingly, many of these brewery yeast strains are polyploids resulting from 

hybridisations between different species. Perhaps the most well characterised is the 

lager brewing yeast, S. pastorianus (formerly S. carlsbergenesis), which is an 

allotetraploid derived from S. cerevisiae and a species related to S. bayanus (Kielland- 

Brandt et al. 1995; Tamai et al. 1998). Other hybrids similar to S. pastorianus have also 

been isolated from wine- and cider-making yeasts, including the S6U and CDDl strains 

(M asneuf et al. 1998). These two strains can even undergo further hybridisations and 

there are indications that the modem lager strains, BRYC 32 and NCYC 1324, are
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hybrids between S. pastorianus and S. cerevisiae (de Barros Lopes et al. 2002). 

Therefore, it seems that allopolyploidy have played an important role in the evolution of 

brewery strains of yeasts. An obvious advantage conferred by this is the availability of 

redundant genes that are free to adapt to harsh brewing conditions. Subsequent genome 

loss and rearrangement events following allopolyploidy can give rise to aneuploids and 

chromosome length polymorphisms (de Barros Lopes et al. 2002; Lockhart et al. 2002a). 

This leads to unbalanced chromosome sets which have been suggested to be 

advantageous for brewing yeasts where mitotic reproduction is favoured. Finally, there 

may have been artificial selection for hybrids which possess desirable characteristics 

from their contributing parental strains (M asneuf et al. 1998).

Anaerobic growth is ju st one environmental adaptation that could have resulted from 

genome duplication. It was estimated that a common core of around 10% of 

S. cerevisiae genes are involved in various environmental responses (Causton et al. 

2001). This set of genes includes 79 ohnologue pairs of which 37 show inverse 

expression relationships depending on stress. In summary, polyploidisation appears to 

have played a significant role in the adaptation of Saccharomyces to new habitats.

Chapter 2 of this thesis reports an analysis of sister regions and polyploidy in various 

yeast species, using GSS data.
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1.5 Life cycles of the yeasts

Reproduction in fungi can be either sexual (teleomorphic) or asexual (anamorphic). 

Asexual mitotic division typically involves one of two processes. In budding yeasts, the 

m other cell wall forms a small outgrowth (the bud), which increases in size and 

eventually detachment occurs. In fission yeasts, the mother cell elongates and this is 

followed by septum formation which divides the cell into two daughter cells. Sexual 

fungi are associated with a diverse range of structural morphologies. However, the 

hemiascomycete yeasts all share a common feature in which their sexual progeny 

consists of ascospores enclosed in a sac-like structure called the ascus. In their sexual 

cycles, two yeast cells can mate and form a diploid zygote through plasmogamy 

(cytoplasmic fusion) followed by karyogamy (nuclear fusion). During sporulation, the 

zygote undergoes meiosis and forms ascospores and an ascus.

Strains of sexual yeasts can be classified according to the type of mating involved. 

Heterothallic strains are self-sterile and the mating spores must come from parents of 

different mating types. Homothallic strains are self-fertile, meaning that cultures derived 

from a single cell can undergo mating and sporulation. In the hemiascomycete yeasts, 

homothallism occurs because cells can switch mating type -  specifically, mother cells 

that have produced at least one daughter tend to switch mating type (Strathem et al. 

1979). This leads to mating between mothers and daughters, forming diploids that can 

sporulate. Homothallism in filamentous fungi has a different cellular basis. In these
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species, homothallism means that a single cell can express both mating types and is 

capable of mating with identical cells (Yun et al. 1999).

1.5.1 Mating type switching in Saccharomyces cerevisiae

The process of mating type switching in S. cerevisiae has been extensively studied

(Haber 1998). Two different alleles, MATa and MATa, at the mating-type (MAT) locus

on chromosome III define the sexual identities of yeast cells (Fig. 1.2). Only a and a 

haploid cells are able to mate. The MAT locus consists of a central variable region 

flanked by identical sequences in a or a  haploids. MATa and MATa differ by around 

700 bp at this variable region, which contains the promoters and most of the coding 

sequences for proteins that regulate the cell’s sexual characteristics. Mating type 

switching involves an elegant replacement of the existing MAT  allele with the other 

using silent donor cassettes known as HML and HMR, which are distally located tens of 

kilobases away from the M AT  locus on each side. All other heterothallic

hemiascomycete yeasts also possess this type of one locus, two allele, mating type

determination system. Yet whether some of these species also undergo mating type 

switching has not been fully characterised. For example, laboratory strains of K. lactis 

have apparently stable mating types. However, their genome also possesses silent 

mating type cassettes which can be derepressed but mating type interconversion is 

infrequent (Herman and Roman 1966; Astrom and Rine 1998).
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Fig. 1.2 Structure of the MATa and MATa. alleles. The variable regions are 

designated as Ya (650 bp) or Ya (750 bp). The flanking regions X and Zi are 

homologous to the HMR donor locus; while the W and 72 regions share homology with 

HML. The organisation of the ORFs is also shown. Taken from Haber (1998).

1.5.2 The mating process

The MAT locus contains the master regulatory genes that determine the sexual identity 

of the cell through activation or repression of downstream targets (Haber 1998; see 

Fig. 1.3). The MATa allele contains two ORFs which encodes the proteins a l  and al. 

a l is a co-activator of a-specific genes while a l  is a co-repressor that turns off a- 

specific genes. Thus MATa cells show a-specific gene expression. The MATa allele 

contains only one functional gene, a l. This protein has no apparent role in haploid cells.
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In MATa cells, a-specific genes are constitutively expressed while the lack of a l  means 

that a-specific genes are not activated. When MATa and MATa cells mate, all three 

genes are expressed, a l  forms a repressor complex with a l, acting as the diploid signal, 

that turns off haploid-specific genes. The a l/a2  complex also represses a l  expression, 

so both a-specific and a-specific genes are turned off in a diploid cell, a-specific genes 

include the a-factor pheromone precursors {MFal and M Fal) and the receptor for a- 

factor (STE2); a-specific genes include the a-factor pheromone precursors (MFAl and 

MFA2) and the receptor for a-factor (STE3).

MATo2 MATalMATo2 MATal

MATal

G e n o ty p e
Circuit

a2 a l
a  specific g en es  
are  constitutively  

expressed  in MATa  
^  haploid cells yHaploid Specific G enes 

FUS3, FAR1, STE2, etc
MATal

a  specific genes (STE3, MFa1) a specific genes (STE6, BARI, etc)

P h e n o ty p e - Mating Incompetent
- Haploid Specific Genes 
Repressed

- Mating Competent
- a specific genes

- Mating Competent 
‘  a specific genes

Fig. 1.3 The interaction of genes and the resulting phenotypes for cells of different 

sexual identities in S. cerevisiae. Taken from (Scannell and Wolfe 2004).
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At the beginning of the mating process, yeast cells secrete their corresponding 

pheromones into the surrounding environment. The a  pheromone is synthesised as a 

large precursor which is subsequently modified by post-translational processes to 

release the active peptides. While the a-factor is processed through the classical 

secretory pathway involving a signal peptide at the N-terminus of the precursor protein 

and the Kex2 protease (Fuller et al. 1988), a-factor secretion is mediated by Ste6, an 

ABC transporter, in an independent pathway (Kuchler et al. 1989; McGrath and 

Varshavsky 1989). Once pheromone peptides bind to the receptors on the surface of a 

cell of the opposite mating type, a mitogen-activated protein kinase (MAPK) cascade is 

triggered to prepare the cell for mating. This core signal transduction cascade consists of 

a MAPKKK S te ll, a MAPKK Ste7 and the MAPK Fus3 (Gustin et al. 1998). Fus3 

phosphorylates many downstream targets, resulting in two major outcomes. Firstly, cell 

cycle arrests at the G1 phase, which is mediated by Farl. Second, derepression of the 

transcription factor Stel2 up-regulates many genes that are involved in subsequent 

mating processes, such as (i) polarised growth towards the source of pheromones, (ii) 

cell fusion, and (iii) nuclear fusion.

1.5.3 Meiosis

S. cerevisiae often propagates vegetatively as diploids. However, nutrient starvation can 

induce the cells to undergo meiosis and sporulate to produce haploid spores. This can be 

divided into three different temporal stages -  early, middle and late. The meiotic 

pathway initiates by the expression of the master regulatory switch gene IM El (Kassir
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et al. 1988). Expression of IM El is induced by the a l/a2  complex, signifying a diploid 

cell, in combination with nutritional signals. Imel forms a complex with Umel and this 

activates the expression of early meiotic genes (Rubin-Bejerano et al. 1996). The 

products of these early meiotic genes are typically involved in processes associated with 

prophase I, such as premeiotic DNA replication, homologous chromosome pairing and 

recombination.

During the middle stage, the transcription factor NdtSO becomes the predominant 

activator through binding to upstream middle sporulation elements of target genes (Chu 

et al. 1998; Hepworth et al. 1998). The cell enters meiotic anaphase I and nuclear 

division ensues while spore morphogenesis begins. For the late stage, no clear-cut 

master regulator has been found (Vershon and Pierce 2000). Most of the expressed 

genes are involved in the formation of the prospore membrane followed by spore 

maturation.

1.5.4 Mating in the genus Candida

Formerly, the Deuteromycetes or Fungi Imperfecti represented species of fungi that are 

anamorphic or lacking a sexual cycle. It is now thought that many of these species have 

diverged from teleomorphs through loss of sexuality. As a result, various anamorphic 

species, including several in the genus Candida related to the typically teleomorphic 

hemiascomycetes, have been phylogenetically reclassified within the teleomorph group.
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It is Still unclear whether some of these species are truly anamorphic or whether their 

sexual cycles remain to be discovered.

There is now clear evidence that C. albicans can mate, albeit infrequently. Mating type

like (MTL) alleles, MTLa and MTLa, have been identified and the diploid genome was 

found to be heterozygous at this locus (Hull and Johnson 1999). Although the variable 

region between the alleles are larger due to the presence of extra genes at the locus, 

putative a l ,  a2 and a l  genes are found. This has led researchers to generate MTLsl and 

MTLa hemizygotes and these were shown to be able to mate in the laboratory and in the 

mouse, yielding tetraploids (Hull et al. 2000; Magee and Magee 2000). A subsequent 

analysis revealed that a repertoire of genes involved in mating and meiosis, based on 

their homology to 5. cerevisiae genes, are present in the C. albicans genome (Tzung et 

al. 2001). Interestingly, the ability to mate is inherently linked to the white-to-opaque 

phenotypic switching system in C. albicans (Miller and Johnson 2002). It was 

discovered that wild type laboratory strains, typically a/a  heterozygotes, do not undergo 

switching; whereas strains with deletions in either M TLal or M TLal, analogous to a/a 

and a/a cells respectively, switch from white colonies to opaque colonies. Clinically, 

unrelated strains that are homozygous at the MTL locus have also been found and they 

too undergo the white-opaque transition (Lockhart et al. 2002b). Opaque cells are a 

million times more competent to mate and they have been observed to elongate during 

mating, akin to polarised growth towards pheromone source. Magee et al. (2002) found 

significant parallels between the mating processes of S. cerevisiae and C. albicans.
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Although they are distantly related, many genes involved in the mating response and 

pheromone secretion have been kept in both genomes and shown to have similar 

functions. Therefore, C. albicans can clearly undergo successful mating in terms of cell 

fusion. However, a complete sexual cycle proves elusive as the conditions to induce 

subsequent meiosis have not been found. Bennett and Johnson (2003) demonstrated a 

parasexual cycle in which the tetraploid mating product can become mating-competent 

through the loss of chromosomes. Lachke et al. (2003) recently reported that C. albicans 

can mate efficiently on skin, which is at a significantly lower temperature than the rest 

of the mammalian body.

While C. albicans remains the leading cause of candidiasis in immunocompromised 

patients, another species called C. glabrata are emerging as a growing threat due to its 

resistance to the antifungal drug fluconazole and its increased incidence of infections 

(Fidel et al. 1999). While the pathogenicity of C. albicans has been extensively studied, 

relative little is known about the virulence factors of C. glabrata. Though C. glabrata 

can exhibit a better adherence to denture acrylic surfaces compared with C. albicans in 

an oral candidiasis model (Luo and Samaranayake 2002). Another contributory factor to 

virulence involves phenotypic switching, a phenomenon undertaken by both species 

(Lachke et al. 2000) and the process has been observed in patients infected with 

C. albicans (Soil et al. 1989). It is of interest that the two species are distantly related 

(see Fig. 1.1) yet they are both pathogenic and have been classified as belonging to the 

genus Candida. The question remains whether C. glabrata possess a similar cryptic

40



CHAPTER 1 - Introduction

sexual cycle as that proposed for C. albicans, and whether this has a role in 

pathogenicity.

Chapter 3 of this thesis reports a GSS analysis of the Candida glabrata genome, which 

revealed the presence of mating and meiosis genes.

1.6 Gene clustering in eukaryotes

Some of the first genes identified in bacteria were soon found to have a non-random 

distribution within genomes. The operon was first discovered by Jacob and Monod 

(1962) in Escherichia coli, where the genes involved in lactose degradation and 

transport are organised in a cluster and are under the control of a single regulatory 

element. These genes are transcribed as a single polycistronic mRNA which is later 

translated at multiple initiation sites. When numerous other operons quickly emerged, 

they were seen as the prevalent gene organisation scheme adopted by bacteria.

Traditionally, operons have not been found in eukaryotes and there was little evidence 

of gene clustering. This was not surprising because the eukaryotic scanning model of 

translational initiation is most suited to the processing of monocistronic mRNAs. 

Although polycistronic mRNAs do sometimes occur in eukaryotes, such as some viral 

mRNAs, they require special translation mechanisms that are atypical for most cellular 

mRNAs (Kozak 2002). Nevertheless, a few well known gene clusters do exist, such as 

that of the Hox genes, but these were viewed as the exception rather than the rule and
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consist of tandemly duplicated genes with similar sequences, in contrast to the 

clustering of genes with related function but unrelated sequence in bacterial operons. 

The only known eukaryote with operons is the nematode Caenorhabditis elegans, but 

this can also be regarded as a special case because the operons form part of the unusual 

members of gene expression, involving /ran^-splicing of 5’ leader sequences to mRNAs. 

For the most part, the assumption was that eukaryotic genes are ordered at random and 

they are regulated by their promoters.

It is now clear that the ‘beads on a string’ theory of gene organisation is inadequate. 

Complete genome sequences of eukaryotes have revealed complex structuring of gene 

locations. While large sequential arrays of co-expressed and co-regulated genes are still 

rare, there is a tendency to keep certain genes as neighbours or within chromosomal 

domains in a non-random manner.

1.6.1 The co-regulation model

The co-regulation model is perhaps the most obvious way to explain the existence of 

gene clusters, as in the case of bacterial operons. Under this model, selection acts to 

preserve genes in close association with their regulatory sequences. To test the most 

simple case, adjacent genes sharing common cw-acting elements should be co-regulated. 

Studies have shown that under specific growth conditions, neighbouring S. cerevisiae 

genes having similar expression profiles are indeed over-represented (Cho et al. 1998; 

Cohen et al. 2000; Kruglyak and Tang 2000). Co-expressed gene pairs have also been
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preferentially retained throughout evolution between the two distantly related yeasts 

S. cerevisiae and C. albicans (Hurst et al. 2002). A substantial proportion of these co

regulated pairs are transcribed divergently, suggesting that they share common control 

regions. However, Cohen et al. (2000) pointed out that expression correlation depends 

on the distance between the two genes rather than their orientation. M oreover, two 

correlated non-divergent genes often have only one upstream activation sequence 

(UAS) between them. W hile a proportion of divergent pairs are still expected to share 

common regulatory elements, the function of UASs appears to have indirect long range 

effects on transcription.

1.6.2 Chromatin-mediated gene regulation

The organisation of chromosomes into higher order structures has important 

implications for transcriptional regulation. Strictly speaking, gene clustering resulting 

from this still falls under the co-regulation model, though regulation in this sense does 

not involve classical promoters or c/5-acting elements but rather global modifications in 

chromatin structure. Condensed heterochromatin is associated with transcriptional 

quiescence whereas actively transcribed genes must be in a location where the 

chromatin structure assumes a more open conformation. Boundaries between these 

different regions are demarcated by DNA sequences called insulator elements (Labrador 

and Corces 2002). One would expect that there may be domains o f open chromatin 

harbouring co-regulated genes. Considerable evidence for this theory in the form of
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gene clustering has been found in fly (Spellman and Rubin 2002), worm (Roy et al. 

2002) and human (Caron et al. 2001; Lercher et al. 2002).

Interestingly, there are several different types of heterochromatin in S. cerevisiae 

(Robyr et al. 2002). W hile Sir2, a heterochromatin bound histone H4 (Lysl6) 

deacetylase, regulates silencing almost exclusively at telomeres, the rDNA repeats and 

the mating type cassettes HM L  and HMR, H dal, a histone H3 (L ysl8) deacetylase, 

regulates silencing at subtelomeric regions and numerous sites across all the 

chromosomes. The latter forms heterochromatin-like structures at what are referred to as 

H dal-affected subtelomeric (HAST) domains, which do not overlap with Sir2-repressed 

regions. Notably, HAST domains encompass many genes involved in environmental 

stress response (Robyr et al. 2002). It provides a clear example of facultative 

heterochromatin where unnecessary genes are repressed under normal growth 

conditions but can be quickly deployed once the occasion arises. In total, S. cerevisiae 

has ten histone deacetylases; five in the HD AC family (H dal, Rpd3, H osl, Hos2, Hos3) 

and five in the Sir2 family (Sir2, H stl, Hst2, Hst3, Hst4), but the detailed functions of 

many of them remain unknown.

Chapter 4 of this thesis examines the evolutionary origins one metabolic gene cluster in 

S. cerevisiae, the DAL  cluster.
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Gene order evolution and paleopolyploidy in

Saccharomyces cerevisiae

2.1 Introduction

This section describes a novel comparative method to study the arrangement of 

duplicated regions in Saccharomyces cerevisiae under the model that it is derived from 

a degenerate tetraploid. The contents of this chapter have been published in Proceedings 

o f the National Academy o f Sciences o f the United States o f America (Wong et al. 2002).

The same features -  small genome size, high gene density, and a near-absence of introns 

-  that made Saccharomyces cerevisiae an ideal subject for the first eukaryotic genome 

project also make the hemiascomycete fungi attractive for comparative genomics 

studies. Following some initial studies that demonstrated that gene order can be
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conserved between S. cerevisiae and hemiascomycetes from genera such as Ashby a, 

Kluyveromyces, and Candida (Altmann-Johl and Philippsen 1996; Hartung et al. 1998; 

Keogh et al. 1998; Ozier-Kalogeropoulos et al. 1998), and that the extent of gene order 

conservation decreases with increasing evolutionary distance (Keogh et al. 1998; 

Langkjaer et al. 2000), the Genolevures project (Souciet et al. 2000) systematically 

surveyed the genomes of 13 hemiascomycete species. These genomes were sequenced 

to between 0.2x and 0.4x coverage, using paired sequence reads from both ends of 

plasmid library clones, thereby gathering extensive information on their gene content 

and order.

By analysis of the locations of duplicated genes, we proposed in 1997 that S. cerevisiae 

is a paleopolyploid, i.e., that the entire genome became duplicated at some point in its 

evolutionary past and subsequently sustained rearrangements and gene loss (Wolfe and 

Shields 1997). Under this hypothesis every part of the S. cerevisiae genome should be 

paired with another part, but in our original study we were only able to map about 50% 

of the genome into sister regions because these could only be recognised if they 

contained several duplicated genes. We predicted that the remainder of the genome 

could be paired up if the sequences of more genomes became available (Seoighe and 

Wolfe 1998). The Genolevures project, as well as other sequencing surveys (Langkjaer 

et al. 2000; Cliften et al. 2001) and the Candida albicans genome project, now provide 

the necessary information. We show here that almost the entire genome of S. cerevisiae 

lies in sister regions derived by descent with modification from single ancestral regions.
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The Genolevures data strongly confirm the polyploidy model, contrary to the claims 

made in papers reporting these data (Feldmann 2000; Llorente et al. 2000a; Llorente et 

al. 2000b; Souciet et al. 2000).

2.2 Materials and Methods

The Genolevures data, comprising 2500-6000 plasmid end-sequences for each of 13 

hemiascomycete species, was downloaded from www.genoscope.fr/exteme/sequences/ 

banque_Projet_AR. The contig assemblies described in the Genolevures publications 

(Souciet et al. 2000) were not available, so we assembled contigs for each species using 

PHRAP (www.phrap.org), after augmenting the datasets for some species by including 

sequences from GenBank and other projects (Langkjaer et al. 2000; Cliften et al. 2001). 

Sequence assembly 6 for C. albicans was obtained from the Stanford Genome 

Technology Center website at www-sequence.stanford.edu/group/Ca/irf/da.

We used the S. cerevisiae genome annotation of Wood et al. (2001), downloaded from 

ftp.sanger.ac.uk/pub/yeast/SCreannotation. All assembled contigs were used as queries 

in BLASTX searches against the 5583 annotated proteins (excluding “very 

hypothetical” proteins and pseudogenes), using the seg filter (Altschul et al. 1997). For 

any gene-sized region in a contig we considered the S. cerevisiae protein with the 

strongest BLASTX hit to be the ortholog, provided that the E-value for this hit (i) was 

< le-10, and (ii) was more than lelO times lower than the E-value for the second-best
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hit to the same region of the contig. Any hits faihng the second criterion were flagged as 

ambiguous.

For a particular species (say, K. lactis) the available gene order information is of two 

types (Fig. 2.1a). First, a single sequence read, or an assembled sequence contig, may 

contain two adjacent K. lactis genes. We refer to these genes as contig-linked 

neighbours. Second, because the Genolevures project sequenced both ends of small 

plasmid clones, in some cases we know that two genes are a short distance apart on a 

K. lactis chromosome even where the sequence between them remains unknown and 

might contain some other genes. We refer to these gene pairs as clone-linked neighbours.

A new method, proximity plots, was developed to visualise fragmentary gene order data 

(Fig. 2.1b). First, we use a matrix that can display any possible gene order arrangement 

in a yeast species, using the S. cerevisiae genome as a reference. The matrix is depicted 

as a 5583 x 5583 pixel plot, in which the X and Y axes both represent gene positions in 

the S. cerevisiae genome. The position of a gene in S. cerevisiae is simply a number 

between 1 and 5583, obtained by numbering the genes sequentially from the left arm of 

chromosome I thru the right arm of chromosome XVI. On the matrix, dots are plotted to 

represent gene order information from species other than 5. cerevisiae.

For example, if we know that in K. lactis gene A is beside gene B (either as contig- 

linked neighbours or clone-linked neighbours), a dot is drawn on the plot at the
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coordinate (A,B)- We use different colours to distinguish contig links (black dots) from 

clone links (red dots). In addition, links involving ambiguous hits appear as green dots 

(Figs. 2.1, 2.2). To make a proximity plot using data from K.lactis, all available 

information about neighbouring genes in K. lactis is plotted. It is possible to combine 

gene order data from multiple source species into a single plot. It is also possible to 

superimpose the locations of duplicated S. cerevisiae gene pairs onto the proximity plot, 

even though this is a different type of information (sequence similarity instead of gene 

order). To do this, duplicated genes within the S. cerevisiae genome were identified 

using SSEARCH (Pearson and Lipman 1988), and pairs of proteins that are mutual best 

hits, with E-value < le-5, were plotted as yellow dots (Figs. 2.1, 2.2). The complete 

proximity plot is too large to reproduce here, but parts of it are shown in Figs. 2.1-2.3 

and the whole plot can be browsed interactively at wolfe.gen.tcd.ie/prox.

For phylogenetic analyses, contigs containing the complete ribosomal DNA repeating 

unit from each species were identified. The contiguous sequence between the 5’ end of 

the SSU gene and the 3 ’ end of the LSU gene (5873 aligned sites) was aligned using 

T_COFFEE (Notredame et al. 2000) and analysed by the NJ method as implemented in 

ClustalW (Thompson et al. 1994), and by TrExML (Wolf et al. 2000).
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Fig. 2.1 The proximity plot method, (a) Hypothetical example of fragmentary gene 

order information from one ascomycete species {K. lactis) and its relationship to the
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S. cerevisiae genome. Letters a-z represent genes. Gene order information from K. lactis 

consists of a mixture of contig links (genes that are adjacent in the assembled sequence 

contigs; black background) and clone links (genes found on opposite ends of a plasmid 

clone, separated by unsequenced DNA that might contain other genes; red background). 

Yellow shading indicates duplicated genes in 5. cerevisiae. (b) Proximity plot of the 

clone link (red dots) and contig link (black dots) information from the example in part 

(a). The major and minor diagonals are marked by ovals. Yellow dots show duplicated 

gene pairs in S. cerevisiae, and the green dot shows an ambiguous clone link (the link 

s-u in K. lactis, where the BLAST hit between u and u" is only marginally stronger than 

the hit between u and u', where u represents the K. lactis gene, u' and u" representing 

S. cerevisiae paralogues). (c) Real example of a minor diagonal between S. cerevisiae 

chromosomes IV and XH, showing the two pieces of K. lactis clone-link information 

from Genolevures for a 50-gene section of chromosomes IV and XII. The K. lactis 

clone links are orthologues of YDRl 10W-YLR090W and YDR129C-YLR104W. (d) The 

same minor diagonal, showing gene order information from all 14 species. Red dots are 

clone links and black dots are contig links, (e) The same minor diagonal, superimposing 

S. cerevisiae duplicate gene information (yellow dots) and ambiguous clone or contig 

links (green dots) onto the proximity plot.
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Fig. 2.2 Sections of tiie proximity plot involving chromosome V (X-axis) compared 

to other chromosomes (Y-axis). Gene order data from 14 species, and gene duplication 

data from S. cerevisiae, is plotted using the same colour scheme as in Fig. 2.1. Thin 

gray lines show the locations of centromeres. Parts of chromosomes without significant 

diagonals are not shown. Genes named on the left indicate the extent of the regions 

plotted. The bottom diagram shows how the sister regions tile together on chromosome 

V (colours are arbitrary).

Candida glabrata TRPl clones (pT2, pT16) were gifts from Dr. K. Kitada (Kitada et al. 

1995). The C. glabrata region between IPPl and SOKl was amplified in two segments 

{IPPl to HHT2, and HHT2 to SOKl) by long-range PCR. Primers for IPPl and SOKl 

were designed using Codehop (Rose et al. 1998) from multi-species alignments. Primers 

for HHT2 were based on the sequence of HHTl from the TRPl region. DNA was 

sequenced commercially by Medigenomix (Martinsreid, Germany) and MWG-Biotech 

(Ebersberg, Germany) (GenBank accession numbers AF520060 and AF520061).

2.3 Results and Discussion

2.3.1 Proximity Plots

We compared fragmentary information about gene order in 14 hemiascomycete 

genomes to the S. cerevisiae genome sequence. A new method, proximity plots, was 

devised to visualise the results (see Methods). These plots resemble dot matrix plots, but 

they display information about gene order instead of sequence similarity. Gene order
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conservation between S. cerevisiae and another species appear as dots on the major 

(central) diagonal (Fig. 2.1a,b). Dots anywhere else in the plot indicate rearrangements. 

Several previous studies have reported examples where K. lactis (or K. marxianus) has 

an “ancestral” gene order consisting of intermingled genes from parts of two different 

S. cerevisiae chromosomes (Keogh et al. 1998; Ozier-Kalogeropoulos et al. 1998; 

Ladriere et al. 2000; Llorente et al. 2000b). In a proximity plot, this intermingling 

creates “minor” diagonals of dots between the two S. cerevisiae chromosomes involved 

(Fig. 2.1b). The minor diagonals identify paired regions of the 5. cerevisiae genome that 

are sisters produced by duplication of an original genomic region, which had a gene 

order similar to what is currently found in K. lactis, followed by extensive gene deletion.

An example of a minor diagonal is shown in Fig. 2.1c-e, representing sister regions 

between parts of chromosomes IV and XII. The proximity plot method allows gene 

order information from multiple species to be superimposed. When gene order data 

from only K. lactis is plotted, the minor diagonal is scarcely visible (Fig. 2.1c). It 

becomes much clearer when data from all 14 species is plotted simultaneously because 

many of the species have fragments of ancestral gene order (Fig. 2.Id). In Fig. 2.1e, 

S. cerevisiae duplicate gene pairs (yellow dots) and gene order information involving 

ambiguous assignments (green dots) have been added. It is noteworthy that this method 

of comparison is only useful if the genome forming the axes (5. cerevisiae) contains 

duplicated regions. If the reference genome is not duplicated relative to at least some of 

the other species, no minor diagonals will be present.
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2.3.2 Coverage

The minor diagonals indicate which parts of the S. cerevisiae genome are sister regions 

produced by duplication. Many of these correspond to the duplicated chromosomal 

regions identified in our earlier study (Wolfe and Shields 1997), but it is important to 

emphasise that the earlier study used only information about the location of duplicated 

genes in S. cerevisiae, whereas the proximity plots use only information about gene 

order in other hemiascomycetes. The two data sources are independent ways of 

identifying regions of the S. cerevisiae genome that have been produced by duplication. 

The advantage of the gene order method is that sister regions can be identified even if 

they do not retain any duplicated genes.

Using proximity plots made from gene order information alone (i.e., red and black dots 

in Fig. 2.1; duplicated genes were not used) from the 14 hemiascomycetes, we identified 

88 minor diagonals, thereby assigning 176 sections of S. cerevisiae chromosome into 

sister pairs. These regions cover 3900 of the 5583 genes in the genome (70%). There is 

almost no overlap between the regions, with only 23 genes located within more than one 

sister. Lack of overlap between sister regions is a key prediction of the polyploidy 

hypothesis (Wolfe and Shields 1997).

To maximise the map of sister regions, we superimposed information about duplicated 

genes onto the proximity plots. Pairs of S. cerevisiae genes that are mutual best hits in 

Smith-Waterman protein searches are plotted as yellow points (Fig. 2.1b,e). We also
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found that gene order data could be included even for genes whose orthology 

relationships are uncertain; these are shown as green dots in Fig. 2.1e. Using these 

combined plots, almost the entire S. cerevisiae genome could be assigned to 112 pairs of 

sister regions. Sister regions cover 4561 genes (82% of the genome) with many of the 

remaining gaps lying in subtelomeric regions. The largest unpaired section of the 

genome is only 36 genes long. Interestingly, this corresponds to a region on 

chromosome XIV {YNL280C to YNL243W) that have been translocated from its 

ancestral position beside the MAT locus (unpublished data), using the complete genome 

of A. gossypii as a reference (Dietrich et al. 2004). Only 35 genes are assigned to 

overlapping regions, and 11 of these are not problematic because they are single genes 

located at boundaries between one minor diagonal and the next.

The major and minor diagonals involving chromosome V are shown in Fig. 2.2 as an 

example of how the sister regions abut one another. In addition to the previously 

described sister region between the right arm of chromosome V and the left arm of 

chromosome IX (Wolfe and Shields 1997), a second large sister region is present at the 

centromeres of these chromosomes (Fig. 2.2). This was not detected previously because 

it contains only one duplicated gene.

The fact that the sister regions tile together to cover almost the whole genome, and 

almost without overlap, provides clear support for the hypothesis of paleopolyploidy in 

5. cerevisiae (Wolfe and Shields 1997). Each part of the genome has exactly one sister.
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because the whole genome became duplicated in a single event and subsequently 

became rearranged into the smaller fragments that we now recognise as sister regions. 

The model of successive independent duplications of chromosomal regions proposed by 

Llorente et al. (2000b) can be largely ruled out because it predicts that significant 

numbers of overlapping sister regions should be present.

2.3.3 Pairs of centromeres

Several of the sister regions span centromeres (Fig. 2.3a), allowing the following 

centromere pairs to be identified: I/VII; II/IV; III/XIV; V/IX; X/XII; and XIII/XV. 

Centromere pairs can also be made between chromosomes VI/ XVI and VIII/XI, 

although in these cases the sister regions end very close to the centromere rather than 

running across it. In all eight cases the relative orientation of the two centromeres 

matches the overall orientation of the paired regions. Thus, the slopes of the minor 

diagonals for the I/VII and XIII/XV pairs (where one centromere’s CDE I -  CDE III 

elements are on the w stand and the other’s are on the c strand) are opposite to the 

slopes for the other six centromere pairs which are all w/w or c/c (Fig. 2.3a). The 

assignment of the centromeres to eight pairs can be verified quantitatively by counting 

the numbers of dots in proximity plots that are close to pairs of centromeres, for all 

possible combinations of centromeres (Fig. 2.3b).

57



CHAPTER 2 -  Gene order evolution andpaleopolyploidy in Saccharomyces cerevisiae

(a)____________________________(b)
1 II III IV V VI V II V III IX X XI X II X III X IV X V XVI

1 3
II V 4 1
III s 4
IV 9 K 1 1
V 1 1 N 1 10
VI \ 1 $
V II 7 2 1 1
V III V 1
IX ' x
X 1 1 ‘x i
XI i 'x 1
X II 1 9 1 1
X III 1 s 6
X IV 6 1
X V
X V I 4 1 s

■

m\

l(w)-VII(c)

m

■

■
■
S

VI(w)-XVI(w)

1 -

' i .  .
■

ll(w)-IV(w)

■
■

1
■

•

viin:c)-xi(c)

lll(w)-XIV(w)

■
■

m

X(c)-XII(c)

■ ■
~  ■ ■

V(w)-IX(w)

_  1

p

■

I.

XIII(w)-XV(c)

Fig. 2.3 Centromeric regions, (a) Proximity plots showing minor diagonals near 

centromeres. Gray lines indicate the position of centromeres (actually, the first gene on 

the right arm of each chromosome). The lower-numbered chromosomes are on the 

X-axes. The strand polarity (CDE I CDE III) of centromeres is indicated by (w) or 

(c). The field of view is 40x40 genes, (b) Numbers of contig links (above diagonal), and 

total of contig links plus clone links (below diagonal), linking all pairs of centromeres. 

The 8 proposed centromere pairs are highlighted. Only the first 10 genes left and right 

of each centromere were considered. Data was pooled from 14 hemiascomycetes, but 

each link was counted only once, even if it was supported by evidence from > 1 species.
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Fig. 2.4 Genome status of each species, (a) Distribution of contig-linked points 

between the major diagonal (black), minor diagonals (white), and in the off-major 

category (gray). The total number of contig links for each species is shown in 

parentheses, after excluding stray points that were not near any diagonal. Species that 

are not shown yielded fewer than 50 non-stray points. Only the 82% of the genome for 

which minor diagonals have been identified was analysed, and only unambiguous contig 

links were used, (b) Theoretical expectations of the distribution of major, minor and off- 

major points in species that diverged from S. cerevisiae before the genome duplication 

(species X) or after it (species Y), as shown in (c). The asterisk represents genome 

duplication. For species Y, d  represents the duplication date and s the speciation date, 

and the data was produced by computer simulation assuming that genes are deleted at a 

constant rate, (d) Phylogenetic tree drawn from rDNA sequences (Thompson et al. 

1994). The asterisk shows the proposed point of genome duplication. The same 

topology was obtained for a tree that omitted the bottom five species, and by TrExML 

(Wolf et al. 2000). Ashbya gossypii data is from Wendland et al. (1999). Since the time 

of publication, the topology of the tree has been changed with the inclusion of new data 

(see Fig. 1.1).
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This result confirms and extends previous proposals (Lalo et al. 1993; Johnston et al. 

1994; Wolfe and Lohan 1994; Langkjaer et al. 2000) and indicates that the 16 

centromeres of S. cerevisiae were produced by duplicating a set of eight centromeres. 

Because the number of centromeres must equal the number of chromosomes, the 

S. cerevisiae genome must have evolved from an ancestor with eight chromosomes by 

duplicating each centromere once. This could only have occurred through 

polyploidisation.

2.3.4 Genome status of each species

As well as generating a map of sister regions in the S. cerevisiae genome, the proximity 

plots of contig links allow the relationship of gene orders between each other species 

and S. cerevisiae to be quantified. If duplicated genes are ignored, and if gene deletion 

after polyploidisation proceeds randomly on each of the daughter chromosomes, the 

proximity plot for a species that diverged from S. cerevisiae before the polyploidisation 

is expected to have 50% of its points on the major diagonal and 50% on minor diagonals 

(Fig. 2.1b). This is essentially what we find for K. lactis: after eliminating 26 stray 

points (points that are on neither diagonal and possibly correspond to gene 

transpositions, orthology misassignment or cloning artifacts; see Fischer et al. 2001), 

44% of the 161 remaining contig-link points are on the major diagonal, 54% are on the 

minor diagonal, and the other 2% are “off-major” (Fig. 2.4a). This third category is the 

cases where, if the S. cerevisiae gene order is A-B-C, the K. lactis order is A-C, so that 

gene order is almost conserved and the corresponding points appear slightly off the
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major diagonal in proximity plots. Clone link information cannot be used to detect off- 

major points reliably, so only contig links were used for this analysis. Off-major points 

may be the result of gene transpositions in either species, or complete gene loss from the 

K. lactis genome.

The distribution of points between major and minor diagonals is not significantly 

different from 50:50 in Z. rouxii, S. kluyveri, K. thermotolerans, K. lactis and 

K. marxianus (Fig. 2.4a; P > 0.05 by test), indicating that these five species diverged 

from the S. cerevisiae lineage prior to the polyploidisation event. For the more distantly 

related species C. albicans and P. angusta the number of points on the minor diagonal 

remains close to 50%, but the number of off-major points increases significantly at the 

expense of the major diagonal itself. This is probably due to the accumulation of large 

numbers of local gene inversions at large evolutionary distances (Llorente et al. 2000b; 

Seoighe et al. 2000). For S. bayanus, almost all the points are on the major diagonal 

because it diverged from S. cerevisiae long after the polyploidisation. The small number 

of gene order differences between S. bayanus and S. cerevisiae have been analysed in 

detail by Fischer et al. (2001).
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2.3.5 S. exiguus, S. servazzii and C. glabrata

The distributions of points for S. exiguus and S. servazzii are noticeably different from 

the K. lactis group (Fig. 2.4a), with about 69% of points lying on the major diagonal and 

a larger number of off-major points (10-13%) than seen in either S. bayanus or the 

K. lactis group. The increased gene order conservation in these species was also noted 

by Llorente et al. (Llorente et al. 2000b). By computer simulation we find that their 

genome arrangements could be explained if those species diverged from the 

S. cerevisiae lineage after polyploidisation, but before the process of gene deletion from 

sister regions was complete (Fig. 2.4b,c). Phylogenetic analysis of ribosomal RNA 

genes (Fig. 2.4d) gives a well-resolved tree where S. servazzii and S. exiguus form a 

monophyletic group more closely related to the S. cerevisiae/S. bayanus pair than to any 

other species in Genolevures. S. exiguus and 5. servazzii are estimated to have 16 and 12 

chromosomes respectively (Petersen et al. 1999), as compared to the basal number of 6- 

8 chromosomes in K. lactis, Z. rouxii and 5. kluyveri (Keogh et al. 1998; Souciet et al. 

2000). It is therefore possible that the genome duplication occurred at the point marked 

with an asterisk in Fig. 2.4d, with a secondary reduction (or possible underestimate; see 

Petersen et al. 1999) of chromosome numbers in S. servazzii.
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Fig. 2.5 Gene organisation around the C. glabrata TRPl and IPPl genes, in relation 

to other species. Cg2 and Cg4 are two regions of the C. glabrata genome with similarity 

to parts of S. cerevisiae (Sc) chromosomes II and IV, which are sisters (block 3 in 

Wolfe and Shields (1997)). The extent of sequence determined from C. glabrata is 

shown by the thin horizontal lines. Shading indicates duplicated genes (white), or 

homologues of unique genes on S. cerevisiae chromosome II (black) or IV (gray). The 

ancestral gene order was reconstructed as shown at the top using contig (solid lines) or 

clone link (dashed lines) data from Genolevures and GenBank, for K. lactis (Kl), 

K. marxianus (Km), K. thermotolerans (Kt), S. kluyveri (Sk), Z. rouxii (Zr) and Z. bailii 

(Zb). The triangle on S. cerevisiae chromosome II shows the position of FLRl, which 

may have moved onto this chromosome recently (Fischer et al. 2001).
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We have previously proposed that the pathogenic yeast Candida glabrata may also have 

diverged from the S. cerevisiae lineage after polyploidisation (Seoighe and Wolfe 

1999a). C. glabrata was not included in the Genolevures study, but the small amount of 

gene order data available for it shows a similar distribution of points to those from 

S. exiguus and S. servazzii (Fig. 2.4a). To examine the gene order relationship between 

C. glabrata and S. cerevisiae in more detail, we completely sequenced two regions of 

the C. glabrata genome around the TRPl and IPPl loci. These loci were chosen 

because extensive data is already available for them from other species (Fig. 2.5). In 

S. cerevisiae, TRPl and IPPl are on chromosomes IV and II, respectively, within a pair 

of sister regions. In species such as K. lactis, genes from these regions are intermingled 

at a single locus and a putative ancestral gene order can be inferred (Fig. 2.5). In 

C. glabrata there are two separate genomic regions with gene orders similar to 

S. cerevisiae chromosomes II and IV. For these loci, and probably for the whole 

genome, the duplication of an ancestral region and much of the sorting-out of genes 

onto the two daughter regions clearly occurred prior to the speciation of C. glabrata and 

S. cerevisiae.

The phylogenetic position of C. glabrata is uncertain; different analyses have placed it 

at different positions relative to Saccharomyces and Kluyveromyces species, never with 

strong bootstrap support (Cai et al. 1996; Kurtzman and Robnett 1998; Belloch et al. 

2000). It could not be included in Fig. 2.4d because its large subunit rRNA gene has not 

been sequenced. Belloch et al.’s analysis of mitochondrial C0X2  sequences placed
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C. glabrata and S. exiguus closer to the Saccharomyces sensu stricto clade than to the 

K. lactis/S. kluyverilK. thermotolerans clade, albeit with low bootstrap support (Belloch 

et al. 2000). We therefore suggest that C. glabrata, as well as S. exiguus and S. servazzii, 

are related to S. cerevisiae as shown by the hypothetical species Y in Fig. 2.4c, whereas 

K. lactis, K. marxianus, A. gossypii, K. thermotolerans, S. kluyveri and Z. rouxii hold 

positions similar to species X. This proposal is largely compatible with the numbers of 

chromosomes in each species (Keogh et al. 1998; Petersen et al. 1999). Further 

comparative genomics studies on C. glabrata, S. exiguus or S. servazzii will be 

informative concerning the process of diploidisation (Wolfe 2001).
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CHAPTER 3

Evidence from comparative genomics for a complete 

sexual cycle in the ‘asexual’ pathogenic yeast 

Candida glabrata

3.1 Introduction

This section describes our discovery of ‘sexual’ genes in the putative asexual yeast 

Candida glabrata. The contents of this chapter has been published in Genome Biology 

(Wong et al. 2003). Random shotgun sequencing was carried out by Wolfgang 

Zimmermann at AGOWA, Germany. The other authors contributed to the subsequent 

analysis.

The genus Candida consists of ascomycete yeast species that lack an apparent sexual 

(teleomorph) stage in their life cycle and seem to reproduce only mitotically. However,
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data from the C. albicans genome project has recently led researchers to question the 

asexuality of that species. C. albicans was found to have a mating type-like (MTL) locus 

similar to the Saccharomyces cerevisiae MAT  locus (Hull and Johnson 1999). Natural 

isolates of C. albicans are diploid MTLsJMTLa heterozygotes, similar to diploid 

S. cerevisiae but unable to sporulate. By genetic engineering to create MTLa and MTLa 

hemizygotes, C. albicans was induced to mate in the laboratory and in infected mice, 

forming tetraploids (Hull et al. 2000; Magee and Magee 2000). In addition. Miller and 

Johnson (2002) showed that C. albicans MTL hemizygotes undergo phenotypic 

switching between the common “white” form and an “opaque” form that is a million

fold more active in mating. Further analysis of the almost-complete genome sequence of 

C. albicans revealed that it contains homologues of most of the S. cerevisiae genes 

involved in the key sexual processes of meiosis and sporulation as well as mating 

(Tzung et al. 2001). These findings have led to the hypothesis that the life cycle of 

C. albicans includes a cryptic sexual phase, which perhaps is utilised only occasionally 

or under particular environmental conditions (Gow 2002) -  infrequently enough not to 

have been detected during more than a century of research into C. albicans, but 

frequently enough to cause evolutionary conservation of the genes involved in the 

sexual process. Interestingly, sexual forms of some other Candida species were 

identified long ago by mycologists but their significance has often gone unrecognised 

by molecular biologists because the anamorphs and teleomorphs are assigned different 

names -  for example, the sexual form of Candida krusei is called Issatchenkia orientalis 

(Kurtzman and Fell 1998; Calderone 2002b).
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Medically, C. albicans is still the major fungal agent of human disease, but C. glabrata 

is a species of growing concern. The incidence of C. glabrata infections, particularly in 

the bloodstream, has risen alarmingly over the last decade (Fidel et al. 1999; Trick et al. 

2002). It has also gained much attention since the discovery of its inherently low 

susceptibility to the drug fluconazole (Hitchcock et al. 1993). The genome of 

C. glabrata appears to be haploid whereas C. albicans is diploid (Whelan et al. 1984; 

Magee and Chibana 2002). But similar to C. albicans, C. glabrata also undergoes 

phenotypic switching (Lachke et al. 2000; Lachke et al. 2002), raising the interesting 

question whether it too, may have an undiscovered teleomorph form.

In phylogenetic trees drawn from rDNA sequences, most Candida species including 

C  albicans fall into one monophyletic group, whereas C. glabrata is much more closely 

related to S. cerevisiae than to the C. albicans group (see Fig. 3.1; Bams et al. 1991; Cai 

et al. 1996; Kurtzman and Robnett 1998). Therefore, the “asexual” life cycles of 

C. glabrata and C. albicans arose independently from sexual ancestors (Bams et al. 

1991; Hendriks et al. 1992). Phylogenetic analysis also showed unexpectedly that 

C. glabrata'% closest relative is Kluyveromyces delphensis, a sexual species (Cai et al. 

1996; Kurtzman and Robnett 1998). C. glabrata is a commensal resident of the human 

intestinal tract and an opportunistic pathogen (Anderson 1917; Calderone 2002a), 

whereas K. delphensis was first isolated from dried figs (van der W alt and Tscheuschner 

1956) and is often found associated with Drosophila willistoni (Morais et al. 1992). The
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type Strain o f K. delphensis is homothallic and therefore probably diploid. It has been 

studied very little at the molecular level.

The aim of the present study was to use genome survey sequencing (GSS) to 

characterise the genomic differences between the closely related asexual C. glabrata 

and the sexual K. delphensis. However, we find that there are no significant differences 

between the gene repertoires of these species. C. glabrata has many genes involved in 

mating, meiosis, and sporulation, including a pheromone gene and a putative mating- 

type locus. This leads us to propose that, like C. albicans, it must have an undiscovered 

sexual phase in its life cycle.

3.2 Materials and Methods

The type strains of C. glabrata (CBS 138) and K. delphensis (CBS2170) were purchased 

from the Centraalbureau voor Schimmelcultures (Utrecht, Netherlands). High molecular 

weight DNA was prepared using standard procedures and partially digested with 

Sau3AI. Fragments in the size range 7-15 kb were isolated and used to make random 

genomic libraries in the low copy number Escherichia coli vector pMCL210 (Agowa, 

Germany). Sequences were obtained from both ends of the insert for 2939 C. glabrata 

(CO) and 2974 K. delphensis (KD) clones, with a further 449 CO and 290 KD clones 

sequenced successfully from one end only. The average lengths of sequence reads used 

for analysis were 548 bp (CO) and 515 bp (KD). Representation of mitochondrial DNA 

in the libraries appeared to be very low, even though we did not take any specific
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measures to exclude it. After data analysis, the inserts of selected plasmid clones were 

sequenced completely on both strands by primer walking. Sequences have been 

deposited in GenBank with accession numbers BZ293019 -  BZ299345 (C. glabrata 

GSS), BZ299346 -  BZ305583 {K. delphensis OSS), AY181247 -  AY181250 (complete 

sequences of MAT and MFa2 loci), and AJ535506 (C. glabrata IMEl).

Trace files from the random genomic clones were base-called using PHRED (Ewing 

and Green 1998; Ewing et al. 1998) and vector clipping was done by CROSS_MATCH. 

Clipped sequences shorter than 100 bp were discarded from the dataset. Contigs were 

assembled using PHRAP with the original trace quality files and are available on 

request. Contigs were filtered to eliminate mitochondrial DNA as well as known 

repetitive sequences such as rDNA and Ty elements, which may cause misassembly. 

This was achieved using the contigs as queries in BLASTN and BLASTX searches 

(Altschul et al. 1997) against the relevant S. cerevisiae sequences. Any contig with a 

significant Expect value (E-value) of <le-5 was excluded from orthologue assignment.

We used a recent annotation of the S. cerevisiae genome (Wood et al. 2001), containing 

5583 annotated proteins (excluding “very hypothetical” proteins and pseudogenes), 

downloaded from ftp.sanger.ac.uk/pub/yeast/Screannotation. Orthologues of these genes 

in the C. glabrata and K. delphensis filtered contigs were identified using FASTY 

version 3.4t05 (Pearson et al. 1997), after a low complexity masking step using the 

NSEG and PSEG programs (Wootton and Federhen 1996). For any gene-sized region in
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a contig, we considered the S. cerevisiae protein with the strongest FASTY hit to be the 

ortholog, provided that the E-value for this hit (i) was <le-5, and (ii) was more than le3  

times lower than the E-value for the second-best hit to the same region of the contig. 

For each orthologue identified, its function in 5. cerevisiae was exam ined using the 

“cellular role” categories of the Yeast Proteome Database (YPD) of the Incyte 

BioKnowledge Library (Hodges et al. 1998). It should be noted that in this functional 

annotation scheme, a single protein can be classified into more than one cellular role. 

W hile we adhered strictly to the YPD classification of genes in our initial analyses 

(Table 3.1), we also discovered some genes that can be reclassified based on the 

literature (e.g. SPS2 was classified under “differentiation” in YPD but was found to be 

meiosis-specific upon further examination) and included these reclassified genes in 

Tables 3.2 and 3.3.

Among the full set of contigs, those that contained rDNA sequences were identified. 

These were used in conjunction with publicly available rDNA sequences, isolated from 

the C. glabrata  and K. delphensis type strains, to create the complete rDNA repeating 

unit for both species. The two rDNA sequences were combined with those from 14 

other hemiascomycete yeast species used in our previous study (W ong et al. 2002) and 

aligned using T_COFFEE (Notredame et al. 2000). Phylogenetic trees were constructed 

using the NJ method as implemented in CLUSTALW  (Thompson et al. 1994).
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Table 3.1 Numbers of C. glabrata and K. delphensis orthologues found in different 

YPD “cellular role” categories.

YPD “cellular role” categories C. glabrata K. delphensis CG/SC’ KD/SC^ S. cerevisiae^

Aging 16 15 0.41 0.38 39
Amino acid metabolism 92 96 0.42 0.44 217
Carbohydrate metabolism 70 84 0.28 0.33 254
Cell adhesion 1 3 0.25 0.75 4
Cell cycle control 96 91 0.45 0.43 213
Cell polarity 91 97 0.42 0.45 216
Cell stress 98 114 0.30 0.34 331
Cell structure 51 51 0.43 0.43 120
Cell wall maintenance 68 75 0.37 0.41 184
Chromatin/chromosome structure 111 119 0.41 0.43 274
Cytokinesis 21 26 0.53 0.65 40
Differentiation 36 25 0.35 0.24 104
DNA repair 59 76 0.38 0.49 154
DNA synthesis 53 55 0.51 0.53 104
Energy generation 107 103 0.37 0.36 290
Lipid and sterol metabolism 76 99 0.37 0.48 206
Mating response* 45 54 0.34 0.41 132
Meiosis* 56 56 0.38 0.38 147
Membrane fusion 15 16 0.38 0.40 40
Mitochondrial transcription 3 4 0.60 0.80 5
Mitosis 72 73 0.49 0.50 147
Nuclear-cytoplasmic transport 49 48 0.53 0.52 92
Nucleotide metabolism 26 35 0.27 0.37 95
Other 27 26 0.47 0.46 57
Other metabolism 62 71 0.32 0.37 192
Phosphate metabolism 8 9 0.31 0.35 26
Pol 1 transcription 14 14 0.47 0.47 30
Pol II transcription 148 158 0.39 0.41 384
Pol III transcription 15 19 0.38 0.49 39
Protein complex assembly 22 20 0.47 0.43 47
Protein degradation 86 90 0.47 0.49 183
Protein folding 33 42 0.36 0.46 91
Protein modification 99 106 0.40 0.43 246
Protein synthesis 99 106 0.27 0.28 373
Protein translocation 37 31 0.43 0.36 87
Recombination 29 39 0.33 0.44 88
RNA processing/modification 126 144 0.45 0.51 280
RNA splicing 44 50 0.38 0.43 116
RNA turnover 19 28 0.37 0.54 52
Signal transduction 54 55 0.40 0.41 135
Small molecule transport 138 144 0.34 0.35 407
Vesicular transport 136 146 0.45 0.48 305

Average: 0.40 0.44

* Proportion of S. cerevisiae genes in the category with orthologues in C  glabrata.
^Proportion of S. cerevisiae genes in the category with orthologues in K. delphensis.
* Number of S. cerevisiae genes assigned to the category in the YPD database.
*Lists o f the mating response and meiosis genes identified in C. glabrata and K. delphensis are given in 
Tables 3.4-3.1.
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Table 3.2 Mating-specific S. cerevisiae genes with orthologues in C. glabrata.

Gene Function

MFcQ Mating pheromone a-factor

STEI3 Peptidase, a-factor processing

STE6 Exporter of a-factor

FIG4 Lipid phosphatase, pheromone induced

FAR] Inhibitor of Cdc28-Clnl/2 kinase complexes

CDC24 GTP-GDP exchange factor for Cdc42

SGVl Kinase, pheromone adaptation

AKRl Negative regulator in the pheromone response pathway

FUS3 Kinase, activates Stel2 and Farl

KAR5 Required for nuclear membrane fusion during karyogamy

LSGl Required for normal morphology, mating, and sporulation

0PY2 Overproduction causes insensitivity to a-factor arrest

SAGl a-agglutinin
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Table 3.3 Meiosis-specific S. cerevisiae genes with orthologues in C. glabrata.

Gene Function

IM El Master regulatory switch of meiosis

MCKl Kinase required for maximal IM El expression

RIM9 Stimulates expression of IM El

IM El Kinase, stimulates meiotic gene expression

UME6 Transcriptional regulator of meiotic genes

RIM4 Activation of sporulation-specific genes

IDS2 Ime2-dependent signaling protein

MUM2 Required for premeiotic DNA synthesis and sporulation

HOP2 Prevents nonhomologous synapsis in meiosis

MSH4 Meiosis-specific MutS homologue, recombination

SPOl Required for spindle body duplication

SP022 Required for meiotic chromosome segregation

CSMl Required for meiotic chromosome segregation

CSM3 Required for meiotic chromosome segregation

SMKl Sporulation-specific MAP kinase

DITl Dityrosine biosynthesis enzyme

SP075 Required for spore and ascus formation

SMA2 Required for proper prospore membrane formation

SPS2* Putative prospore membrane protein

*We are not certain whether plasmid CG4206 contains an orthologue o f  SPS2 or the similar gene 
YCL048W, but we have included it in the table because both SPS2 and YCL048W  encode prospore 
membrane proteins induced during sporulation (Chu et al. 1998).
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3.3 Results

3.3.1 Genome survey sequencing of C. glabrata and K. delphensis

We constructed plasmid libraries with random genomic inserts of 7-15 kb from 

C. glabrata and K. delphensis and sequenced both ends of about 3000 plasmids (>3 Mb 

of primary sequence data, or approximately 0.2x genome coverage) from each species. 

Phylogenetic analysis of the combined complete 5S, 18S, 5.8S and 26S rDNA 

sequences from yeasts (Fig. 3.1) confirms that C. glabrata and K. delphensis are each 

other’s closest known relatives (Cai et al. 1996; Kurtzman and Robnett 1998). The 

phylogenetic tree also confirms that C. glabrata is more closely related to S. cerevisiae 

than to C. albicans, indicating that the two Candida species originated independently 

from sexual ancestors.

Assembled sequence contigs from C. glabrata and K. delphensis were searched against 

the complete set of S. cerevisiae proteins using FASTY reciprocal best hits to identify 

putative orthologues (see Materials and Methods). The results of the genome surveys of 

the two species should be roughly comparable to one another, because the same 

methods and similar numbers of clones were used in both cases. The genomes can be 

assumed to be similar in size (Doi et al. 1992; Belloch et al. 1998), and the two species 

are equally distantly related to S. cerevisiae. Indeed, they yielded similar numbers of 

sequence contigs (4481 from C. glabrata, 4202 from K. delphensis) and similar 

numbers of putative genes with unambiguous S. cerevisiae orthologues (1941 and 2057, 

respectively).
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Fig. 3.1 Phylogenetic relationship among ascomycete yeasts, based on the aligned 

coding regions of the 5S, 18S, 5.8S and 26S rRNAs. Thickened branches show 

“asexual” lineages. The tree was constructed by the neighbour-joining method and 

bootstrap values (1000 replicates) are shown. Since the time of publication, the topology 

of the tree has been changed with the inclusion of new data (see Fig. 1.1).

Gene functions in C. glabrata and K. delphensis were inferred from the known 

functions of their S. cerevisiae orthologues, using the “cellular role” categories of the 

Yeast Proteome Database (Table 3.1). Orthologues were found for approximately 40% 

of the S. cerevisiae genes involved in most cellular roles, reflecting the level of GSS 

coverage. The numbers of genes found in C. glabrata and K. delphensis for each
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cellular role are highly similar (Table 3.1), and the two genomes are not significantly 

different in any of the 42 categories (P>0.05 by test). Importantly, C. glabrata does 

not have significantly fewer genes than K. delphensis in the categories of mating 

response and meiosis, which relate to sexual functions.

3.3.2 Mating pathway genes

We identified C. glabrata orthologues of many genes in the S. cerevisiae mating 

response pathway including the S te ll, Ste7 and Fus3 kinases and the Stel2 

transcription factor (Fig. 3.2). Because some components of the mating pathway also 

participate in other pathways (such as filamentous growth) that might legitimately be 

expected to be present in an asexual organism, we focus here on genes that have no 

other known functions apart from mating. The GSS data identified C. glabrata 

orthologues of 13 5. cerevisiae genes involved exclusively in mating (Table 3.2). These 

include an a-factor pheromone gene {MFa2\ Singh et al. 1983), STE13 whose sole 

function appears to be maturation of prepro-a-factor (Anna-Arriola and Herskowitz 

1994), and STE6 whose only known role is in a-factor export (Browne et al. 1996). The 

complete C. glabrata MFa2 gene was sequenced and codes for a signal peptide and 

three repeats of a candidate mature pheromone sequence WHWV(R/K)(L/I)RKGQGLF 

flanked by processing sites for Kex2 (Bader et al. 2001), Kexl and Stel3 proteases. The 

orthologue in K. delphensis was also sequenced and has four copies of the sequence 

WHWLSVRPGQPIY. The two precursor proteins share 49% sequence identity.
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Fig. 3.2 Model of the S. cerevisiae pheromone response pathway (adapted from Sheu 

and Snyder 2001). Genes whose orthologues were identified in C. glabrata are indicated 

in gray.

C. glabrata appears capable of responding to pheromones as well as synthesising them, 

because it has genes for the polarity establishment proteins Farl and Cdc24 (Sheu and 

Snyder 2001), for Sgvl (a kinase acting in the pheromone adaptation pathway; see Irie 

et al. 1991), and A krl (a protein with an inhibitory effect on the pheromone signal 

transduction pathway; see Kao et al. 1996). At the end of the signal transduction 

cascade it has orthologues of Fus3 (the final M AP kinase in the mating response
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pathway, which activates Stel2 and Farl; see Elion et al. 1993), as well as the nuclear 

fusion protein Kar5 (Brizzio et al. 1999).

We identified putative mating-type {MAT) loci in both C. glabrata and K. delphensis, 

containing orthologues of the S. cerevisiae genes for the a l  transcription activator and 

a l  repressor (MATal and MATa2, respectively), oriented divergently (Fig. 3.3). As 

expected from the species phylogeny, the level of amino acid sequence identity between 

S. cerevisiae and C. glabrata (38% in a l ,  and 40% in a l)  is greater than that between 

S. cerevisiae and K. lactis or C. albicans in the same proteins (Hull and Johnson 1999; 

Astrom et al. 2000). Between C. glabrata and K. delphensis, there is 59% amino acid 

sequence identity in a l and 76% in a2.

In K. delphensis the a2 and a l genes are flanked on one side by a series of five genes 

whose orthologues are beside the MAriocus on S. cerevisiae chromosome III (Fig. 3.3), 

in the same arrangement except that K. delphensis lacks PH087. These genes include 

BUDS, which is almost twice as large in K. delphensis as in S. cerevisiae (1241 amino 

acids versus 642). The predicted KdBudS protein includes an extra SH3 domain near its 

amino terminus, giving it an overall structure more similar to Cdc25 (Mintzer and Field 

1999). On the other side of a2 and a l in K. delphensis there is a series of five genes 

whose orthologues are on S. cerevisiae chromosome XII, beginning with YLR186W 

(EMGl; see Eschrich et al. 2002). The same breakpoint between chromosome III and 

chromosome XII orthologues is also seen in C. glabrata (Fig. 3.3). With recent
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complete genome sequence data from the ancestral species A. gossypii (Dietrich et al. 

2004), it can be inferred that the genes to the right of the M AT  locus (Fig. 3.3) in 

S. cerevisiae, C. glabrata  and K. delphensis are all derived from the same ancestral 

chromosome. For each of the three species, a genomic region between the M AT  locus 

and the gene to its right appeared to have been translocated elsewhere in the genome 

since it diverged from A. gossypii (unpublished data). A similar breakpoint was 

observed at the same location in S. pastorianus (Holmberg 1982), and this probably 

represents a similar situation where translocation of genetic material to the right of the 

M AT  locus has occurred. The peculiar chromosomal rearrangements around this region 

of the genome reamins to be fully elucidated. Interestingly, the coding regions of the a l  

gene and EM G l overlap by 28 nucleotides at their 3 ’ ends in both K. delphensis and 

C. glabrata.

3.3.3 Meiotic genes

The GSS data from C. glabrata also identified orthologues of many S. cerevisiae genes 

involved in meiosis, a central step in the sexual cycle that leads ultimately to the 

production of gametes (sporulation). We found C. glabrata orthologues of 19 

S. cerevisiae genes whose only known functions are in meiosis or sporulation 

(Table 3.3), including the master regulatory switch gene IM E l (Kassir et al. 1988). 

S. cerevisiae IM E l expression is induced by the a l /a 2  heterodimer representing the 

genetic signal from a diploid cell, in combination with nutritional signals. We found 

C. glabrata orthologues of M C K l and RIM9, which are inducers of IM E l expression.
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and UME6 which negatively regulates meiosis-specific genes during vegetative growth 

but is converted into an activator of early meiosis genes when Im el is present (Bowdish 

and Mitchell 1993; Rubin-Bejerano et al. 1996). C. glabrata  also has orthologues of 

IME2, which can promote sporulation in the absence of IM E l (Mitchell et al. 1990), and 

IDS2 and R1M4, whose products promote Ime2-dependent activation of many 

downstream targets (Sia and Mitchell 1995; Soushko and Mitchell 2000).

C. glabrata has orthologues of R1M4 and MUM2, both of which are needed for 

premeiotic DNA replication (Engebrecht et al. 1998; Deng and Saunders 2001), and 

HOP2, which acts to prevent synapsis between nonhomologous chromosomes 

(Tsubouchi and Roeder 2002). We also found MSH4, which is implicated in 

synaptonemal complex formation and meiotic recombination (Novak et al. 2001). The 

presence of these genes suggests that critical events required for the unique process of 

reductional division during meiosis 1, such as recombination and chromosome synapsis, 

occur in C. glabrata.
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Fig. 3.3 Gene organisation (not to scale) around the MAT locus of S. cerevisiae and 

the putative MAT loci of C. glabrata and K. delphensis. Dashed horizontal lines indicate 

the extents of the clones sequenced.

Similarly, we found orthologues of genes involved in the middle and late stages of 

meiosis. The middle stage genes include SPOl, a phospholipase B homologue that 

promotes spindle body duplication exclusively during meiosis (Tevzadze et al. 2000), 

and SP022, CSMl and CSM3 which are less well characterised but show meiosis- 

specific expression with deletion mutants exhibiting varying degrees of chromosome 

missegregation (Rabitsch et al. 2001). C. glabrata also has a homologue of SMKl, 

which in S. cerevisiae encodes a MAP kinase involved in a sporulation-specific signal 

transduction cascade, necessary for proper spore morphogenesis and full expression of
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late meiotic genes (Friesen et al. 1994; Krisak et al. 1994). Another surprising finding is 

an orthologue of D lT l, which is required for dityrosine biosynthesis (Briza et al. 1994). 

In yeasts, the dimerised amino acid dityrosine has only been found on the outer surface 

layer of the ascospore wall but not in vegetative cell walls (Briza et al. 1986). The 

maintenance of these genes in C. glabrata is highly indicative of an ability to sporulate.

3.4 Discussion

The results from survey sequencing of the C. glabrata and K. delphensis genomes show 

that they have very similar repertoires of genes in all categories of cellular roles 

(Table 3.1) including mating and meiosis. More detailed analysis showed that 

C. glabrata has orthologues of at least 31 genes that in S. cerevisiae have no known 

functions apart from mating or meiosis (Tables 3.2 and 3.3), and that it has intact genes 

for a-factor and a putative mating-type locus. Butler et al. (2004) have since identified 

M TLla  and M TLla  idiomorphs in C. glabrata. The phenomenon of mating-type 

switching has also been observed for the type, environmental and clinical strains of 

C. glabrata, as well as the presence of HML-Wkt and HMR-\\kc loci in the genome 

(Brockert et al. 2003; Butler et al. 2004). Together, these results suggest strongly that 

C. glabrata has an undiscovered sexual cycle. There is no reason why any of these 

genes would remain in the C. glabrata genome if it were truly asexual and reproduced 

only by mitosis. However, our conclusion awaits final confirmation with future 

experimental evidence, which should show (i) that the genes we have identified are
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indeed expressed, and (ii) that a complete sexual cycle of C. glabrata can be induced 

and observed in the laboratory.

The compact nature of yeast genomes makes it extremely unlikely that all the sexual 

genes we identified by GSS are pseudogenes, and the MFa2, M ATal and MATa2 genes 

certainly are not pseudogenes. Even though we did not find orthologues of some other 

genes that are central to mating (e.g. STE2/STE3, and M Fal; see Walsh et al. 2002) or 

meiosis (e.g., NDT80), it should be noted that the genome was only surveyed to 0.2x 

sequence coverage, so that only 1941 genes (roughly 1/3 of the expected number of 

genes in the genome) were detected in this study. More recently, the genome of 

C. glabrata has been completely sequenced (unpublished results) and the remaining key 

sexual cycle genes in Fig. 3.2 can be identified from the set of predicted proteins 

(http://cbi.labri.fr/Genolevures/advanced_blast.php3). It is interesting that C. glabrata 

has orthologues of M F al and IM El, which were not found in C. albicans (Tzung et al. 

2001). However, this is possibly just due to extensive sequence divergence, rather than 

gene loss, in C. albicans. The complete sequence of C. glabrata Im el has only 27% 

amino-acid sequence identity to S. cerevisiae Im el. Recently, a candidate C. albicans 

pheromone was described (Lan et al. 2002; Newport et al. 2003).

Despite the evolutionary distance between them (Fig. 3.1) and gross differences such as 

the fact that C. glabrata is haploid whereas C. albicans is diploid, there are remarkable 

parallels between the evolution of C. glabrata and C. albicans. The two species have
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evolved independently from sexually reproducing yeast ancestors, but in becoming 

human pathogens both have adopted a lifestyle where the sexual phase is hidden. Miller 

and Johnson (Miller and Johnson 2002) proposed that, in C. albicans, this is because the 

white (asexual) form survives better in the mammalian host. By analogy, it is tempting 

to speculate that one of the forms produced by phenotypic switching in C. glabrata 

(Lachke et al. 2000; Lachke et al. 2002) might be mating-competent. It is interesting to 

note that in other species of Candida for which sexual forms (teleomorphs) have been 

identified, such as Candida krusei, the form isolated in clinical settings is invariably the 

asexual one (Kurtzman and Fell 1998; Calderone 2002b). We hypothesise that having a 

sexual cycle may be essential for the long-term evolutionary viability of all yeast 

species because of the evolutionary advantages conferred by recombination (Berbee and 

Taylor 1993; Geiser et al. 1996), but that mating confers a disadvantage on those 

individuals that mate because they are somehow more vulnerable to the host’s immune 

response. The result of these opposing forces has been the evolution of cryptically 

sexual pathogens in which the frequency of mating in the population has been reduced 

to a low but optimal level.
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Table 3.4 M ating genes in C. glabrata.

ORF Name Gene Name ORF Name Gene Name

YFL039C ACTl YGL178W MPT5
YDR264C AKRl YJL076W NETl
YKL135C APL2 YPR075C 0PY2
YNL161W CBKl YMR231W PEPS
YAL021C CCR4 YKL116C PRRl
YHR107C CDC12 YOR208W PTP2
YGL116W CDC20 YOR191W RISl
YAL041W CDC24 YJR004C SAGl
YBR023C CHS3 YPR161C SGVl
YLR330W CHS5 YBR103W SIF2
YOL016C CMK2 YKL209C STE6
YJL157C FAR] YDL159W STE7
YNL325C FIG4 YLR362W STE ll
YLL043W FPSl YHR084W STE12
YBL016W FUSS YOR219C STEIS
YBR017C KAP104 YLR389C STE2S
YPR141C KARS YCL032W STE50
YMR065W KAR5 YNL079C TPMl
YPL269W KAR9 YCR084C TUPl
YHR158C KELl YOR230W WTMl
YNL238W KEX2 YGRl l l W Y G R lllW
YGL099W LSGl YBRl l l C YSAl
YMR070W MOTS
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T ab le  3.5 Mating genes in K. delphensis.

ORF Name Gene Name ORF Name Gene Name

YFL039C ACT I YER149C PEA2
YGL032C AGA2 YMR231W PEPS
YDR264C AKRl YIL122W POGl
YKL135C APL2 YKL116C PRRl
YJR053W BFAl YKL019W RAM2
YNL161W CBKl YMR274C RCEl
YAL021C CCR4 YOR127W RGAl
YDR182W CDCl Y0R191W RISl
YHR107C CDC12 YJL140W RPB4
YGL116W CDC20 YCR009C RVS161
YAL041W CDC24 YJR004C SAGJ
YBR023C CHS3 YPR161C SGVI
YMR138W CIN4 YLR452C SST2
YOL016C CMK2 YFL026W STE2
YJL157C FARl YOR212W STE4
YNL325C FIG4 YKL209C STE6
YLL043W FPSl YLR362W STE ll
YCL027W FUSl YHR084W STE12
YMR232W FUS2 YOR219C STE13
YBL016W FUSS YHL007C STE20
YDR309C GIC2 YLR389C STE23
YBR017C KAP104 YJR117W STE24
YPR141C KARS YCL032W STESO
YCL055W KAR4 YCR084C TUPl
YHR158C KELl Y G R lllW Y G R lllW
YNL238W KEX2 YOL054W YOLOS4W
YNL053W MSGS YBRll lC YSAl
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T able 3.6 Meiosis genes in C. glabrata.

ORF Name Gene Name ORF Name Gene Name

YGL180W APGl YGR103W N0P7
YBL078C AUT7 YDR150W NUMl
YPL255W BBPl YMR076C PDS5
YLR399C BDFl YNL250W RAD50
YKL022C CDC16 YGL163C RAD54
YBR160W CDC28 YBR073W RDH54
YDR364C CDC40 YHL024W RIM4
YCR086W CSMl YMR063W RIM9
YMR048W CSM3 YNL330C RPD3
YOR033C DHSl YGL175C SAE2
YDR440W DOTl YPR040W SDFl
YGR098C ESPl YBR103W SIF2
YDR108W GSGl YOL004W SINS
YGL033W H0P2 YPR054W SMKl
YJL146W IDS2 YNL012W SPOI
YJL106W IME2 YAL009W SP07
YPR141C KARS YKR031C SP014
YGL173C KEMl YIL073C SP022
YGL086W MADl YNL242W SP072
YNL307C MCKl YJL187C SWEl
YGL197W MDS3 YLR234W TOPS
YBR136W MECl YKL203C T0R2
YDL028C MPSl YCR084C TUPl
YMR224C MREII YDR207C UME6
YFL003C MSH4 YDL077C VAM6
YBR057C MUM2 YOR229W WTM2
YDR386W MUS81 YIL112W YIL112W
YHR086W NAM8 YPL074W YTA6
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T able 3.7 M eiosis genes in K. delphensis

ORF Name Gene Name ORF Name Gene Name

YBL015W ACHl YOL104C NDJl
YGR225W AMAl YDR150W NUMl
YGL180W APGl YMR076C PDS5
YFR021W AUTIO YGL058W RAD6
YLR399C BDFl YNL250W RAD50
YMROOIC CDC5 YGL163C RAD54
YDL017W CDC7 YBR073W RDH54
YKL022C CDC16 YMR139W RIM 11
YIL132C CSM2 YFL033C RIM15
YLR394W CST9 YNL330C RPD3
YOR033C DHSl YER047C SAPl
YER179W DMCl YKR029C SET3
YDR440W DOTI YOL004W SINS
YGR098C ESP] YGR229C SMIl
YDR108W GSGl YCR033W SNTI
YGL033W H0P2 YNL012W SPOl
YJL146W IDS2 YKR031C SP014
YJL106W IME2 YPR007C SP069
YGL133W ITCl YDR523C SPSl
YPR141C KARS YJL187C SWEl
YGL173C KEMl YLR234W TOPS
YGL197W MDS3 YKL203C T0R2
YBR136W MECl YBR126C TPSl
YIR025W MND2 YCR084C TUPl
YDL028C MPSl YPL139C UMEl
YDL154W MSH5 YPL253C VIKl
YDR386W MUS81 YOR229W WTM2
YHR086W NAM8 YILIOIC XBPI
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CHAPTER 4

Birth of a metabolic gene cluster by genomic 

rearrangement

4.1 Introduction

In the yeast S. cerevisiae, neighbouring genes tend to have similar transcription profiles 

(Cohen et al. 2000) and genes in most metabolic pathways tend to be closer together in 

the genome than expected by chance (Lee and Sonnhammer 2003). The DAL cluster, 

which allows S. cerevisiae to grow on allantoin as a nitrogen source, is one of the 

largest known clusters of genes in a single metabolic pathway in a eukaryote (Cooper et 

al. 1979; Cooper 1996). Allantoin is a degradation product of purines that can be 

utilised if no better nitrogen source is available. Of the eight structural genes involved in 

breaking down allantoin to ammonia, six are located consecutively in a 9.4 kb region 

near the right telomere of S. cerevisiae chromosome IX. The cluster comprises genes for
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allantoin permease (DAL4), a probable allantoin racemase (DCGl), three catabolic 

enzymes {DALI, DAL2, DAL3) that convert allantoin into urea and glyoxylate, and an 

isoform of malate synthase (DAL7) that disposes of the glyoxylate and prevents product 

inhibition of the Dal3 reaction (Hartig et al. 1992; Fig. 4.1). The only allantoin pathway 

genes that are not located in the cluster are DAL5 (allantoate permease), DUR1,2 (which 

forms ammonia from urea), and several transcription factors (Cooper 1996).

4.2 Results and Discussion

4.2.1 Formation of the DAL cluster

To investigate how the DAL cluster originated, we compared the locations of 

homologous genes in other ascomycetes using public data (Goffeau et al. 1997; Souciet 

et al. 2000; Cliften et al. 2003; Kellis et al. 2003). Fig. 4.2 summarises the available 

information about whether each link between a pair of neighbouring genes in the 

5. cerevisiae cluster is conserved or broken in other species. The cluster is completely 

conserved, and flanked by the same genes, in the four closest relatives of S. cerevisiae 

(the Saccharomyces sensu stricto group). In the sensu lato species S. castellii the six 

genes are also clustered, but there have been two internal rearrangements of gene order 

and the cluster is located in a different part of the genome compared to S. cerevisiae 

(details are shown in Fig. 4.3).
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(R )-Allantoin (S)*Allantoin U rate

DAL4 UAP

DCG1(R)-Atlantoin

DAL1

XDHA liantoate DAL5 A llantoate

DAL2
X anthine

U reidoglycolate

DAL3

G lyoxylate U rea

A cetyl-C oA
DUR1.2DAL7

M alate

Fig. 4.1 The allantoin degradation pathway. Genes located in the DAL  cluster are 

indicated in bold. S. cerevisiae imports allantoin and allantoate which are degraded to 

produce ammonia. The pathway of urate import and oxidation using urate oxidase 

(UOX) that occurs in other yeasts is shown in gray. Allantoin exists as two 

stereoisomers (R and S) and the assignment of a racemase function to D C G l is based on 

sequence similarity to other racemases.

' Xanthine dehydrogenase {XDH) genes are present in filamentous ascomycetes such as 

Aspergillus but not in yeasts. However, 5. kluyveri and C. albicans can survive on 

xanthine owing to another enzyme that catalyzes the same reaction (C. Scazzocchio, 

Paris-Sud University, France, personal communication).
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•.... —

s. cerev isiae X X

S. parad o x u s X X

S. m ikatae / X X

S. kudriavzevii / X X

S. b ayanus / X X

S. castellii X / X X X X

Z. rouxii X X 2 X

S. kluyveri X X
1

X
1

X X
2

X X

K.thermotolerans X

K. lactis X

K. marxianus X
11

P. angusta X X

P. sorbitophila X X X

C. tropicalis X

C. albicans X X X X X X X

Fig. 4.2 Conservation and disruption of the DAL gene cluster. The phylogenetic tree 

on the left is adapted from Kurtzman & Robnett (2003). The large arrow indicates the 

inferred point of assembly of the DAL cluster. Columns in the center panel show 

whether links between genes that are adjacent in the S. cerevisiae DAL cluster (drawn at 

the top) are conserved {^ )  or disrupted (^) in other species. The panel on the right 

shows the presence or absence of urate oxidase (UOX; Koyama et al. 1996) and urate 

permease (UAP; Diallinas et al. 1998) genes. Blank cells are due to missing data 

because not all the genomes have been sequenced completely (Goffeau et al. 1997; 

Souciet et al. 2000; Tzung et al. 2001; Cliften et al. 2003; Kellis et al. 2003). Subscripts 

1 and 2 indicate that the data refer to a single DAL4IFUR4 homologue, and a single 

DAL7IMLS1 homologue, respectively. Genes were identified by TBLASTN searches of 

genome sequence data using S. cerevisiae proteins as queries. For some genes, non

overlapping hits were obtained from different contigs and these were assumed to 

represent one gene if they are linked to genes in the same neighbourhood.
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5. cerevisiae

DAL2
YIR029W

0CG1
YIR030C

0A L 3
YIR032C

DALS1
YIR023W

DALI 0A L4
YIR033W YIR034CYIR022W YIR024C

5. castellii

0A L2
YIR029W

DAL4
Y1R028W

DALI
YIR027C

DCG1
YIR030C

0A L7
YIR031C

DAL3
YIR032C

YOR172W  
Y U OSSW  YOR162C

Fig. 4.3 Comparative organisation of the DAL gene cluster in 5. castellii and 

S. cerevisiae. Vertical lines connect orthologues, and dashed lines indicate inverted 

genes. The genes flanking the cluster are different in the two species, but the genes 

flanking the S. castellii cluster are also subtelomeric in S. cerevisiae.
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tran tpo^tion

s. kluyveri DAL orthologs

S. cerevisiae IX
I
I

I
I

I
I

I
I

I
I

I
II

S. kluyveri -

naouw vKLOiKs. cerevisiae XI ■
VKL014C VKLOISW VKLOItC VKLOITC VKL0I8W 

^

Fig. 4.4 Locations of the DAL genes in S. kluyveri compared to S. cerevisiae. The 

DAL cluster on S. cerevisiae chromosome IX lies within a sister region (Wong et al. 

2002) between chromosomes IX and XI (genes shown in yellow, including the 

duplicated gene pair MGA2 and SPT23). The corresponding region in S. kluyveri 

(shown in blue) contains a merge of genes from the two chromosomes, but the DAL 

genes (red) are missing from the expected site in S. kluyveri (red circle). Instead, 

orthologues of the each of the six DAL genes are found in separate S. kluyveri genomic 

regions as shown in the upper left part of the figure. DALI, DAL2, DAL3 and DCGl 

transposed to the cluster site, whereas DAL4 and DAL7 were formed by duplication of 

FUR4 and MLSL  All S. kluyveri data is from Cliften et al. (2003) except that we 

sequenced two Genolevures plasmids (Souciet et al. 2000) to close gaps in the 

S. kluyveri chromosome IX/XI contig.
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S. cerevisiae DAL gene cluster

DAL1
S.kiuyven 

P.angusta 

C. albicans

vDiomv m o > K  vm>27C

YMU7C «Ol090W

na09SW VtUMK VGAWK VtW72W VW027C VW026C VDMtTC

DAL4/FUR4
S. cerevisiae sister region 

(Block 10)

S.kluyveri

K.marxianus

DAL2
S.klu/veri

vtMonw ruM

VDAOIIW FUM

C. albicans 

C.tropicalis 

P.sorbitophila

DCGl
S.kluyveri

P.angusta

...continues next page.
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5. cerevisiae DAL gene cluster

DAL7/MLS1

S.kluyveri

DAL3
S.kluyveri

VC«112W VEMM X Y N l l i m  V K U 1 K

O - . - e S -  i

K .lh erm o to le ran s

P .sorb itophila

Fig. 4.5 Scattered locations of DAL gene orthologues in other yeast species. The 

configuration of the DAL gene cluster in S. cerevisiae is shown at the top. Orthologues 

in other species are indicated in red. Horizontal dotted lines indicate genes that are 

nearby but where the interval between them has not been completely sequenced (data 

from Genolevures plasmids). Vertical striped lines indicate non-DAL orthologues 

between different species in the same region. The FUR4 gene or S. kluyveri and 

K. marxianus is an orthologue of both FUR4 and DAL4 in S. cerevisiae (see Fig. 4.6), 

and S. cerevisiae FUR4 is located in a region of chromosome II that shares a sister 

relationshiop with a region of chromosome IV containing YDROllW. The MLSl gene of 

S. kluyveri, Z. rouxii and C. albicans is an orthologue of both MLSl and DAL7 in 

S. cerevisiae (see Fig. 4.7).
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Surprisingly, there is no DAL cluster in the yet more distantly related species S. kluyveri, 

whose genome has been almost completely sequenced (Cliften et al. 2003). Instead, 

homologues of the six DAL genes are found individually at scattered locations in the 

S. kluyveri genome (Fig. 4.4). Homologues of the genes flanking the 5. cerevisiae 

cluster, YVHl (YIR026C) and MGA2 (YIR033W), are close together in S. kluyveri and 

are separated only by the chromosome XI gene RAM2 (YKL019W). The S. kluyveri 

YVH1-RAM2-MGA2 region forms part of a large segment of conserved gene order that 

pairs it with sister regions (Wong et al. 2002; Chapter 2) on S. cerevisiae chromosomes 

IX and XI, but the six DAL genes are missing from the expected site (Fig. 4.4). The 

DAL genes are also scattered in the Candida albicans genome (Tzung et al. 2001) and, 

where information is available, in the genomes of other yeasts (Figs. 4.2 and 4.5).

The species that possess the DAL cluster form a monophyletic group (Kurtzman and 

Robnett 2003; Fig. 4.2). In contrast, the species without the cluster are paraphyletic and 

include representatives of four lineages that have split off independently from the 

5. cerevisiae lineage. The most parsimonious interpretation is that the DAL cluster was 

assembled recently, just after the split with Z. rouxii. Moreover, in species where the 

DAL genes are not clustered, the genes beside each DAL gene are often the same in 

species representing independent lineages (Fig. 4.5). For example, YJR129C is 

downstream of DAL2 in C. albicans, S. kluyveri and Z. rouxii. This would not be 

expected if three separate breakups of an ancestral DAL cluster had occurred in these 

three independent lineages. The phylogenetic tree in Fig. 4.2 is based on a recent
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analysis of combined data from six genes (Kurtzman and Robnett 2003) and differs 

from previous single-locus trees (e.g. Wong et al. 2002) that did not show so many 

independent lineages splitting off from S. cerevisiae. But it is beyond doubt that 

C. albicans is an outgroup to S. kluyveri and S. cerevisiae, which makes recent assembly 

of the cluster more parsimonious than fragmentation regardless of the details of the tree.

Four of the DAL cluster genes {DALI, DAL2, DAL3 and D CGl) are single-copy genes 

in S. cerevisiae and transposed to their new locations in the cluster. The other two, 

DAL4 and DAL7, were produced by duplication of genes that remain at their original 

locations in the S. cerevisiae genome. The allantoin permease gene DAL4 is a duplicate 

of the uracil permease gene FUR4 (70% amino acid sequence identity). In 5. kluyveri 

there is one gene that is the closest relative of both DAL4 and FUR4, and its genomic 

location corresponds to the location of FUR4 in S. cerevisiae (Fig. 4.5). Similarly, 

S. cerevisiae DAL7 is a paralogue of the malate synthase gene M LSl (81% identity) and 

the single DAL7/MLS1 homologue in S. kluyveri is found at the equivalent of the M LSl 

location (Fig. 4.5). Phylogenetic analysis of both the DAL4IFUR4 and the DAL7IMLS1 

gene families shows, as expected, that the gene duplications occurred at approximately 

the same time as the cluster was formed (Figs. 4.6, 4.7) as well as the polyploidisation 

event that occurred in the ancestor of the Saccharomyces yeasts around 100 million 

years ago (Wolfe and Shields 1997; Wong et al. 2002). However, our estimated timing 

remains inconclusive as bootstrap support for the DAL7IMLS1 tree (Fig. 4.7) remains 

low.
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4.2.2 Natural selection

Natural selection is implicated in the formation of the DAL cluster because, even 

Ignoring the fact that gene transpositions are infrequent events and we infer that six of 

them happened in a short time period, the probability that six transposed genes would 

land at adjacent chromosomal sites purely by chance is about lOe-15. Organising the 

genes into a cluster may have placed them under stronger transcriptional control. While 

the detailed regulation of the DAL genes has been extensively studied and reviewed 

elsewhere (Cooper 1996), the subtelomeric location of the cluster may subject these 

genes to a more general, secondary control system involving deacetylation of 

heterochromatin. The DAL cluster is just 5 kb away from a mapped HAST domain 

spanning the seven genes YIR035C to Y1R041W (Robyr et al. 2002). HAST domains are 

subtelomeric regions of histone H3 deacetylation by Hdal. They are enriched in genes 

whose expression is repressed in rich media but which can be induced by, and enable 

growth in, adverse environmental conditions such as osmotic shock or alternate carbon 

sources. The function of the DAL genes is thus typical of HAST domain genes. The 

subtelomeric location may also have been instrumental in assembly of the cluster, 

because subtelomeres have higher rates of DNA exchange and rearrangement than other 

parts of the genome (Kellis et al. 2003). We note that another type of histone 

deacetylation, mediated by Hos2, is associated with ribosomal protein genes and gene 

clusters in yeast (Robyr et al. 2002).
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There is a phylogenetic correlation between formation of the DAL  cluster and loss of the 

genes for urate oxidase (UOX, also called uricase) and urate permease (UAP) in yeast 

species (Fig. 4.2). In the classical purine degradation pathway, xanthine is converted to 

urate and then to allantoin, in two successive oxidation steps catalysed by the 

peroxisomal enzymes xanthine dehydrogenase (XDH) and UOX  (Fig. 4.1). The 

orthologue of XD H  found in Aspergillus is not present in any yeast species. However, 

C. albicans possess an enzyme similar to E. coli taurine oxidases that catalyze the 

conversion of xanthine to urate so it can grow on xanthine as a sole carbon source, and a 

similar enzyme is probably present in S. kluyveri but absent in S. cerevisiae as it cannot 

survive on xanthine (Scazzocchio, personal communication). Hence to use purine 

derivatives as a nitrogen source yeasts must import xanthine, urate, allantoin or 

allantoate from outside the cell. M any of the species that lack the DAL  cluster, such as 

S. kluyveri, can grow on urate as a sole nitrogen source (LaRue and Spencer 1968), 

presumably using UAP to import it, UOX  to oxidise it, and the DAL pathway enzymes 

to break it down to urea. In contrast, 5. cerevisiae and S. castellii have lost the ability to 

utilise urate, have no UOX or UAP genes, and instead import allantoin using a 

duplicated (neofunctionalised/ subfunctionalised) copy of FUR4. The subsequent 

degradative steps involve the same DAL  pathway enzymes as in 5. kluyveri, but their 

genes have been reorganised into a cluster and M L Sl has been duplicated to produce 

DAL7. Both M LSl and DAL7  encode malate synthase, but the duplication allowed 

divergent regulation to evolve so that the glyoxylate cycle gene M L Sl is glucose- 

repressed whereas DAL7  is nitrogen-repressed (Hartig et al. 1992).
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We infer that an ancestor of S. cerevisiae and S. castellii switched to importing allantoin 

instead of urate as a nitrogen source, which allowed UOX  and UAP to be lost but 

necessitated a new allantoin permease. This switch might have been in response to a 

change in the availability of allantoin or urate in the environment. A similar situation 

has been reported for another group of ascomycetes, the yeast-like symbionts of aphids 

and planthoppers. Planthoppers produce urate and their symbionts have functional UOX 

genes, but aphids do not produce urate and their symbionts have UOX pseudogenes 

(Hongoh and Ishikawa 2000). The most likely natural source of ureides (allantoin and 

allantoate) for yeasts is from plant material (Schubert and Boland 1990). Ureides are 

abundant in “tropical” legumes such as soybean because they are the primary form in 

which atmospheric nitrogen fixed in root nodules is transported to the rest of the plant, 

accounting for >70% of the nitrogen in xylem sap (Schubert and Boland 1990; Peoples 

and Gifford 1997). Allantoin is also excreted by some insects, which are commonly 

present as a third partner in yeast-plant-insect ecosystems (Phaff and Starmer 1987).

However, we further propose that the change of nitrogen source that drove assembly of 

the DAL  cluster was in turn caused by direct selection against UOX, as a consequence of 

selection for rapid growth in environments with limited oxygen. The reaction catalysed 

by UOX requires molecular oxygen as a substrate (Fig. 4.1) and takes place in the 

peroxisome (van der Klei and Veenhuis 1997). S. cerevisiae and 5. castellii can grow 

vigorously in anaerobic conditions by fermenting glucose to form ethanol, whereas 

K. lactis and the species below it in Fig. 4.2 cannot grow at all without aeration (M0ller
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et al. 2001). S. kluyveri has an intermediate phenotype. Yeast species that are facultative 

anaerobes have a competitive advantage over strict aerobes in oxygen-poor natural 

environments such as the interiors of decomposing plant material (Phaff and Starmer 

1987; Deak and Beuchat 1996).

M0ller et al. (2001) suggested that selective pressure to economise on oxygen during 

evolution of the “fermentative lifestyle” in S. cerevisiae led to a decreasing dependence 

on oxygen-requiring reactions. Consistent with this hypothesis, S. cerevisiae has lost 

several genes for other peroxisomal enzymes as well as UOX that consume molecular 

oxygen, and retains only one. Of the known peroxisomal enzymes that use molecular 

oxygen as a substrate (van der Klei and Veenhuis 1997), S. cerevisiae only has one gene 

for acyl-CoA oxidase. It has lost genes for D-amino acid oxidase {DAO) and copper- 

containing amine oxidase {CAO), which are present in both 5. kluyveri and C. albicans. 

The importance of growth in low oxygen to S. cerevisiae is also demonstrated by the 

difference in function of its Roxl repressor compared to C. albicans Rfgl (Khalaf and 

Zitomer 2001), by the way its pyrimidine synthesis pathway has been reconfigured to 

avoid dependence on respiration (M0ller et al. 2001), and by the existence of many 

duplicated genes coding for specialised hypoxic and aerobic forms of proteins (Zitomer 

and Lowry 1992; Kwast et al. 2002). We therefore propose that selection for lower 

oxygen dependence led to a switch from urate to allantoin utilisation in an ancestor of 

S. cerevisiae and S. castellii. To achieve this metabolic switch, the purine degradation 

pathway was re-engineered by a set of genomic rearrangements that all happened at the
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same point on the phylogenetic tree: loss of the UOX and UAP genes, duplication of 

FUR4 and MLSl, and targeted relocation of each of the six DAL genes to form a gene 

cluster at a subtelomeric site.
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r— S. cerevisiae DAL4

^  S. paradoxus DAL4

S. mikatae DAL4

■ S. kudriavzevii DAL4

S. bayanus DAL4

S. castellii DAL4

S. cerevisiae FUR4

j  S. paradoxus FUR4

• S. mikatae FUR4

S. bayanus FUR4

S. kudriavzevii FUR4

■ S. castellii FUR4

S. kluyveri FUR4

K.. marxianus FUR4

K. thermotolerans FUR4?

• S. kluyveri FUR4?

S. cerevisiae FUIl

Fig. 4 .6  Phylogenetic tree o f the DAL4IFUR4 gene family (allantoin and uracil 

permeases). Protein sequences were aligned using T_COFFEE and the tree was 

constructed by the Neighbour-Joining Method as implmented in CLUSTALW .
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K KXI

S. cerevisiae DAL7

S. paradoxus DAL7

S. mikatae DAL7

S. kudriavzevii DAL7

S. bayanus DAL7

S. castellii DAL7

638

S. cerevisiae MLSl

S. paradoxus MLS 1

S. kudriavzevii MLSl

S. mikatae MLSl

S. bayanus MLSl

S. castellii MLSl

Z. rouxii MLS 1

K. lactisM L Sl

S. kluyveri MLSl

Fig. 4.7 Phylogenetic tree of the DAL7IMLS1 gene family (malate synthase). Protein 

sequences were aligned using T_COFPEE and the tree was constructed by the 

Neighbour-Joining method as implemented in CLUSTALW.
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Conclusions

5.1 Life after polyploidy

There is now compelling evidence for a polyploidisation event in the lineage leading to 

Saccharomyces cerevisiae owing to (i) sister regions covering most (70%) of the 

genome, (ii) the lack of overlap between these blocks, and (iii) that the 16 chromosomes 

can be divided into 8 pairs at their centromeres (Wong et al. 2002; Chapter 2). Although 

ideally the paired regions should cover 100% of the genome, this is likely to be averted 

by the genetic turbulence at telomeres. Subsequent scrambling episodes of 

transpositions, inversions, independent duplications and gene loss can also obscure all 

traces of an anciently duplicated block.

Perhaps more interesting are the species that have diverged after the polyploidisation 

event. Our computer simulation analysis revealed that a gradual gene sorting process
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after duplication can explain the intermediate level of gene order conservation between 

S. cerevisiae and other species such as S. exiguus, S. servazzii and C. glabrata (W ong et 

al. 2002; Chapter 2). These species can shed light on the poorly-understood 

diploidisation process in yeasts. With more comprehensive sequence data, the most 

obvious question would be whether the same ohnologue pairs are kept in different 

genomes following polyploidisation. In S. cerevisiae, classes of highly expressed genes 

are enriched in retained duplicates (Holstege et al. 1998; Seoighe and W olfe 1999a). 

Another intriguing question concerns the contribution of ohnologues to adaptation. It is 

already known that some S. cerevisiae ohnologue pairs have aerobic-hypoxic expression 

patterns that enable survival under oxygen deprivation (Kwast et al. 2002). Could other 

yeasts employ the same mechanism to adapt to a different environmental variable?

5.2 Parasexual cycle in Candida glabrata?

There are significant parallels between C. glabrata  and C. albicans with regard to their 

potential to mate. Repertoires of genes involved in mating and meiosis has now been 

found in both species (Tzung et al. 2001; Wong et al. 2003; Chapter 3), including a 

candidate gene for the a pheromone in C. albicans (Lan et al. 2002; Newport et al. 

2003) and an M Fa2  gene in C. glabrata  (Wong et al. 2003; Chapter 3). More recently, 

MTL  alleles in the two species, corresponding to MATa  and MATa  in S. cerevisiae, have 

been characterised (personal communication). In addition, they both undergo 

phenotypic switching (Lachke et al. 2000; Lachke et al. 2002; M iller and Johnson 2002). 

Given that C. albicans represents the better studied species, it may be just a matter of
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lime before a parasexual cycle, similar to that found in C. albicans (Bennett and 

Johnson 2003), will be demonstrated in C. glabrata under the right conditions. The 

maintenance of cryptic sexual cycles in the two independent lineages raises important 

issues regarding the evolutionary advantages of sexual reproduction.

5.3 The DAL gene cluster

The DAL gene cluster represents a dramatic example of gene order re-shuffling that is 

selectively advantageous, akin to positive selection but at the genomic scale (Chapter 4). 

While the mechanism by which the genes clustered remains unclear, it is difficult to 

explain their preservation without invoking the co-regulation model (see Chapter 1.6.1). 

In the eukaryotic nucleus where the genetic material is highly packaged, chromatin 

structure represents an inherent gene regulatory system. S. cerevisiae appears to have 

adopted this to quickly modulate gene expression in response to stress, such as the lack 

of a suitable nitrogen source, in which case the DAL genes are turned on in the presence 

of allantoin. Similar control systems are likely to emerge as the complex higher order 

structures of chromosomes are elucidated. It will be interesting to determine whether 

other fungal gene clusters, e.g. the nitrate reductase cluster in Hansenula polymorpha 

(Siverio 2002), were assembled in a similar dramatic manner.
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