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THESIS OUTLINE

This PhD thesis focusses on the use of phylogenomics to elucidate the evolution
of fungal species. Here I outline the different parts that can be found in this
volume.

The introductory part of the thesis is formed by Chapter 1 and Chapter
2. In Chapter 1, an overview of the current knowledge on fungi is displayed
with an emphasis on fungal evolution. The second chapter focuses on the main
phylogenomic methods that have been applied throughout the present thesis.
These two chapters are not essential for the understanding of the thesis but will
provide sufficient background information for readers that are not familiar with
some of the topics treated in this thesis.

Chapter 3 and Chapter 4 are focused on the analysis of species trees.
Chapter 3 presents an analysis about the robustness of the fungal species tree.
This analysis is based on the use of extended phylogenetic methods to identify
nodes in the fungal species tree that are in conflict with gene trees and that
can therefore be source of errors in posterior analyses. The yeast phylome was
used as the source of gene trees for this comparison. In addition, a comparison
between two phylogeny-based orthology prediction methods (tree reconciliation
and species overlap) is presented in this chapter. In Chapter 4, treeKO will
be presented. TreeKO is a tree comparison program that, contrary to existing
software, has been specifically designed for the comparison of multi-gene trees,
and is therefore able to deal with pairs of trees that have different species content
and that contain multiple duplications.

Chapter 5 and Chapter 6 deal with two phylogenomic analyses concerning
fungal species. Chapter 5 presents a high throughput search for inter-kingdom
horizontal gene transfer events in 60 fully sequenced fungal genomes. We were
able to identify more than 235 cases of horizontal gene transfer events, involving
more than 700 genes, from prokaryotes to eukaryotes using an automatic
pipeline. Additionally we observed that these events were unevenly distributed
through the different fungal groups. Chapter 6 focuses on the evolution of
the oxidative phosphorylation pathway in fungi. The analysis identified many
duplications that occurred during the evolution of this metabolic pathway in
fungi. Both chapters focus on events that may influence the gene tree topology



UNIVERSITAT ROVIRA I VIRGILI

FUNGAL PHYLOGENOMICS. A GLOBAL ANALYSIS OF FUNGAL GENOMES AND THEIR EVOLUTION
Marina Marcet Houben

ISBN: 978-84-693-6431-4/DL:T-1633-2010

2 Outline

and render it different from the species tree.

Chapter 7 is dedicated to the work done within the FunPath Consortium.
The FunPath is european consortium created to elucidate the virulence mech-
anisms of the human fungal pathogen, Candida glabrata. The chapter also
contains some of the work done in collaboration with Christophe d’Enfert’s lab,
which is part of the FunPath consortium, and will deal with the application of tree
reconstruction methods using SNPs detected in several newly sequenced strains
of Candida albicans.

The last chapter, Chapter 8, provides a summarizing discussion of the main
points treated during this thesis.
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CHAPTER 1
THE FUNGI: OVERVIEW OF AN ESSENTIALLY
UNEXPLORED KINGDOM.

Introduction

Fungi is one of the eukaryotic groups with the highest number of fully sequenced
genomes. This kingdom comprises a large diversity of species, including
mushrooms, yeasts, molds, rusts, smuts, puffballs, truffles, morsels and other
less well-known organisms. The exact number of fungal species is unknown but
estimates set this value around 1.5 million (Hawksworth, 1991) being 700.000
a conservative, lower estimate (Schmit and Mueller, 2007). Currently, only
70,000 species have been described, thus representing a mere 5-10% of the
total diversity (Mueller and Schmit, 2007). While fossil records are scarce, data
suggests that fungi already existed around 400 to 500 million years ago, though
their exact origins may be more ancestral (Taylor and Berbee, 2006).

Fungi are ubiquitous and are able to colonize a broad diversity of habitats, in-
cluding extreme environments such as deserts and deep sea sediments. Although
a higher diversity of fungal species is found in tropical regions, the optimal
growth conditions tend to vary across different species making fungi adaptable to
numerous environments. As seen in figure 1.1, fungal species can adopt multiple
morphologies.

One of the main roles performed by fungi within their ecosystems is that of
decomposers of organic matter, thus being an important part of the carbon cycle.
Fungi decompose biopolymers in order to absorb their constituents as nutrients.
They usually live on their own food source and are able to grow into new sources
when their first location becomes insufficient. When a food source is depleted,
sporulation is triggered.

Many fungi display both sexual and asexual reproductive mechanisms. In
sexual reproduction, sex determination is controlled by a small genomic region.
In these regions specific gene combinations account for different mating types
(Fraser and Heitman, 2003). Despite initial thoughts that the use of mating-
type loci was limited to Ascomycota and Basidiomycota, recent studies have
identified homologous regions to these loci in Zygomycota and Microsporidia
(Idnurm et al., 2008; Lee et al., 2009). This supports the hypothesis that sex
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6 Chapter 1

Figure 1.1: Example of fungal species. Images were taken from the Dr. Fungus webpage
(http://www.doctorfungus.org/). The images represent, at the top, from left to right: Aspergillus
favus, Sclerotinia sclerotiorum, Rhizopus oryzae and Neurospora crassa. At the bottom, from left
to right: Agaricus bisporus, Saccharomyces cerevisiae, Candida albicans, Fusarium oxysporum.

genes could have been a trait found in ancient fungi, which subsequently got lost
in some lineages (Idnurm et al., 2008). Fungi can also reproduce asexually. Yeast
species, for instance, preferentially reproduce through budding, and in some
species the sexual cycle has never been observed. For instance, Candida glabrata
possesses all the genes that are known to be involved in sexual reproduction in
yeast (Wong et al., 2003), but only asexual reproduction of this species has been
observed so far.

Fungal species can adopt numerous different life styles. Many of the known
fungi are free-living saprobes, which obtain nutrients and other molecules from
dead or decaying organic material in woods, soils, leafs, dead animals or animal
excrements. Other species are symbionts that live in direct association with
plants, animals or prokaryotes (i.e. lichens, mycorrhizae or endophytes). A large
number of pathogenic species can also be found within the fungi. They possess
different mechanisms that enable them to infect numerous animals and plants.
While not primarily pathogenic, other fungi are able to synthesise secondary
metabolites that can be toxic or carcinogenic, this is the case of aflatoxins
secreted by Aspergillus species. While some fungal species cause important
economical damage due to their pathogenesis of humans and crops, some others
are beneficial and are exploited by biotechnological industries. For instance,
Saccharomyces cerevisiae and Kluyveromyces lactis are used in the food industry
while other species, such as Yarrowia lipolytica, are used in the production of
antibiotics and other chemical compounds.

Some fungal species have been extensively studied and are considered model
organisms. Probably the foremost species in this sense is the baker’s yeast, S.
cerevisiae. Indeed, this yeast is the first eukaryotic species for which a complete
nuclear genome sequence was obtained (Goffeau et al., 1996), and many efforts
are still being done in order to fully comprehend the mechanisms that rule its
biological processes. Other model organisms include the ascomycetes Neu-
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rospora crassa, Aspergillus nidulans and Schizosaccharomyces pombe, as well
as the basidiomycota Ustilago maydis. Results found in these species concerning
genetics, physiological or morphological processes, are often extended to other
fungal organisms, and are also the main source of functional information used
for the annotation of newly sequenced genomes.

Fungal systematics: what do we know?

The advent of the genomic era led to many important discoveries regarding
fungal evolution, which caused a complete revamping of the evolutionary
history of these species. Morphological data was the main basis of taxonomic
classification before the use of DNA and many of its postulates have been
discarded since then. Probably the most relevant change was the discovery that
fungi are more closely related to animals than to plants, to which they had been
traditionally associated. The monophyly of fungi and metazoans within a clade
known as opistokhonta is now strongly supported by both, phylogenetic and
phylogenomic data (Wainright et al., 1993; Bruns et al., 1992; Lang et al., 2002;
Steenkamp et al., 2006). Another important discovery was the fact that the group
of Fungi, as described by morphological data was in fact polyphyletic and that
the similarities in morphological characters found between the different groups
were due to convergent evolution rather than because of a common ancestry. This
led to the division between the “true fungi” and two other groups which included
slime molds and oomycetes. Nowadays, the “true fungi” group holds the rank
of Kingdom within the eukaryotic taxonomy, at the same level of animals and
plants, being a sister group to the former. The phylogenetic position within the
eukaryotes of the remaining two groups derived from the primary fungal group
is not well defined yet, although slime molds are generally considered a sister
branch of opisthokonts, forming a larger group known as unikonta (Keeling et al.,
2005).

The fungal kingdom can be further divided into several groups. Probably
the broadest division is the one that separates fungi into the early diverging
groups and the dikarya. The so called early diverging fungi traditionally included
Zygomycota and Chitridiomycota. Nowadays these two groups are thought to be
polyphyletic. Two new groups were also included with the advent of the genomic
era. Genomic data precipitated the inclusion of Microsporidia into the fungi
(Keeling et al., 2000) and the separation of Glomeromycota from Zygomycota.
The exact positions of these two last groups with respect to the others is still not
clear. Microsporidia tend to adopt a basal position in phylogenetic analysis but
it is unknown whether this results from methodological artifacts caused by their
highly diverging sequences. The exact position of Glomeromycota in reference
to Zygomycota and Dykaria is also still controversial (Redecker and Raab, 2006).
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Dikarya is the fungal subkingdom that contains Ascomycota and Basid-
iomycota, the two best studied fungal groups. These have traditionally been
considered sister groups based on their morphological characteristics (i.e. they
have regularly septate hyphae and a dikaryotic stage in their life cycle),
an association that has also been supported by numerous phylogenetic and
phylogenomic studies (James et al., 2006).

Phylogenomics and the fungal species tree:

Since the start of the genomic era an effort has been made in order to derive
fully resolved phylogenies, including as many of the known species as possible.
Methods for tree concatenation and super-tree construction are nowadays used
in an attempt to elucidate the evolution of a growing number of species (Wolf
et al., 2001; Snel et al., 2005). The fungal kingdom has been the focus of
many phylogenetic studies for several reasons. One of the most important is that
this kingdom is the best sampled eukaryotic group in terms of fully sequenced
genomes. The reason for this can be found in the inherently smaller size of their
genomes and their importance for human health and industry. The large amount
of available sequence data has opened the doors for the use of phylogenomics
to address the reconstruction of the still elusive fungal species tree, or Fungal
Tree of Life. The difficulties in rendering the fungal species tree reside in part
in the lack of knowledge regarding most of the fungal diversity. As mentioned
above, only 5% of the estimated total of fungal species has been described so
far. An even smaller percentage has information on the usual genomic markers
while around 100 genomes have been sequenced, which represents 0,006% of the
estimated number of fungal species. In light of this, any attempt at taxonomic
classification will be tampered with the knowledge that it is limited to, and biased
towards, our current awareness on fungi, and may change as more species are
discovered.

Several species trees have been reconstructed over the last few years
and many changes have been introduced to the previous, morphology based,
taxonomic classification. Some of the largest analyses, in terms of number of
species, include the work of (Lutzoni et al., 2004) and (James et al., 2006). The
first one reconstructed several species trees using different loci. The largest of
these trees, with 558 taxa, is based on two loci (nucSSU and nucLSU rDNA),
whereas the smallest, including 103 species, was built on information provided
by four loci. Representatives for the main known fungal groups were included.
The tree presented by James et al., is based on 6 loci and shows the phylogenetic
relationships between 170 species. This tree, unlike the one presented by Lutzoni
et al., is fully resolved and offers insights into some problematic nodes such as
the position of microsporidia or the lack of monophyly in Chitrids. The use of
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completely sequenced genomes in phylogenetic reconstructions allows for the
use of larger amounts of data from a limited number of species which is often
biased towards Ascomycotina. Even so, several large phylogenies have been
reconstructed using data from fully sequenced genomes (Marcet-Houben and
Gabaldon, 2009; Wang et al., 2009; Fitzpatrick et al., 2006). These trees, while
slightly different in some nodes, mostly support a single topology (see chapter
3).

In Figure 1.2, we present the largest tree that has been reconstructed so
far based on phylogenomics data. The tree represents the evolution of 102
different fungal species. It was built by concatenating 47 wide-spread proteins
that displayed one-to-one orthology relationships and that were present in at
least 90 species. Four outgroups were included: Takifugu rubripes, Pediculus
humanus, Drosophila melanogaster and Phytophtora infestans. The outgroups
were selected by searching for the candidate proteins in a database made of
206 completely sequenced eukaryotes using a Smith-Waterman search (Altschul
et al., 1997), we chose those outgroups that contained hits in most proteins and
minimized the number of duplications.

The resulting tree is similar to the ones published before (Fitzpatrick et al.,
2006; Marcet-Houben and Gabaldén, 2009; Robbertse et al., 2006; Wang et al.,
2009). Microsporidia, represented by four species here, occupy a basal position
in fungi with a long branch that shows how divergent these species are compared
to the other fungal species. Blastocladiomycetes, which was untill recently
considered a Chitrid, does appear as an independent group in our tree, having
diverged before the speciation of Chitrids. Even so, the low number of fully
sequenced species representing these groups makes it difficult to infer any
robust conclusions on their evolution. This is reflected in the many clades that
result from the analysis performed by James et al. James et al. (2006) where
Chitrids, Zygomycota, Blastocladiales and Microsporidia do not present clear
monophyletic separations. We hope that in the future, new genomes will be
sequenced within the early divergent fungi and that the relationships between
them will be clearly elucidated.

There are three main groups recognized in Basidiomycota: Pucciniomy-
cotina, Ustilagomycotina and Agaromycotina, though their exact phylogenetic
classification is still uncertain. The most supported hypothesis places Agaromy-
cotina and Ustilagomycotina as sister groups (Lutzoni et al., 2004; James et al.,
2006; Marcet-Houben and Gabaldén, 2009). In contrast with this hypothesis,
Ustilagomycotina are basal in Basidiomycota in our current tree. While aLRT
support is high for this node, in chapter 3 we show that this position has a low
phylome support and that this lack of support is often translated in difficulties in
establishing unequivocally how a group of species has evolved.

Another debated distribution is that of the four Pezizomycotina groups. It
is well established that Leotiomycetes and Sordariomycetes are sister groups
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Figure 1.2: Fungal species tree containing 102 completely sequenced fungal species and four
outgroups. The tree was obtained by concatenating 47 wide-spread single copy proteins.
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but no consensus has been reached regarding the positions of Eurotiomycetes
and Dothideomycetes. James et al. for instance presented Dothideomycetes
species in a basal position for Pezizomycotina. In a concatenated tree presented
by Fitzpatrick et al. (Fitzpatrick et al., 2006) Eurotiomycetes were basal to
Pezizomycotina while trees reconstructed using the super tree methodology
presented Dothideomycetes and Eurotiomycetes as sister groups. This last
distribution has also been found in other trees (Wang et al., 2009; Marcet-
Houben and Gabaldén, 2009). In our current tree, the first hypothesis, in
which Dothideomycetes is the first diverging group of species, is supported.
In recent years numerous genomes belonging to Dothideomycetes species have
been sequenced, increasing the representation of organisms within this clade
from one to six, this may confer more reliability to the phylogeny represented
in figure 1.2 as it is made with a larger representation of species within the clade
of interest. Even so, sequencing members of other, unrepresented, clades in
Pezizomycotina may offer further resolution to this matter.

Yet another discussed node in the phylogeny of fungi is the relative positions
of C. glabrata and S. castellii. We will address this matter further in chapter
4, but the distribution found in this tree is in line with most other phylogenetic
methods where C. glabrata appears to have diverged from the Saccharomyces
clade before S. castellii, which is in direct contradiction to data inferred from
gene order conservation (Gordon et al., 2009).

Completely sequenced fungi

The early diverging species

Very few species of fungi belonging to the early diverging groups, or lower
fungi, have been sequenced so far. For several years, the only available
genomes have been the microsporidian Encephalitozoon cuniculi, the two
zygomycota Rhizopus oryzae and Phycomyces blakesleeanus and the chitrid,
Batrachochytrium dendrobatidis. Interest in the exact phylogenetic location
of Microsporidia and the project centered on the Origin of Multicellularity
conducted by the Broad Institute (http://www.broadinstitute.org/) have attracted
the attention of the scientific community to this group of species, resulting in a
slow but steady growth in the number of sequenced genomes available.
Microsporidia are obligate, intracellular parasites that affect a wide variety of
animals, ciliates and some apicomplexa. They lack typical mitochondria which
is one of the reasons they were thought to be ancient eukaryotes pre-dating the
mitochondrial endosymbiosis. However, it is now recognized that they possess
highly derived forms of mitochondria (mitosomes), which are the result of
secondary adaptations to anaerobic environments (Gabaldén and Huynen, 2004).
Their adaptation to parasitic life-style has difficulted the elucidation of their
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phylogenetic position. Two studies involving alpha- and beta-tubulins placed
the Microsporidia within the Fungal group (Edlind et al., 1996; Keeling and
Doolittle, 1996). Since then, additional evidence has been found that supports
this relationship (Keeling et al., 2000). The first, and for a long time only,
complete genome available for this group is that of E. cuniculi (Katinka et al.,
2001), an unicellular parasite that infects numeruos animals. Several additional
microsporidian genomes have been published recently (Cornman et al., 2009;
Corradi et al., 2009). The scientific community hopes that the additional
information will finally resolve the exact phylogenetic location of this interesting
group, whether it is within any of the existing fungal groups (Keeling et al., 2000;
James et al., 2006) or as a sister clade to fungi (Tanabe et al., 2005). Currently
in our lab we are undertaking a phylogenomic analysis to address this issue.
The two groups that have traditionally been regarded as early diverging
within the fungal kingdom are the Chitrids and the Zygomycetes. Chitrids have
very characteristic morphological traits. For instance they are mainly aquatic
and possess flagelated zoospores. From an economic standpoint, they are not
very interesting, which results in a lack of financing towards genome projects.
For a long time the only genome sequenced was that of B. dendrobatidis. This
species has gained importance in recent years due to its role in the eradication of
amphibian populations (Pounds et al., 2006). Two other groups are part of the
early diverging fungi. The Glomales, which were traditionally considered part of
the Zygomycota, are now thought to have evolved independently. Currently, they
are considered to be more closely related to dikarya and are given the category
of a new phylum: Glomeromycota, although some doubts remain about this
assignment. Some of the most well known Zygomycota are molds that can be
found in spoiling bread or fruits. The genomes of three species are currently
available. R. oryzae, is the principal causative agent of mucoromycosis, which
is lethal in immunocompromised hosts (Roden et al., 2005; Ma et al., 2009).
Mucor circinelloides, closely related to R. oryzae, has recently been sequenced
due to the interest generated to its use in the biotechnological industry. This
species is able to generate large quantities of lipids that can be easily converted
into biodiesel and may one day replace the use of plant oils for the production
of this compound. In contrast, the interest in P. blakesleeanus is centered on its
ability to respond to environmental stimulus like light, chemicals, touch, gravity
and others. In this sense this species has served as a model organism for the
investigation of genes that regulate responses to stimulus (Idnurm et al., 2006).

Basidiomycota

Basidiomycota comprise nearly 40% of the described fungi. Within this group
we find those species that are able to produce mushrooms (fruiting bodies) as
well as numerous plant symbionts. Mushroom producing fungi are probably
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among the most well known representatives of this kingdom. While the genomic
sequence of the common mushroom, Agaricus bisporus, has only recently
been made available at the Joint Genome Institute (http://www.jgi.doe.gov/),
the sequences of other mushrooms have been available for several years.
For instance, Coprinus cinereus is a saprophytic mushroom with a limited
edible value, but which has been used as a model for sexual reproduction in
Basidiomycota, with the aim of extrapolating the results found in this mushroom
to other, more economically important, species (Kiies, 2000; Kamada, 2002).
On the other hand, Schizophyllum commune, belongs to the same group as the
common mushroom and has been the focus of much research due to its unusual
sexuality pattern, as it contains thousands of different mating types (Fowler et al.,
2001). This species is one of the few known filamentous basidiomycetes that
cause infections in immunocompromised humans. It can also play an important
role in bioremediation by uptaking minerals, for instance uranium and cadmium
(Merten et al., 2004).

The economic importance of Basidiomycota resides not only in the com-
mercialization and consumption of mushrooms, but also in their ability to
produce economically important products. Numerous pathogenic species can
also be found within this group. Cryptococcus neoformans is an opportunistic
pathogen that can cause central nervous system and pulmonary diseases in
inmunocompromised hosts and the yeast Malassezia globosa has been associated
with dandruff and can cause more serious skin problems. In plants, the
Ustilagomycotina, are able to infect some of the most important crops including
corn, barley, wheat and sugarcane (Bakkeren et al., 2008). Ustilago maydis,
the corn smut pathogen, has been used as a model organism for many years in
molecular plant pathogeny research. Moreover, it has been suggested that U.
maydis could be a good model to study animal basic cell processes when baker
yeast is unable to cover them. For example, part of the DNA repair machinery in
animals has no homologs in yeast, but it has been found in U. maydis (Steinberg
and Perez-Martin, 2008; Miinsterkotter and Steinberg, 2007).

Ascomycota

Three monophyletic groups have been described within Ascomycota: Taphri-
nomycotina, Pezizomycotina and Saccharomycotina. Pezizomycotina and Sac-
charomycotina are very well supported sister groups and together they represent
more than 70% of the total number of sequenced species. The phylogenetic
position and monophyly of Taphrinomycotina, is still under discussion (Kuramae
et al., 2006a). The clade was first defined based on the phylogenetic reconstruc-
tion using rRNA (Nishida and Sugiyama, 1993), and ended up grouping a very
diverse set of species, including Schizosaccharomyces and Pneumocystis. The
statistical support of the group was not very high and phylogenies derived from
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more than one gene have been contradictory. Most phylogenomics analyzes
using nuclear proteins place Schizosaccharomyces as basal to Pezizomycotina
and Saccharomycotina. On the other hand, phylogenies using mitochondrial
sequences, tend to group Schizosaccharomyces within the Saccharomycotina.
In a recently published paper, Liu and collaborators (Liu et al, 2009) pro-
vide support for the monophyly of Taphrinomycotina, and place it as basal
to Saccharomycotina and Pezizomycotina. Their analysis of mitochondrial
sequences also showed that the addition of new Taphrinomycotina species to
their trees lowered the support of the grouping of Schizosaccharomyces within
the Saccharomycotina.

Currently four species belonging to this group have been sequenced. The
yeast Schizosaccharomyces pombe has been used for many years as a model
species for the study of cell cycle and cell biology. Schizosaccharomyces
Jjaponicus and Schizosaccharomyces octosporus are two very close relatives of
S. pombe, which were sequenced with the aim of furthering the knowledge
on this model species. On the other hand, Pneumocystis carinii is a pathogen
that is found in the lungs of mammals and can cause serious pneumonia to
inmunocompromised people.

Pezizomycotina is one of the largest groups of fungi both in terms of
described species, more than 32,000, and in terms of the number of completely
sequenced genomes. Nowadays, 76 genomes plus several different strains
for some species have been sequenced. Pezizomycotina are mainly haploid
and filamentous, though some species are known to be dimorphic. They
live in a large diversity of habitats and ecological niches (Spatafora et al.,
2006). The phylogenetic relationship of the classes found within Pezizomycotina
remains unresolved. Only four of these classes have representatives with
fully sequenced species: Leotiomycetes, Sordariomycetes, Eurotiomycetes and
Dothideomycetes. One of the few well established phylogenetic relationships is
the association of Leotiomycetes and Sordariomycetes as sister groups.

The Leotiomycetes is a diverse group from a morphological standpoint,
with great differences in fruiting bodies, which range from the large, brightly
colored one found in Cyttaria to the small, dark dots produced by Lophodermium
(Wang et al., 2006b). One of the main difficulties in classifying the species
within this group is the lack of a clear connection between anamorphs and
teleomorphs. Many fungi are known by their teleomorphic stage but the
anamorph is not known while in some cases the opposite is true (Wang et al.,
2006a). Botrytis cinerea and Sclerotinia scleriotiorum are both fully sequenced
plant pathogens. S. scleriotiorum has a large range of hosts, up to 400, including
many economically important crops, like soybean and pea, or oil seeds, like
canola and sunflower (Hegedus and Rimmer, 2005).

In contrast to Leotiomycetes, its sister group, Sordariomycetes, is one of
the largest classes within the Ascomycota with 3,000 known species and 18
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completely sequenced species. Numerous well known pathogenic species can
be found within this group such as the plant pathogens Magnaporthe grisea
and Fusarium or the human pathogens Chaetomium globosum and Nectria
haematococca. In addition, C. globosum can produce mycotoxins that are lethal
to animals.

Sequencing efforts during the last few years seem to have been centered
around the Dothideomycetes. All the genomes sequenced so far belong to plant
pathogenic species. For instance Stagonospora nodorum infects wheat and other
related cereals (Hane ef al., 2007). Many phylogenetic trees only include this
representative of the Dothideomycetes. The uncertainty present in those trees
has shown that more data is needed in order to fully understand the position of
this group within the Pezizomycotina. More sequences are nowadays available
and yet the uncertainty remains, indicating a need for sequencing species of
the remaining classes of Pezizomycotina instead of increasing the sampling of
already represented groups.

The last group of Pezizomycotina with sequenced species is the Euro-
tiomycetes. Sequencing efforts for this group have been clearly centered
around the Aspergillus species. A total of eight different Aspergillus have
been sequenced, ranging from the human pathogens Aspergillus fumigatus
and Aspergillus flavus to the rarely pathogenic, but economically interesting,
Aspergillus niger and Aspergillus oryzae (Denning et al., 2002) which are used
in industry to produce cytric acid and other proteins or to produce fermented
foods like sake or miso. Also enclosed in this group is the saprobe Aspergillus
nidulans, who has long been one of the model organisms and was thought to
be the only Aspergillus species with a sexual cycle. Recent research has shown
that other Aspergillus species, like A. fumigatus, also can reproduce sexually
(O’Gorman et al., 2009).

The last large group of Ascomycota species is the Saccharomycotina, a
monophyletic group that mostly comprises yeast species. They are usually found
in damp or wet habitats that are rich in organic materials. They are very important
in many biotechnological areas, for instance, the baker’s yeast, S. cerevisiae, is
used in bread, beer and wine making. Numerous pathogens can also be found
within this group, for instance the human pathogen Candida albicans or the plant
pathogen, Ashbya gossypii. Many species have been described as being involved
with arthropods in which the yeasts provide vitamins and enzymes in exchange
of an efficient habitat. S. cerevisiae has been often the focus of numerous studies
because the basic mechanisms of DNA replication, chromosomal recombination,
cell division, gene expression, and metabolism are generally conserved between
yeast and higher eukaryotes (Castrillo and Oliver, 2004).

More than 20 complete genomes are available for this group. The most
divergent species included is Yarrowia lipolytica, which is often used as an
outgroup for studies based on Saccharomyces. Y. lipolytica can be found in lipid-
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rich environments, it is mainly non-pathogenic and it has been used in industry
for the production of citric acid (Casaregola et al., 2000).

In this overview we will divide the remaining species of this group in three
different sub-groups that are often distinguished in literature: the Candida group,
the Kluyveromyces group and the Saccharomyces group. The first one, also
known as CTG group, comprises all the species that are closely related to C.
albicans. The second one includes the three Kluyveromyces species in addition
to A. gossypii and Saccharomyces kluyveri. This group is often also referred to as
the Pre-whole genome duplication group (Pre-WGD) as it is the group of species
that diverged from Saccharomyces just before the whole genome duplication
(WGD) (Wolfe and Shields, 1997). The last group is formed by the species that
underwent a WGD, they are closely related to S. cerevisiae and therefore have
been the focus of numerous studies.

Candida or CTG group: One of the main distinctive features of the Candida
group, is the change in the codification of the CTG codon from leucine to
serine. This change occurred at the base of the group formed by the candidas
and is characteristic for all its members. Candida species are opportunistic
pathogens that can cause important infections in inmunocompromised hosts. C.
albicans is the main causative agent for candidiasis. The effect of antifungals
that specifically target this species has caused an emergence of infections caused
by non-albicans candidas in recent years. One example of this are the infections
produced by C. glabrata, which is much more closely related to S. cerevisiae
than to C. albicans (see chapter 7). Also, some Candidas are rarely observed
as pathogens, but under certain conditions they can be found as the prevalent
strains. For instance, Candida guilliermondii, while not usually found causing
infections, is considered the main cause of fungemia in cancer patients. While
mostly known because of their pathogenesis, some of the species within the
Candida group are non-pathogenic. Debaryomyces hansenii for instance is a
marine yeast that can tolerate high salinity levels. Other non-pathogenic species
within the Candida group are Lodderomyces elongisporus and Pichia stipitis,
which is known for its ability to ferment xylose.

Kluyveromyces group: Probably the two most well studied species within
this group are Ashbya gossypii and Kluyveromyces lactis. The first one is
a plant pathogen while the second one is a saprobe which is often found in
lactic products as it is able to grow on lactose. Little is known about the
ecology of the three other species that conform this group (Kluyveromyces
waltii, Saccharomyces kluyveri and Kluyveromyces thermotolerans) and they
were sequenced mainly due to their proximity to S. cerevisiae. This group
of species has often been used as a reference to compare to Saccharomyces
genomes as they are thought to retain most of the genomic structure the species
had before undergoing the whole genome duplication.

Saccharomyces clade: In nature Saccharomyces species have been found in
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the bark of some trees and in fermenting fruits or other high sugar environments.
They have a high tolerance to alcohol, many of them grow anaerobically and
are able to ferment glucose to alcohol. Due to the importance of S. cerevisiae
as a model species, the genomes of several closely related species have been
sequenced. Probably one of the most interesting species within this group is C.
glabrata which, unlike the others, is an opportunistic human pathogen that can
cause candidiasis in inmunocompromised hosts. The fact that this species is so
closely related to numerous non-pathogenic species, coupled by the differences
observed in the infection mechanism when compared to C. albicans, points to the
fact that C. glabrata developed its pathogenesis independently. One of the main
phylogenetic questions that remains unresolved within this group is the relative
position of C. glabrata and S. castellii (see chapter 4). Phylogenetic analysis
usually shows a poorly supported topology in which C. glabrata was the first
species to diverge from the main Saccharomyces group, but results based on
synteny support that the first species to diverge was S. castellii (Gordon et al.,
2009).

Final remarks

The fungal kingdom presents a high diversity and we have barely started to
discover the many entities that are part of it. Even though current estimates show
that we are only aware of about 5% of the fungi, the many differences that have
already been shown in terms of morphology, ecology and adaptation to different
environments is amazing. The fungal kingdom is, without doubt, one of the
most interesting groups of species that still remain mostly undiscovered. Fungal
species will play a very important role in the genomic era. The conformation
of their genome, with enough simplicity to facilitate its investiagtion but also
with enough complexity to find numerous parallels to more complex organisms,
conforms one of the main attractions for their use in experimental studies. The
current availability of more than 100 completely sequenced genomes has also
opened the doors for comparative genomics studies that will help understand
how these organisms have been able to adapt to so many different environments.
One of the main questions that still remains is which is the exact topology of the
fungal species tree. Hopefully, our growing knowledge will help clarify those
points in the fungal species tree that still remain unresolved.
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CHAPTER 2
A BRIEF INTRODUCTION TO PHYLOGENOMICS

From phylogenetics to phylogenomics

Phylogenetics aims at establishing the evolutionary relationships between or-
ganisms. Since the publication of “The origin of species” (Darwin, 1859),
species evolution has been represented in the form of a hierarchical tree where
extant species are located at the tips of the branches whereas bifurcating
nodes represent their common ancestors. Initially, phylogenies were based
on morphological data, an approach that is highly susceptible to homoplasy
effects. The increasing availability of biological sequences has facilitated
the replacement of morphological characters as the basis for phylogenetic
reconstruction. The first trees based on sequences were built using single
molecular markers such as 16sRNA (Zuckerkandl and Pauling, 1965) but it
was soon obvious that different markers may produce different phylogenies and,
therefore, they were not suitable for establishing the evolutionary relationship
between species. The possibility of combining several different markers to
reconstruct a single species tree is a straightforward solution, which is now
favored with the growing availability of molecular data.

Phylogenomics represents the intersection between the fields of evolution
and genomics (Eisen and Fraser, 2003). Increasingly larger groups of genes
are treated together in an attempt to gain a broader view of the events that
have shaped the evolution of species. This incresing amount of data will
enforce another way of working, with automation being a key factor in any
phylogenomics study. Automatic pipelines have been designed to generate high
quality phylogenetic trees with minimal manual imput. In addition, programs
also need to be designed to automatically process the information present in
phylogenetic trees, since the large amount of data makes manual processing
unfeasible.

Some examples of phylogenomics studies comprise the construction of
species trees using multiple genes (chapter 3), the establishment of orthology and
paralogy relationships between genes (chapter 3) or the use of phylogenetic trees
to establish evolutionary events such as duplications (chapter 6) or horizontal
genes transfers (chapter 5).
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Phylogenetic reconstruction

Phylogenetic pipeline

Often, the basis of phylogenomics studies consists of phylogenetic analysis at
a large scale, both in terms of number of trees and in terms of the number of
species included. In order to cope with the increasing amount of data, pipelines
have been designed that are able to reconstruct large amounts of phylogenetic
trees (Huerta-Cepas et al., 2007; Hubbard et al., 2007; Gabaldén et al., 2008).
A balance between accuracy and speed has to be achieved in order to produce
accurate trees at a reasonable speed. Most phylogenetic pipelines can be divided
into three steps: selection of putative homologous sequences, reconstruction of
a reliable multiple sequence alignment and reconstruction of a phylogenetic tree
that represents the evolutionary relationships of the sequences involved.

The pipeline we have used throughout this thesis was first applied in
the reconstruction of the human phylome (Huerta-Cepas et al., 2007). First
a Smith-Waterman search (Smith and Waterman, 1981) is performed using
an initial protein which will be referred to as seed protein. This search is
performed against a locally installed database that contains either a downloaded
database (for instance from NCBI (http://www.ncbi.nlm.nih.gov/) or Uniprot
(http://www.uniprot.org/)) or a manually created database. The results are then
filtered, and only those hits that have an e-value below a given threshold and
have a long enough continuous aligned region are taken as homologs. In the
second step Muscle v3.6 (Edgar, 2004) is used to make the multiple sequence
alignment. This alignment is trimmed using trimAl (Capella-Gutiérrez et al.,
2009) in order to remove poorly aligned regions. PhyML (Guindon and Gascuel,
2003) is then used to derive the phylogenetic trees. In this pipeline a NJ tree is
first reconstructed using BIONJ (Gascuel, 1997) as implemented in PhyML, then
this tree is used as starting point to reconstruct the maximum likelihood trees.
Up to four different evolutionary models are used (typically JTT, WAG, VT and
Blosum62). The evolutionary model best fitting the data is then determined by
comparing all the likelihoods according to the AIC criterion (Akaike, 1973).

Phylome reconstruction and phylomeDB.

While the described pipeline could be applied to one single protein family it
was specifically designed to reconstruct phylomes. Phylomes are defined as the
complete collection of phylogenetic trees for each gene in a genome (Sicheritz-
Pontén and Andersson, 2001). They can be used for numerous studies including
the prediction of orthology and paralogy relationships (Huerta-Cepas et al.,
2007; Marcet-Houben and Gabaldon, 2009), the tree based inference of function
for newly sequenced genomes (Consortium, 2010) and to search for poorly
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supported nodes in a species tree (Marcet-Houben and Gabaldén, 2009).

The reconstruction of phylomes produces a large amount of data. In
order to make this information available to the whole community, phylomeDB
(www.phylomedb.org) (Huerta-Cepas et al., 2008) was designed in our lab.
PhylomeDB provides users with the opportunity to actively visualize phyloge-
netic trees or to download all the data for more intensive use. PhylomeDB has
several browsing methods which include the search of proteins using Ids and the
possibility to perform a blast search against the proteomes stored in the database.
Several external Ids are covered in the database, easing the access to the data.

While the number of public phylomes is still relatively small (12), the
number of proteomes included in the database is much larger (945). Even though
proteomes not used as seed are not fully covered, many of their proteins can still
be present in other phylogenetic trees. The work performed during this thesis
has contributed to the reconstruction of 7 phylomes (four of Saccharomyces
cerevisiae, one of Candida glabrata, one of Candida albicans and one of
Schistosoma mansoni).

Combining information from various genes to derive a single phy-
logeny

Phylogenetic trees based on a single gene family are useful in many areas.
However, they present the drawback of displaying different topologies depending
on the family used to reconstruct the tree (Castresana, 2007). This situation
is especially problematic when the aim of the analysis is to define a single
phylogeny that represents the evolutionary relationships among a group of
species, the so called species tree. A possible solution to this problem is to
integrate the phylogenetic information from various genes into a single tree
(Altekar et al., 2004). We can distinguish between two kind of approaches.
The first kind comprises those methods that do not use sequence data to infer
the tree but rather are based on genome characteristics such as gene content or
gene order (Snel et al., 2005). The second kind directly uses sequences, either to
create a super alignment (Brown et al., 2001) from which to derive the tree, or
to combine different trees created from individual genes into a single super-tree
(Bininda-Emonds, 2004).

Here we will use the gene concatenation method as it is one of the most cited
in the literature and is considered highly reliable (Delsuc et al., 2005). It must
be noted that comparisons between super-tree approaches and concatenations
have not detected large differences in terms of topologies (Dutilh et al., 2007;
Fitzpatrick et al., 2006). The rationale behind gene concatenation is that genes
in a genome have undergone the same evolutionary history. Therefore, if taken
together, they should be able to amplify the phylogenetic signal they share. In
order to use gene concatenation, each gene should, ideally, be present in single
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copy in all species considered. As a result, the number of genes that can be used
in such analyses decreases as the number of species included grows. To attenuate
this effect, genes absent in a few genomes can be included by introducing gaps
in the missing species and methods to select one gene from few recent paralogs
can be applied.

Major drawbacks of this method include a low number of appropriate genes
when large groups of species are considered. Another concern is related to data
heterogeneity. In this approach all genes are treated together under the same
models, assuming homogeneity in the data, which is known to be untrue (Bull
et al., 1993). Additionally, events such as lineage sorting or horizontal gene
transfers can led to a different evolutionary history for a given gene. This method
is very sensitive to such cases and care should be taken to exclude genes that are
susceptible to have undergone such events (Wolf et al., 2001).

Interpretation of large-scale datasets

Together with the high computational costs associated to large scale phylo-
genetics reconstruction, the biological interpretation of extensive collections
of trees and alignments represents another important challenge in the field of
phylogenomics. Inspection of thousands of phylogenies cannot be addressed
manually and, therefore, automatic methods and algorithms for the interpretation
of phylogenies are necessary. Here we give some examples of studies that can
be undertaken and which have been used throughout the present thesis.

Phylogeny-based orthology prediction

Orthologs are genes that diverged after a speciation event (Fitch, 1970). When
compared to paralogs, which evolved through a duplication event, orthologous
pairs of genes show a higher tendency to perform the same function. This is
the reason why predicting them correctly has become so important (Gabaldén,
2005).

There are many methods that predict whether two genes are orthologous
to each other, most of them based on pair-wise similarities (Koonin, 2005).
However, since the original definition of orthology is an evolutionary one (Fitch,
1970), a prediction based on phylogeny seems to be more appropriate (Gabaldon,
2008). There are two main approaches to derive orthology relationships
from phylogenetic trees, namely reconciliation and species-overlap method.
Reconciliation methods use a species tree as reference (Page and Charleston,
1997). When comparing a gene tree with the species tree, mismatching nodes
are identified and considered to be duplication events which were subsequently
followed by the necessary amount of gene loss to explain the resulting phylogeny.
This approximation will render correct orthology predictions if the assumption
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that the gene and species trees are correct holds. An alternative approach is
the so-called species-overlap method. In this case duplication nodes are only
considered as such when their branches have shared species. While simple, this
method performs well (Huerta-Cepas et al., 2007) and has the advantage that
the only information that is needed from the species phylogeny is the one used
to root the tree. In a comparison between the two methods we showed that the
species overlap algorithm had a higher sensitivity while the positive predictive
value of both methods remained similar (Marcet-Houben and Gabaldén, 2009).

Tree comparison and topological pattern search

Natural questions that may arise when inspecting large datasets of phylogenetic
trees include how similar a group of trees are from each other or which fraction of
trees provide support for a specific topology. There is a large variety of programs
and metrics that are able to compare two trees. Perhaps the quartet (Estabrook
et al., 1985) and Robinson and Foulds (Robinson and Foulds, 1981) distances
are the most commonly used. The quartet distance counts the number of sub-
trees formed by four leaves that differ between two trees, whereas Robinson
and Foulds distance is based directly on the edge structure of the trees and
their induced bipartitions. While usually distance methods are centered around
the topological comparison of trees, some programs also include information
regarding branch lengths (Soria-Carrasco et al., 2007). Their drawback is that
they usually can not be directly applied on trees with different evolutionary rates.
A serious problem involving the comparison of trees is that most algorithms are
limited to trees with the same taxa. This situation is unrealistic as events such as
gene loss or duplication often produce relationships between genes of different
species that are not one-to-one. The straightforward solution to deal with the
different amount of taxa in two trees is to prune the two trees until they contain
the same amount of taxa. Then distances are corrected to take this deletion
into account. The matter of duplications is slightly more complicated. In the
Topd/FMTs (Puigbo et al., 2007) method they address the problem by randomly
deleting duplicated genes and comparing all the resulting trees with each other.
While mathematically sound, the method does not account for orthology and
paralogy relationships when prunning the tree (i.e. the prunned tree may contain
a mixture of orthologous and paralogous genes) and by randomly choosing the
sequences to delete it risks comparing multiple different trees even if the initial
trees are identical. A clear example of this problem occurs when comparing a
tree with several duplications with itself. The expected distance would be 0,
but due to the randomness of the prunning step, the distance can often reach
near random values (unpublished observations). In chapter 4 we present our
algorithm of tree comparison (treeKo, http://treeko.cgenomics.org), which was
designed with this specific problem in mind.
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Related to the problem of comparing two trees is the need to develop
algorithms that identify specific topological patterns within the trees. Patterns
can go from the simplest case scenario in which we want to retrieve those trees in
which one species is grouped specifically with another, without any other species
between them, to much more complicated patterns that can even have duplication
events involved. Some groups have implemented algorithms to search for
specific topological patterns (Esser et al., 2004; Gabaldén and Huynen, 2003)
that are based on the examination of all the possible tree partitions. Dufayard
and colleagues (Dufayard et al., 2005; Gouret et al., 2009) have implemented a
similar algorithm that allows the user to define specific scenarios with the help
of a graphical interface.

Transference of function to newly annotated proteins

The genomics era has brought about a large amount of sequence data that needs
to be processed. Even with high-throughput experiments, thousands of coding
sequences remain without an experimental validation. Even in model species,
such as Escherichia coli and Saccharomyces cerevisiae, on which scientists have
focused their efforts for decades, the function of many proteins still remains
unknown or is poorly defined (Hu et al, 2009; Pena-Castillo and Hughes,
2007). One way to overcome this lack of experimental information regarding the
functionality of newly sequenced proteins is by using computational means to
predict the putative function of a protein based on previous knowledge obtained
in other species. Similarity between sequences, as predicted by best blast hits,
was at first used to automatically transfer annotations from one protein of a
species to another. While this method has been used extensively, it is full of
potential pitfalls. Relationships between proteins of different species are not
necessarily one to one, due to duplication events. The consequence is that if
we transfer the function of a protein based only on similarity we may end up
transferring the function of a paralogous protein. Another danger is the fact
that a relationship of homology (or orthology) between two proteins does not
necessarily mean they will have the same function at all levels. For instance
there are large variations of substrate affinities within families of transporters or
metabolic enzimes.

The use of phylogenies in order to transfer functional annotations is ben-
eficial twofold. On one hand it clearly depicts the evolutionary relationship
between proteins, easily differentiating between paralogs and orthologs. It also
allows the identification of proteins that have several co-orthologs, which will
immediately imply that the annotation can not be trusted without further analysis.
On the other hand, it will allow the transference of functions not only from one
species to another, but rather of all the species in the tree that have an annotation.
This can either raise our confidence in the prediction, when all the annotations
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agree on the same function, or it can reveal when a protein changed its function
over time. If we expand this to encompass a whole phylome, we will possess
a useful tool which will help in the annotation of a newly sequenced genome.
This methodology has already been successfully used in the annotation of the
pea aphid genome (Consortium, 2010; Huerta-Cepas et al., 2010b), which has
been the first newly sequenced genome to be functionally annotated with a
phylogeny based strategy, and the Schistosoma mansoni genome (unpublished
data). Moreover we have used it in the functional analyses of C. glabrata
genome, performed within the context of the FunPath consortium (see chapter
7.

Final remarks

Phylogenomics can be used for multiple purposes. The elucidation of the
evolutionary relationship of a group of species, the transference of function from
one protein to another, the detection of evolutionary important events, they are
all based on the construction of one or, more often, numerous phylogenetic trees.
The increase in the number of phylogenies used in a given analysis has led to
the necessary automation of the whole process of tree reconstruction (Gabaldén
et al., 2008). A balance between speed and accuracy has been necessary in
order to ensure the viability of the data used in further analysis. There exist
different ways in which to deal with the data produced by phylogenies. Due
to the size of the datasets involved, manual exploration is often put aside in
favor of an automatic approach. Several applications of phylogenomics are
comprised within this volume. Each chapter will involve a study in which
phylogenomics tools are applied to a group of fungal species in order to solve
different biologicaly relevant questions.
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AIMS

I Reconstruct a fungal species tree that reflects the evolution of all com-
pletely sequenced fungal species.

I Asses, on a genome-wide basis, the robustness and congruence of each
node in the fungal species tree.

I Develop novel tools that enable truly genome-wide scales in the compari-
son of gene trees and species trees.

I Assess the extend of some evolutionary mechanisms that may cause
topological variation in fungal gene trees (i.e. gene loss, gene duplication,
horizontal gene transfer).
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CHAPTER 3

THE TREE VERSUS THE FOREST: THE FUNGAL TREE
OF LIFE AND THE TOPOLOGICAL DIVERSITY WITHIN
THE YEAST PHYLOME

Marcet-Houben, M. and Gabaldon, T. (2009). The tree versus the forest: the fungal tree of life
and the topological diversity within the yeast phylome. PLoS One, 4(2), e4357.

Introduction

The advent of the genome era and the availability of a growing number of
fully-sequenced genomes have changed the way in which biologists study the
evolutionary relationships among groups of organisms. For instance, the use of
phylogenetics in the context of whole genomes, a field known as phylogenomics
(Eisen, 1998), allows for the combination of evolutionary signals from various
genes into a single tree. It has long been observed that phylogenetic trees
built from different genes may provide conflicting topologies. Thus, the use of
multiple gene approaches is a way to average out these discrepancies in order
to provide a single topology that is expected to reflect the true evolutionary
relationships more accurately. In recent years, the use of multi-gene approaches,
and especially gene concatenation, is becoming the method of choice in most
studies aiming to elucidate the evolutionary relationships among a group of
species (Delsuc et al., 2005). Such approaches are, however, not free from
criticism. For instance, it has been argued that they use the information derived
from a small fraction of the genes in a genome and, therefore, cannot represent
the actual diversity of evolutionary histories within a genome (Dagan and Martin,
2006). Indeed, initial genome-wide phylogenetic studies have shown that the
topological diversity encountered across a genome is high (Huerta-Cepas et al.,
2007; Rasmussen and Kellis, 2007). Besides questioning the validity of species
trees, these findings have raised doubts regarding the possible sources for the
high topological variability and the implications for large-scale phylogenetic
inferences such as the prediction of orthology relationships.

Here we address the question of whether species trees constructed with
standard alignment concatenation approaches do fairly represent the topologies
that can be found in gene phylogenies across a genome. Conversely, we test
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whether the topological information found across all genes in a genome can
be used to identify conflicting nodes and provide alternative reliability values
in species trees. We test these ideas by using molecular data from fungal
genomes, the group of eukaryotic organisms that is best sampled in terms
of fully sequenced genomes (Galagan et al., 2005). Currently, more than
60 fungal species have been sequenced, including many human pathogens as
well as other species of industrial or agricultural interest. This has facilitated
that the evolutionary relationships among fungi have been addressed by means
of phylogenomic methods, being gene concatenation the most widely used
(Kuramae et al., 2006b; Fitzpatrick et al., 2006; Robbertse et al., 2006). To
assess the extent of congruence between trees based on concatenated alignments
and individual phylogenies, we compare the topology of phylogenies of genes
encoded in the yeast genome with fungal species trees reconstructed from the
concatenated alignments of widespread proteins present across different sets of
fungal species. Our results show that, despite the large topological diversity
of the yeast phylome, most nodes in the species tree do represent genome-
wide supported evolutionary relationships. Some conflicting nodes, however,
concentrate most of the topological variations found between gene and species
trees. We propose to incorporate such information in the tree of life in the form
of genome-wide levels of topological support, thereby identifying conflicting
nodes. Finally, some of the possible causes for the existing topological diversity
within a genome and its implications for orthology prediction are discussed.

Materials and Methods

Sequence data

Proteins encoded in 60 fully-sequenced fungal genomes were downloaded from
several databases (see table 3.1). Additionally, genomes from Homo sapiens
and Arabidopsis thaliana were downloaded from ensembl. The final database
comprises 626,834 unique protein sequences.

Yeast phylome reconstruction

We used the pipeline described in (Huerta-Cepas et al., 2008). In contrast to
family-based methods in which first sequences are clustered into groups based
on pair-wise comparisons, for instance using MCL clustering, the phylome
approach uses one genome as a seed to find putative homologs, just as a
phylogeneticist would do to reconstruct the evolution of a protein of interest.
This approach maximizes the coverage over the seed genome and being indepen-
dent of the parameters of the clustering algorithm (Huerta-Cepas et al., 2007).
For each Saccharomyces cerevisiae “seed” protein a Smith-Waterman (Smith
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Code Orgensmrame Source Proteins
Sce Saccharonmyces cerevisiae SGD 5811 (86%) | 5804 (100%)
Spa Saccheromyces paradox.s Fungdl Genomes 5356 (95%) | 539 (93%)
Saccheromyces sensu stricto Smi Saccharomyces rikatee Fungel Genomes 5136 (90%) | 5263 (91%)
Sku Saccharomyces kudriavzevii Fungd Gerones 5027 (83%) | 5114 (88%)
Sha Saccheromyces bayans SGD 5382 (91%) | 5464 (94%)
Sca Saccheromyces castellii YGOB 5253 (92%) | 5165 (89%)
Cg Candida gabrata Gerolevures 4866 (93%) | 5032 (87%)
Kpo K luyveromyces polyspons YGOB 5004 (91%) | 5129 (88%)
Saccharomyces conplex Ap Ashbya gossypii NCBI 4314 (91%) | 4815 (83%)
Kla Kluyveromyces lactis NCBI 4542 (85%) | 5030 (87%)
Kwa K lupveromyces waltii YGOB 4482 (85%) | 4986 (86%)
Skl Saccheromyces kiuyveri Funcl Gerones 4267 (74%) | 4736 (82%)
cd Candida abicars Candida Gerorre Database | 4063 (66%) | 4291 (74%)
Cdu Candida dubliniensis Fungal Gerores 3952 (59%) | 4165 (72%)
Ctr Candida tropicalis Broad | retitute 4089 (65%) | 4185 (72%)
Corticaclster Lel L odderomyces dongispons Broad I rettute 3788 (65%) | 4082 (70%)
Pst Pichia stipitis JGI 4162 (71%) | 4277 (74%)
Dha Debaryonyces herserii Integ8 4132 (65%) | 4323 (74%)
Cau Candida guilliemrondii Broad I rstitute 4045 (68%) | 4202 (72%)
Clu Candida lusitaniae Broad | retitute 3831 (64%) | 4180 (72%)
Dipodascacese i Y arowia lipolytica Integ8 3882 (59%)
Leoi Bd Botrytis cinerea Broad | retitute: 3503 (21%) | 3625 (62%)
Ssc Sclerotinia sclerotiorum Broad | rstitute 3554 (24%) | 3762 (65%)
Mg Magreporthe grisea Broad I retitute 3566 (27%) | 3680 (63%)
Nar Neurospora crassa Broad I retitute 3392 (31%) | 3708 (64%)
Cop Cheetorriumgobosum Broad I rstitute 3207 (28%) | 3458 (60%)
Pan Podospora arserina Fungal Gerones 3525 (27%) | 3637 (63%)
Sodarionmycetes Tre Trichodena reesel JGl 3663 (40%) | 3799 (65%)
Gze Fusariumgramineannm Ineg8 3905 (33%) | 3755 (65%)
Fox Fusariumoxysporum Broad | rstitute 4375 (24%) | 3780 (65%)
Fve Fusariumverticillioides Broad I rstitute 3965 (27%) | 3736 (64%)
Nha Nectria haermatococca JGI 4671 (29%) | 3802 (66%)
. Sno Stagonospora nodorum Broad | retitute 3883 (23%) | 3783 (65%)
Dotrideomycetes Mfi Mycospteerela fijersis JGI 3472(33%) | 3606 (62%)
Hea Histoplasima capsdatum Broad Institute 2993 (32%) | 3415 (55%)
Cim Coccidioides imitis Broad I rstitute 3361 (32%) | 3680 (63%)
Ure Uncinocarpus reesii Broad I retitute 3159 (40%) | 3491 (60%)
Ad Asperglius dlavetLs TIGR 3873 (42%) | 3855 (66%)
Afu Aspergiius furrigetus Broad Iretitute 3907 (40%) | 3837 (66%)
Eurotiomycetes Nfi Neosartorya fischeri TIGR 4063 (39%) | 3845 (66%)
Ani Asperglius riduars NCBI 3629 (38%) | 3729 (64%) &
Ang Asperglius niger Broad I retitute 4157 (29%) | 3809 (66%)
Aor Asperglius oryzae Integ8 4090 (33%) | 3653 (63%)
Afl Asperglis flavs Broad I rstitute 4144 (32%) | 3770 (65%)
Ate Aspergis teres Broad Irstitute 3865 (37%) | 3710 (64%)
So ‘Schizosaccheromyces porbe Irteg 8 3212 (64%) | 3442 (59%) |
Taphrinomycotina Sja Schizosaccheromyces japonics Broad I retitute 3076 (59%) | 3287 (57%)
Pca Preuocystis carinii Fungel Genones 814 (20%) | 965 (17%)
Cd Coprinus cinereus Broad I rstitute 3210(23%) | 3310(57%)
Cre CryptococaLs necformans Integ 8 3130 (47%) | 3366 (58%) &
Lbi Laccaria bicolor JGlI 3779 (18%) | 3350 (58%)
. Ppl Postia placenta JGI 4952 (28%) | 3291 (57%)
Basiciomycota Pch Phenerocheete chrysosporium jGl 3041 (32%) | 3216 (55%)
Py Puccinia grainis Broad | retitute 2966 (14%) | 2956 (51%)
Sro Sporobolonyces rosets JGI 2713 (49%) | 3024 (52%)
Una Ustilago maydis Broad I rstitute 2858 (43%) | 3287 (57%)
2 Ror Rhizopus oryzee Broad I rstitute 4782 (27%) | 3193 (55%)
Yoy Pbl Phycomyces blakeslesans JGI 4482 (30%) | 3386 (58%)
Chitridiomycota Bde Batrachochytriumdendrobatiis Broad | rstitute 2774 (31%) | 2842 (49%)
Microsporidia Ecu Encephalitozoon cuniculi Intey8 698 (36%) | 920 (16%)

Table 3.1: Species included in the 60-species phylomes and their genomic coverage.
For each species, “proteins included” column indicates the number of proteins
present in trees of the yeast phylome and the percentage they represent; “trees”
column indicates the number of trees in the phylome with proteins from that
species (and the percentage from the phylome it represents). “Source” indicates
the database from which the protein data for that species was retrieved. The
last four columns indicate if this species was considered in each of the indicated
species trees (shadowed boxes). Sources included are: JGI (http://www.jgi.doe.gov),
Broad Institute (http://www.broad.mit.edu), YGOB (http://wolfe.gen.tcd.ie/ygob/),
SGD (www.yeastgenome.org), Fungal genomes (http://fungalgenomes.org),
Genolevures (http://cbi.labri.fr/genolevures/), integr8 (http://www.ebi.ac.uk/integr8),
Candida genome database (http://www.candidagenome.org), NCBI
(http://www.ncbi.nlm.nih.gov).
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and Waterman, 1981) search was used to retrieve, from the abovementioned
database, a set of proteins with a significant similarity (E-val<10-3). Only
sequences that aligned with a continuous region representing more than 33%
of the query sequence were selected. These sequences are considered putative
homologs and are aligned with MUSCLE 3.6 (Edgar, 2004). Positions in
the alignment with gaps in more than 10% of the sequences were trimmed
as described in (Huerta-Cepas et al., 2007). Neighbour Joining trees were
derived using scoredist distances as implemented in BioNJ (Gascuel, 1997).
PhyML aLRT version (Guindon and Gascuel, 2003; Anisimova and Gascuel,
2006) was used in to derive Maximum Likelihood (ML) trees. Four different
evolutionary models were used for each seed sequence (JTT, WAG, Blosum62
and VT). In all cases, a discrete gamma-distribution model with four rate
categories plus invariant positions was used, estimating the gamma parameter
and the fraction of invariant positions from the data. The evolutionary model
best fitting the data was determined by comparing the likelihood of the used
models according to the AIC criterion (Akaike, 1973). The resulting 22,352
alignments and 111,760 phylogenetic trees for the four different generated
phylomes can be publicly accessed in phylomeDB (Huerta-Cepas et al., 2008)
(http://www.phylomedb.org).

Reconstruction of the fungal trees of life

To reconstruct the T60 fungal species tree we proceeded as follows. Based on the
orthology relationships derived from the yeast phylome (see below), we selected
69 proteins that were present in at least 58 of the 60 fungal organisms and show
one-to-one orthology relationships in these species. The alignments of these
proteins were concatenated into a single alignment, which was then trimmed to
remove positions with gaps in more than 50% of the organisms. The resulting
alignment comprises 31,123 amino acid positions. The tree was constructed
using a Maximum Likelihood approach as implemented in the PhyML program
(Guindon and Gascuel, 2003), using a discrete gamma-distribution model with
four rate categories plus invariant positions. The gamma parameter and the
fraction of invariant positions were estimated from the data. The evolutionary
model used for the analysis was WAG, as it was the model best fitting 61 of the
69 individual alignments.

The same procedure was also applied for the T21, T12a and T12b trees.
Also using WAG as a model. In all cases the alignments were trimmed to
eliminate columns with gaps in more than 50% of the positions. T21 is derived
from a concatenation of 1,137 protein families present in all 21 species. The
final alignment included 28,3974 amino acid sites. T60 and T21 showed
similar topologies with only the relative clustering of Debaryomyces hansenii
and Candida guillermondii differing between the two trees. T12a included
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2,007 proteins present in all species and 580,514 positions. And, finally T12b
comprised 217 widespread proteins and 95,528 positions. Support values were
computed by bootstrap analysis of 100 replicates, unless indicated otherwise.
The topologies in these two trees are fully compatible to that of T60.

Simulations of sequence evolution

We used Rose (Stoye et al., 1998) to generate simulated sequences from 50 yeast
proteins that were chosen randomly among the ones used in the construction
of T21. The simulations included insertions and deletions with a probability
of 0.03. The other parameters for the simulation were the ones described in
(Talavera and Castresana, 2007). We also used the same strategy to infer the
patterns of rate heterogeneity of the seed proteins. In short, we used TreePuzzle
(Schmidt et al., 2002) assuming a 16 rate gamma distribution and for each
position in the alignment we took the category and associated relative rate
that contributed the most to the likelihood. These rates of heterogeneity were
used by rose to model the evolution of the seed sequences along the T60 tree.
The resulting simulated sequences were used to create a maximum likelihood
tree using the WAG evolutionary model. Additionally, a species tree from the
concatenated alignments was also reconstructed.

Inference of duplication and speciation events and benchmark of
orthology assignments

We used two alternative phylogeny-based methods to derive orthology relation-
ships on the 60-species phylome. First, we used a previously described species-
overlap algorithm (Huerta-Cepas et al., 2007) to map duplication and speciation
events on the trees. In short, the algorithm starts at the seed protein used to
generate the tree and runs through the internal nodes of the tree until it reaches
the root. Trees were rooted at the midpoint. At each node, two daughter tree
partitions are defined. If the two partitions share any species, the node is defined
as a duplication node. Otherwise the node is defined as a speciation node. Once
all the nodes have been classified, the algorithm establishes the orthologous and
paralogous relationships between the seed protein and the rest of the proteins
included in the tree.

Next, a strict tree-reconciliation algorithm was used (Zmasek and Eddy,
2001). In this case, every tree of the phylome is compared to the topology in
the species tree by comparing the specific sets of species contained by all tree
splits. The strict reconciliation algorithm maps the gene tree to the species tree
and any incongruence is explained in terms of the minimal set of duplication and
gene-loss events necessary to derive the observed gene tree topology from the
one proposed in the species tree. These inferred duplication events are marked
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Figure 3.1: Explanation on how the topology scanning algorithm works in different
situations. Figure 3.1a shows a tree that is congruent with the species tree despite the
loss of two species. Figure 3.1b shows a tree that is not congruent with the species
tree due to the rearrangement of two of its branches. Since no species overlap exists
we do not consider this node as a duplication node as there is no evidence for such
an assumption. Figure 3.1c represents a congruent tree with a duplication node as
predicted by the species overlap algorithm.

on the tree and orthology and paralogy relations are derived accordingly.

The orthology predictions derived from the phylome with the two strategies
explained above, were compared to those made in the YGOB database (Byrne
and Wolfe, 2006). We used this reference set to compute the number of true
positives (TP), false positives (FP) and false negatives (FN) yielded by our
method. For each method the sensitivity, S = TP/(TP+FN), and the positive
predictive value, P = TP/(TP+FP) were computed.

Topology scanning algorithm

The strategy used here to search for specific topologies within the phylome is
based on an algorithm described earlier (Gabaldén and Huynen, 2003). Perl
scripts were written to implement this tree scanning algorithm to the specific
scenarios considered here. In brief (see figure 3.1 for more details), the algorithm
proceeds sequentially throughout all internal edges of the tree, starting from each
of the external nodes of the tree and proceed towards the root. Trees were rooted
at the most distantly related species present in the tree, according to the topology
in T60.

At each internal node, two daughter partitions are generated and the species
present in each such partition are tracked. The specific order in which the
species appear in the tree can then be compared to specific scenarios. This
algorithm was used to compare all the trees in a given phylome with the topology
of the corresponding species tree. The algorithm considers only topological
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relationships among orthologous sequences. The phylome tree was considered
to have a topology not compatible to that of the species tree if it contained
a single species arrangement not found in the species tree and which could
not be explained by gene loss events. Duplications found in the gene tree
were always considered compatible and we only focused on the specific species
arrangement within each partition resulting from the duplication. Proceeding in
such way, we assure that only topological arrangements between orthologous
genes are considered (duplications define paralogous relationships). Note
that, since duplications may originate one-to-many or many-to-many orthology
relationships it might be the case that the relationship with one co-ortholog
is supporting the species tree topology while that with the other co-ortholog
is rejecting it. Since we evaluate “full compatibility”, these trees were not
considered compatible.

Phylome support values

We define the “phylome support value” for a node as the percentage of trees in a
phylome that present exactly the same topological arrangement of the partitions
defined by its two daughter nodes. As indicated in figure 3.2B, the two daughter
nodes can define three (A,B,C) or four partitions (A,B,C,D) that might display
three or fifteen alternative topologies, respectively. To compute the phylome
support value we used the topology-scanning algorithm described above.

In this case, for any specific arrangement of three or four groups (see figure
3.2B) of species defined by a given node of the species trees we search for
compatible partitions in all the trees in the phylome. Trees that did not have
at least one species from each of the groups involved in the topology were not
considered, because they do not provide information on that topology. That is,
if the support for the topology ((A,B)C) is evaluated, we can only consider trees
that contain at least one sequence from each of the three groups. Note that,
in contrast to bootstrap supports that are only informative on the support for a
single partition, the “phylome support value” takes into consideration the specific
arrangement between several partitions and it is thus more informative.

Results and Discussion

Growing the fungal species tree

Recently, several groups have proposed fungal species trees based on the
concatenated alignment of proteins selected from fully-sequenced genomes
(Kuramae et al., 2006b; Fitzpatrick et al., 2006; Robbertse et al., 2006; Kuramae
et al., 2007; Cornell et al., 2007). The various studies considered different
sets of species but used a similar method to select genes that were single-
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copy and widespread in their respective sets. A natural consequence of this
methodology is that the number of genes considered in the phylogenetic analysis
diminishes as the number of genomes included grows. In this way, the
study of Robbertse et al (Robbertse et al., 2006), limited to 17 ascomycota
species, comprised 781 protein sequences (195,664 positions) in the alignment,
whereas those of Kuramae et al (Kuramae et al., 2006b) and Fitzpatrick et al
(Fitzpatrick et al., 2006), included, respectively, 531 genes (67,101 positions) for
24 species and 153 genes (38,000 positions) for 42 species. Remarkably, all these
phylogenies are largely similar, at least for the set of species that they all have in
common. Exceptions to this overall agreement include the phylogenetic position
of Stagonospora nodorum, the relative branching order of Candida glabrata and
Saccharomyces castellii, and some relative positions within the Candida genus.

We used a similar approach to reconstruct a broader fungal species tree
including 60 fungi with completely-sequenced genomes (see table 3.1). To
achieve this, we built a concatenated alignment of 69 widespread proteins that
were present in at least 58 of the 60 species used and displayed one to one
orthology relationships (see Material and Methods). The removal of positions
with gaps in more than 50% of the sequences resulted in a trimmed alignment
of 31,123 amino acid positions, which was subsequently used for Maximum
Likelihood (ML) pylogenetic reconstruction, using a 4-rates gamma distribution
model. Figure 3.2 shows the resulting tree, which is fairly congruent with
previous fungal species trees.

Additionally, and to investigate the possible effects that the taxonomic
sampling and the number of sequences involved may have in the final topology,
we reconstructed three more species trees based on different sets of species.
First, a well-sampled tree focusing on the 21 species from the Saccharomycotina
group was built from a concatenated alignment of 1,137 widespread proteins.
Next, another tree was built from the concatenation of 2007 proteins from the 12
species that belong to the Saccharomyces genus. Finally, a tree with the same
number of species but each one sampled from the main fungal clades, was built
using 217 concatenated alignments (see Material and Methods). We will refer to
these fungal species trees as T60, T21, T12a and T12b, respectively. No major
differences were encountered in terms of the relative topologies for the species
they have in common between the different trees, see figure 3.3.

One tree fits all? : pattern pluralism within the yeast phylome

Many authors interpret the high level of similarity among different species
trees as an indication that the proposed phylogeny reflects the real evolutionary
relationships of the species included. A question that remains under discussion,
however, is how well this tree represents the topological diversity encountered
among trees from all the genes encoded in a genome. To evaluate this, we
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Figure 3.2: a Phylogenetic tree representing the evolutionary relationships among the 60 fungal species considered in the

study. The first number on each node indicates the phylome support for that node. An asterisk next to this number indicates that

the topology obtained by the species tree is not the most common among the trees in the phylome. Whenever there is a second

number (in bold), this indicates a bootstrap support lower than 100. Branches with dashed lines indicate evolutionary relationships

that are supported by less than 50% of the trees in the phylome. B) Schematic representation of the two types of support values

for the different nodes in the tree. C) Correlation between the fungal species tree topologies recovered by the individual trees

included in the concatenated alignment (Y axis) and all the trees in the phylome (X axis). In both cases the fraction of trees that

are compatible with a given topology, as computed with the topology scanning algorithm, is represented.
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Figure 3.3: Fungal species trees. A) is the T21 species tree. In this case only 10
bootstrap repetitions were performed. B) represents the T12a fungal species tree. C)
represents the T12b fungal species trees. Trees were reconstructed using the same
methodology as the T60 species tree. Numbers represent the phylome support and the

bootstrap values as explained in figure 3.2
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reconstructed the complete collection of phylogenies of the genes encoded in
the S. cerevisiae genome, that is, the yeast phylome. To do so, we applied
a similar pipeline as the one used to reconstruct the human phylome (Huerta-
Cepas et al., 2007) (see Materials and Methods). We derived four versions of
the yeast phylome that differ in their taxonomic scope and correspond to the
species samples used in the species trees described earlier. The resulting 111,760
phylogenies and 22,352 alignments have been deposited in PhylomeDB (Huerta-
Cepas et al., 2008) (http://www.phylomedb.org; phylome codes SceP60, SceP21,
SceP12a and SceP12b)

Some methodologies have been previously proposed to explicitly address the
issue of concordance between species trees and individual gene trees (Ané et al.,
2007; Edwards et al., 2007). Such approaches have been successfully applied
to compare species trees of eight fungal species with the corresponding 106
phylogenies of widespread single-copy genes. However, these methods cannot
account for gene phylogenies that include gene loss and duplication events and
are not feasible for large datasets as the ones considered here. Here, we use
a simple measure of concordance, which consists of evaluating whether the
topology of each single gene tree is fully compatible with that proposed by the
species tree (see Materials and Methods). Our results show that most individual
gene phylogenies contain incompatibilities with the species tree. Of the 5804
trees of the phylome, only 410 (7.1%) were fully compatible with the topology
in T60. Similar levels of congruence were observed for T21 (7.5%), whereas
T12a showed a slight increase (12.3%). A marked improvement was observed in
T12b (30.1%), suggesting that this set of distantly related species can be better
resolved. These differences in congruence levels were generally similar when
only partitions with high supports were considered (figure 3.4).

It must be noted that our measure for topological consistency (full com-
patibility) is highly stringent, since a single mismatch would render two trees
inconsistent. Interestingly, when the consistency is evaluated for each single
node in the species tree a different picture does emerge. Indeed, when the level
of topological congruence is expressed for each specific internal node of the
proposed species tree (figure 3.2), the result is a tree where most of the nodes
(73%) show the topology that is most represented (>50%) among the trees in
the phylome. Several conflicting nodes, in contrast, are supported by smaller
percentages of the trees in the phylome. In three nodes the topology found by
the tree of life is not even the most represented among the trees in the phylome
(see figure 3.2). Nodes with low representation in the phylome do not always
correspond to partitions that have low bootstrap values, indicating that bootstrap
support in phylogenomic analyses can be misleading. These discrepancies
cannot be explained by a topological bias in the sample used to reconstruct
the species tree, since there is a high correlation between the topologies in the
nodes of the sampled trees and that of the entire phylome (figure 3.2C). We
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Figure 3.4: Percentage of trees in the phylome that are fully compatible with the
topology of T60 (Y axis), at different statistical support thresholds in the nodes
considered (X axis). The statistical support used is the minimum value of the
approximate likelihood as computed by the Chi2-based paramteric methodology or
the non-parametric branch support based on a Shimodaira-Hasenawa-like procedure
(option -3 in PhyML aLRT). These methodologies are described in (Anisimova and
Gascuel, 2006). The nodes with a statistical support lower than the given threshold
were collapsed. We only considered trees in which less than 50% of the nodes were
collapsed.
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conclude from this analysis that, despite the high topological variation, species
trees reconstructed from concatenated alignments do represent, at least for most
of their nodes, the strongest phylogenetic signals observed along a genome.
However, to properly reflect that some of the topologies are not widely supported
by the majority of gene trees, we propose that these should be indicated by
dashed lines. A reasonable cut-off could be set at 50%, as shown in figure 3.2. A
more conservative decision could consist of collapsing these branches with low
support, thereby introducing some polytomies. This will provide a less resolved
species tree in which only dichotomies supported by a majority of the gene trees
are shown.

Additionally, these under-represented nodes seem to correspond to topolo-
gies that are less robust to variations in taxonomic sampling. To assess this, we
reconstructed nine additional species trees using randomly-chosen sets of 50, 40
and 30 species from our set. Combinations that did not contained the species
S. cerevisiae and did not provide a set of at least 30 widespread proteins for
the concatenation were discarded. In each case the tree was reconstructed from
the concatenated alignment of the proteins that were widespread in the specific
species sample. The three species trees with 30 species were fully congruent
with T60. The remaining six trees did present slight topological variations in
relation to T60 that mostly affected nodes with low support in the phylome. Of
the 16 topological discrepancies with T60 found in these alternative trees, 13
(81%) affected nodes with support lower than 50%. The relative placement of
Debaryomyces hansenii and Aspergillus nidulans within their respective groups
and the position of Dothideomycetes species within the Pezizomycotina were the
evolutionary relationships that were most affected by the taxonomic sampling.

Implications for phylogeny-based orthology prediction

Besides the reconstruction of species phylogenies, the existing high degree of
topological variability in genome-wide data is likely to affect other applications
of large-scale phylogenetic analyses. One of such applications is the large
scale inference of phylogeny-based orthology predictions (Huerta-Cepas et al.,
2007; Ruan et al., 2008; Gabaldén, 2008). Such phylogeny-based methods are
being increasingly used and are considered more accurate than standard pair-
wise based methodologies (Gabaldén, 2008). There are two main approaches
to infer orthology relationships from phylogenetic trees, namely reconciliation
with the species tree (Zmasek and Eddy, 2001) and the use of species overlap
information to ascertain whether a node represents a duplication or speciation
event (Huerta-Cepas et al., 2007). We previously suggested that species-overlap
algorithms would be more appropriate to cope with the topological diversity in
single-gene phylogenies (Huerta-Cepas et al., 2007). To test this, we applied
both a strict tree reconciliation method and our previously described species-
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Figure 3.5: The synteny based and manually curated orthology predictions available
at YGOB database (Byrne and Wolfe, 2006) is taken as a golden set to compute the
number of true positives (TP), false positives (FP) and false negatives (FN) yielded
by each method. For each method, the sensitivity S = TP/(TP+FN) and the positive
predictive value P = TP/(TP+FP) are computed.

overlap algorithm to predict orthology relationships of all yeast genes. The
orthology predictions from both methods were compared with the high-quality
synteny-based orthology predictions from YGOB (Byrne and Wolfe, 2000).
Although we observed no major differences in terms of positive predictive values
between the two methods, there is a significant increase in terms of sensitivity
when the species overlap algorithm is used figure 3.5. This algorithm correctly
predicted 82-96% of the true orthology relationships as compared to 32-65%
values reached by species reconciliation, indicating that a relaxed consideration
of tree topology is more appropriate.

Lack of sufficient accuracy of current phylogenetic methods might
explain a significant part of the topological diversity

Finally, we investigated some of the possible sources for the high topological
variability observed. In principle, two main causes may be envisaged. First,
some evolutionary processes such as horizontal gene transfer or gene duplication
followed by differential gene loss may result in a divergent gene tree topology
as compared to the actual species phylogeny. Alternatively, the topological
variation might just be the result of insufficient accuracy of the methodology
used. Two recent studies support the latter hypothesis by showing that different
alignment reconstruction methods often result in different topologies (Wong
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et al., 2008) and that trees reconstructed from longer alignments are more likely
to conform to the species tree (Rasmussen and Kellis, 2007). In our case, we did
not observe significant differences in terms of the length of the alignment, but
our results confirmed that the use of different alignment methods significantly
affected tree topology. For instance, when using the alternative programs
MUSCLE (Edgar, 2004) and clustalw (Thompson et al., 1994), only 7,22%
of the trees had exactly the same topology. Moreover, we observed that the
choice of the phylogenetic reconstruction method was also a source of variation.
When comparing the trees produced using four alternative evolutionary models,
we observed that only 9.9% of the trees presented the same topology in all
models, and only 33% had two or more models pointing to the same topology.
Thus, our results confirm previous findings (Wong et al., 2008) that topological
variation may result from alignment uncertainty and extend this conclusion to
the case of uncertainty in the specification of an evolutionary model. Besides
alignment uncertainty and model misspecification, many other methodological
aspects such as the modelling of co-variation or the assignment of proportion of
invariable sites are subject to uncertainty and thus may also affect the levels of
topological variation. That the choice of different parameters or methodologies
introduces topological variations in phylogenies reconstructed from exactly the
same sequences and that the levels of variation are similar to those observed
when comparing trees from different genes, suggest that the lack of sufficient
accuracy of current phylogenetic methods is likely to be an important source for
the observed topological variation. This is especially true when the methods are
used automatically without carefully selecting the parameters. Alternatively, one
might argue that the small overlap between the topologies resulting from the use
of different models/alignment methods results from the fact that only one of the
methods is accurate and able to reconstruct the underlying true phylogeny. To
further assess the accuracy of the phylogenetic methods used here under a more
controlled framework, we performed simulations of sequence evolution along
the branches of the T60 tree. For this we used as a seed 50 yeast sequences
and simulated their evolution using the program ROSE (Stoye et al., 1998).
Although in this case there is a true underlying phylogeny which is the same
for all genes, in 70% of the cases, the phylogenetic reconstruction did not
reconstruct the correct topology. A tree reconstructed from the concatenation
of their alignments, however, was able to recover the original T60 topology.

Conclusions
Altogether, our results show that, despite high levels of topological variations,

the gene-concatenation approach can fairly recover the strongest phylogenetic
signals present across single-gene phylogenies. As a result, most of the nodes
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in such a species tree do represent topologies that are widely represented across
the genome. Our analysis only reflects the topological variation found in the
yeast phylome and thus phylogenies of genes not present in S. cerevisiae are
not taken into account. However, we consider that the circa 6000 phylogenies
used do provide a broad enough sample to assess the strength of the topology
of the species tree. The fact that we found no significant bias in terms of node
support for the set of widespread genes (Figure 3.2C), suggest that other species
phylomes are likely to provide similar results.

Despite the overall high support for most of the nodes in the species
tree, some partitions of the species tree include topologies that are poorly
represented in the phylome. Additionally, such conflicting nodes are more prone
to variations when different taxonomic samples are used and are therefore less
certain to be correct. Levels of topological support across a complete phylome
provide a direct approach to identify such conflicting nodes. This measure is
completely independent of bootstrap analyses, which only provide information
on the support of the different partitions from the alignment in which the tree
is based. Thus, as we have identified in our analyses, high bootstrap supports
do not necessarily indicate highly represented topologies. As a way to identify
conflicting nodes and to incorporate genome-wide information on species trees,
we propose to map gene-tree variability (phylome support) levels on the nodes of
the species tree. This information could be used to mark, or eventually collapse,
low represented (<50%) nodes so that our uncertainty on certain areas of the tree
of life is properly represented. Moreover, our approach could be used to compare
alternative phylogenomic approaches in terms of their representativeness across
large samples of single-gene phylogenies. A firm candidate for this comparison
is the super-tree approach, which combines information from single copy genes
that should not necessarily be widespread (Pisani et al., 2007). When used over
fungal datasets, this approach has resulted in similar topologies to that produced
by gene concatenation (Fitzpatrick er al., 2006; Dutilh et al., 2007), but the
former were found to have less support in the literature (Dutilh et al., 2007).

The high levels of topological variations in single-gene phylogenies com-
bined with the uncertainty on the inferred species trees may mislead further
phylogenetic analyses such as the inference of orthology. In this respect we have
shown that a relaxed interpretation may overcome the pitfalls of a strict recon-
ciliation algorithm. In this direction, reconciliation algorithms that incorporate
uncertainty in the gene and the species trees (Berglund-Sonnhammer et al.,
2006) or species-overlap algorithms (Huerta-Cepas et al., 2007; van der Heijden
et al., 2007) may represent promising alternatives to standard phylogeny-based
methods to predict orthology. Finally, our results suggest that a significant part
of the topological variation among gene-trees may result from methodological
uncertainty. In this study we have used molecular data from fungal genomes.
The conclusions raised here are likely to be valid for other eukaryotic phyla.
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However, high levels of horizontal gene transfer across prokaryotic genomes, and
perhaps certain unicellular eukaryotes, may invalidate the gene-concatenation
approach as a means to infer a representative phylogeny. In such cases, besides
the inherent levels of methodological noise discussed here, the topological
variation in a genome will also reflect alternative evolutionary histories.
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CHAPTER 4
TREEKQO: A DUPLICATION-AWARE ALGORITHM FOR
THE COMPARISON OF PHYLOGENETIC TREES

Marcet-Houben M and Gabaldon T. treeKO a duplication aware algorithm for the
comparison of phylogenetic trees. (submitted)

Background

Phylogenetic trees represent evolutionary relationships among groups of species
or biological sequences. The growing availability of sequence data from whole
genomes, as well as the development of faster computers and more efficient
phylogenetic programs, has facilitated the reconstruction of large collections of
phylogenetic trees. In parallel, this has brought about the necessity of scaling up
the analysis of phylogenetic trees to genomic scales (Gabaldén et al., 2008). A
recurrent analysis in phylogenetic studies is the comparison of the topologies of
two or more phylogenetic trees. This is routinely used, for instance, to measure
the support of tree partitions in a bootstrapping analysis or to compare alternative
phylogenetic hypotheses (Felsenstein, 1985). Additional applications include,
but are not limited to, the reconstruction of a single species tree from a number
of individual gene trees (Bininda-Emonds, 2005), the evaluation of orthology
inference (Altenhoff and Dessimoz, 2009), the detection of horizontal gene
transfer events (Beiko and Hamilton, 2006), or the detection of host-pathogen
co-evolution (de Vienne et al., 2007).

Two main types of algorithms are available that compute topological dis-
tances between phylogenetic trees. A first class of algorithms uses the informa-
tion directly from the topological arrangement of terminal nodes (i.e. leaves) in
the trees. For instance, the popular Robinson-Foulds distance counts how many
leaf splits are implied by only one of the compared trees (Robinson and Foulds,
1981). Similarly, the quartet distance is defined as the number of subsets of four
leaves that are only implied by only one of the compared trees (Estabrook et al.,
1985). Finally, the so-called maximum agreement subtree is a similarity measure
based on the largest subtree present in the two compared trees (de Vienne et al.,
2007). A second group of algorithms measure the minimal number of topological
re-arrangements necessary to transform one topology into the other one. This is
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the rationale behind the transposition distance (Alberich et al., 2008; Valiente,
2005), the prune and regraft distance (Wu, 2009) and the tree edit distance (Bille,
2005). Despite their extensively proven usefulness, all these algorithms share
one limitation, namely the requirement that the mapping of leaves between the
trees is complete and univocal (i.e. every leaf in one tree corresponds to only
one leaf in the other tree). Thus, when applied to the comparison of gene family
trees, these algorithms are unable to deal with trees that contain duplications
(i.e. there is more than one gene per species) or losses (i.e. not all species
are represented in both trees). As a result, only a reduced fraction of gene
trees in a given phylogenomic study may be subject to analysis. For instance,
Rasmussen and Kellis (Rasmussen and Kellis, 2007) found that for 9 fungal,
and 12 drosophila species, only 739 and 5154 protein families, respectively,
contained no duplications. Thus gene trees suitable for comparisons with the
above mentioned methods will account for only 11% and 37% of their respective
genomes. The fraction of tractable gene trees will decrease as the number of
species in the set and their evolutionary distance increase.

Some algorithms have been designed to tackle this problem. For instance
PhyloPattern (Gouret et al., 2009) can search for trees containing a specific
topological pattern, which may contain duplications. However this only serves to
search for identical subtrees and does not provide a distance measure. A different
approach was implemented by Puigbo et al. in the TOPD/FMTS program
(Puigbo et al., 2007), which is able to compare any pair of trees regardless
of the number of duplications contained. While TOPD/FMTS does indeed
provide an estimate of the distance, it has several drawbacks. First, whenever
a species is represented by multiple sequences, TOPD/FMTS randomly prunes
all but one to produce a single gene subtree without duplicated sequences.
While this should ideally be done for each combination of duplicated genes,
this becomes unfeasible for relatively small number of duplications. In such
cases, TOPD/FMTS produces only a set of randomly chosen trees, which would
provide an approximate, non-reproducible, distance measure. Besides this, the
main limitation of TOPD/FMTS is that the inter-species orthology and paralogy
relationships are not considered during the pruning process, resulting in pruned
trees that contain a mixture of orthologous and paralogous sequences. These
drawbacks hamper the interpretation of the distances provided by TOPD/FMTS.
For instance, the comparison of identical trees containing some duplications will
often provide distances greater than O (see comparative analysis below).

In order to address this important issue so that genome-wide collections of
gene trees can be effectively compared, we have developed treeKO. TreeKO is
a novel, duplication-aware algorithm that is able to compare two tree topologies
regardless of the number of duplications and, at the same time, provide a distance
measure that is evolutionarily meaningful.
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Material and Methods

treeKO implementation.

treeKO was is implemented using the python programming language and the
ETE programming toolkit. ETE and all its dependencies need to be installed,
alternatively “a virtual machine” can be installed that already contains ETE
and all its dependencies. TreeKO should then be downloaded within the
virtual machine in order to be used. The input of treeKO are two bifurcated
phylogenetic trees in which the species source for the different sequences
is indicated (by default a three letters pre-fix is expected). The entry trees
should be rooted or a rooting strategy indicated (midpoint rooting is used by
default if an un-rooted tree is provided). Two files containing the two newick
formatted trees to be compared need to be provided. An additional configuration
file can be included in the treeKO command line in order to adapt some
parameters to the users’ trees. For more details check treeKO’s web page,
http://treeko.cgenomics.org/doku.php.

Strict distance

In order to assess the similarity between subtrees, both subtrees are pruned so
that they contain the same species and then the RF distance is calculated for a
pair of subtrees (d), as indicated by the following formula:

(RI;Z;OJFP
d=~""7
r+p

Where RF and RFmax represent the Robinson Fould distance between the
two trees, and the maximum possible RF distance, respectively; r is the number
of remaining leaves in the two subtrees after the pruning phase; and p the total
number of leaves that were pruned. When comparing the two sets of subtrees
from the original trees A and B, each subtree from tree A will be matched to the
most similar subtree from tree B. Each subtree can only be matched once. If two
pairs have the same distance, then other factors such as lower RF/RFmax ratio
or a larger subtree size, in this order, are used to decide between pairs. Rejected
subtrees have to be matched to a worse option or remain unpaired. Finally, a
combined weighted distance is composed by two terms, one representing each
initial tree (i and j), and is computed as follows:

dl Ldl
(zz)ﬁ(w)j
2

Where d represents the subtree distance between a pair of subtrees (see
above) and 1 the number of leaves in the subtree. The unpaired subtrees are

D,'j:
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added to their corresponding term by assuming that d=1. A minimal distance of
0 will only be obtained when the two trees are identical in terms of topology,
including the inferred duplication and loss events.

Speciation distance

In this case all subtrees from tree A are matched to their best subtrees in tree
B, regardless of whether the best matched subtree has been previously matched.
The subtree distance is calculated as explained above, but the normalized RF
distance is not corrected by the number of pruned leaves (term p above), resulting
in a simple normalized RF distance:

RF
d:
RFpax

The weighted final distance between the two trees (Di,j) is computed as
explained above. As a result, two trees with a speciation distance of 0 are not
necessarily identical, but the inferred history of speciation events of the shared
species will be the same (i.e they are fully congruent in terms of the inferred
species tree).

Fungal species trees

The T12a and T60 fungal species tree published by Marcet-Houben and Ga-
baldén (Marcet-Houben and Gabaldén, 2009) was used as the reference tree
topologies in the comparative analyzes. ETE was used to generate additional
species tree topologies by swapping consecutive pairs of branches of the post-
WGD species included in the tree (S. cerevisiae, S. paradoxus, S. mikatae, S. ku-
driavzevii, S. bayanus, C. glabrata, S. castellii and Kluyveromyces polysporus).
A total of six alternative topologies were considered for each species tree.

Phylome to species trees comparison

The speciation distance implemented in treeKO was used to compare each tree
in the P12a and P60 phylomes to each different species tree generating a distance
distribution. The resulting distance distributions were compared with a t-test as
implemented in R package.

Comparison with alternative methods

The phylomes described above, plus P12b and P21, based on different sets of
species were also used to evaluate the number of trees that could be used by
each tree comparison program. For the comparison between TOPD/FMTS and
treeKO three sets of 100 trees were selected. The format was adapted using ETE
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for the TOPD/FMTS program. Each tree was compared to itself. TOPD/FMTS
was run on default mode, calculating the split distance (equivalent to the RF
distance) and generating a maximum of 100 subtrees, no random analysis was
included.

Results and Discussion

Decomposing a tree into all possible subtrees by recursively splitting
duplication nodes

The main rationale behind treeKo is the decomposition of the two gene-family
trees to be compared into all possible subtrees so that every subtree is formed
by the maximum number of sequences that are orthologous to each other,
without including any paralogous sequence. This can be achieved by recursively
splitting the gene family tree at each duplication node. Subsequently all subtrees
produced by the two trees can be compared so that a weighted distance measure
is produced (see below). We have implemented this algorithm using python
and the ETE programming toolkit (Huerta-Cepas et al., 2010a), and it is freely
available here: http://treeko.cgenomics.org. The algorithm of tree decomposition
is briefly described here (Figure 4.1), additional details can be found in the on-
line documentation of treeKO.

Given a rooted tree, duplication nodes are detected by a species-overlap
algorithm described earlier (Huerta-Cepas et al., 2007), as implemented in ETE
(Huerta-Cepas et al., 2010a). In brief, this algorithm traverses the tree from
every leaf in direction to the root. For every node, the species content of the
two daughter branches are compared, nodes are considered speciation events if
no species are shared, or duplication events otherwise. In a subsequent step,
treeKO splits the original trees into single gene subtrees that contain only one
of the paralogous partitions resulting from each duplication. To do so, treeKO
traverses the tree and, for each duplication node, two subtrees are produced,
each of which contains only one of the paralogous partitions that derive from
the duplication. TreeKO will continue recursively on each resulting tree until all
possible subtrees are generated from the combination of the different single gene
partitions. Finally, the sets of subtrees produced by each input tree are compared
to obtain a final topological distance.

Evolutionary-sound topological distances

Distances calculated by treeKO are based on the Robinson & Foulds distance
(RF). In its current implementation, treeKO can compute two alternative dis-
tances measures strict distance and speciation distance (see Material and Meth-
ods). The strict distance is basically a weighted RF that, in addition, penalizes
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Figure 4.1: Subtree construction Example of how treeKO derives subtrees from a tree containing
duplications. The initial tree (tree on the left) contains two duplication nodes (in black) marked
as node 1 and node 2. treeKO splits the tree by node 1 and generate two different trees, each
one of them containing one of the daughter partitions of node 1. This results in subtree 1 and an
intermediate subtree that still contains a duplication (node 2). treeKO will then scan these subtrees
for more duplications. In this case one of the subtrees has a second duplication and the subtree
will be once again split and reconstructed, resulting in subtrees 2 and 3. treeKO will repeat this

process until no resulting subtree contains further duplication nodes.
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differences in evolutionary relevant events such as gene duplications and gene
losses. In contrast, the speciation distance does not compute differences that can
be attributed to duplication and loss events. This would be more appropriate for
phylogenetic analyses that are focused on assessing the congruence of gene trees
with a given species tree topology.

The two distances have been implemented keeping in mind the different
applications of tree comparisons. The strict distance, which penalizes differential
gene loss and duplication patterns, would be more appropriate when searching
for protein families with a similar history of duplication, loss, and speciation
events. Such searches are common in studies of co-evolution and inference of
protein function. For instance, correlated gene loss have been used to predict
functional interactions between mitochondrial proteins (Gabaldén and Huynen,
2005). In contrast, the speciation distance would fit better in studies where
the main focus is the underlying species phylogeny. There are many possible
applications in which the availability to compare gene trees in the presence
of duplications will present an advantage. Here we present one such case in
which the genome-wide support to alternative species phylogenies is explored
by measuring the distance of each alternative species topology to the complete
collection of phylogenies for all genes encoded in a given genome.

A practical use of TreeKO: Assessing the genome-wide support of
alternative species tree topologies

The evolution of twelve completely sequenced yeast species, encompassing
the Saccharomyces and the Kluyveromyces clades, is mostly well resolved
(Marcet-Houben and Gabaldén, 2009). Only the relative order of divergence
of Candida glabrata and Saccharomyces castellii species remains unresolved.
Most phylogenomic studies support an earlier splitting of C. glabrata (Marcet-
Houben and Gabaldén, 2009; Wang et al., 2009; Fitzpatrick et al., 2006). In
contrast, analysis of chromosomal gene order has shown that the number of
inversions that occurred during the evolution of these species is minimized in
a scenario in which S. castellii diverges before C. glabrata (Gordon et al., 2009).

Most species trees reconstructed from phylogenomic methods are evaluated
with bootstrapping techniques that assess how stable a given topology is to
random re-samplings of the input alignment. Since the input alignment contains
generally a small fraction of the genes present in a genome, gene sampling effects
may result in highly supported topologies which are not representative of the
evolution of a given genome. An alternative strategy to study the evolution of a
genome is to analyze the complete collection of phylogenetic trees of all of its
genes (i.e the phylome). Evaluating a given species topology over such genome-
wide set of gene-trees would provide a more accurate measure on whether it is
fairly representative at a genome-wide scale.
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Although phylomes have successfully been used to determine which nodes
in the fungal species tree are most congruent at genomic-scales (Marcet-Houben
and Gabaldén, 2009), there is as yet no quantitative measure of the levels of
similarity between a given species tree and a complete phylome. Here, we
address the question of whether the distributions of speciation distances to a
given phylome can be used to decide among alternative evolutionary scenarios.
For this we used treeKO to compute the speciation distances of the yeast phylome
(P12a dataset described in (Marcet-Houben and Gabaldén, 2009) and available
at PhylomeDB (Huerta-Cepas et al., 2008)) against different alternative species
trees. Gene trees were rooted with midpoint so that no assumptions on the
species tree topology were made a priori. Alternative topologies were derived
from a reference species tree by swapping pairs of neighboring branches (i.e.
interchanging the positions of Saccharomyces paradoxus and Saccharomyces
mikatae or the positions of C. glabrata and S. castellii as shown in Figure 4.2).
Resulting distance distributions were compared with a t-test.

As seen in figure 4.2, the swapping of the well-supported S. paradoxus and
S. mikatae branches (alternative topology 2) resulted in significantly larger dis-
tances (p-value < 2x10-16), whereas inter-changing the controversial positions
of C. glabrata and S. castellii (alternative topology 1) presented distances that
were not significantly different (p-value = 0,0955).

We extended the analysis to all the topologies created by swapping consec-
utive pairs of post-whole genome duplication (post-WGD) species. In all cases,
the distances obtained were significantly larger than the one obtained from the
reference tree. The size of the trees affects the final distance and as such the
same difference in trees of different sizes will contribute differently to the final
distance. Similar results were obtained when the phylome and the species trees
considered were based on a broader taxonomic range of 60 fungal species (see
methods)

Thus, this test would discard all alternative topologies tested except the one
that exchanges C. glabrata and S. castelli positions. These results are congruent
with the ones observed before, where the C.glabrata/S.castellii node was the
only one involving post-WGD species, that displayed a low phylome support
(Marcet-Houben and Gabaldén, 2009), and indicate that gene family sampling
may have influenced previous phylogenomic studies. We believe that this type
of comparisons provides an alternative way to evaluate, in a statistically sound
manner, the genome-wide support for alternative phylogenetic hypotheses.

Comparison to other distance measures

To show that these type of analyzes, ensuring a genome-wide coverage, are
difficult with existing methods. We compared the performance of treeKO and
that of 1) a standard RF measure, 2) a RF measure after a pruning phase to
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Figure 4.2: Distribution of distances between trees in P12a phylome and three alternative species
trees. The bottom right part of the figure shows the three topologies used. The first one is the T12a
tree while the other two represent changes in this topology. Alternative topology 1 represents a
change in a poorly supported node while Alternative topology 2 represents a well supported node.
The two upper graphs plot each distribution of distances of the alternative topologies against the
reference T12a topology. The lower left panel represents the frequency graph for the three distance
distributions.
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Phylome | TreeKO | TOPD/FMTS | RF | RF + pruning

P60 100% 100% 0% 22%
P21 100% 100% 0% 36%
P12a 100% 100% 14% 38%
P12b 100% 100% 2% 27%

Table 4.1: Percentage of trees each program can compare to its species tree. Columns represent
the four compared programs: treeKO, TOPD/FMTS, RF and RF with an initial pruning step.
Rows represent each of the fours yeast phylomes with different taxonomic coverage that can be
found in phylomeDB (Huerta-Cepas et al., 2008).

delete species that were not present in both, gene tree and species tree, and, 3)
measure provided by TOPD/FMTS. In all cases we evaluated the number of trees
suitable to analysis in the yeast phylome according to each method. Additionally,
for TOPD/FMTS, the distance obtained when comparing a tree to itself and the
average computing time were calculated. An ideal method to perform genome-
wide analyses would be fast, able to compare all gene trees and would produce
a distance measure that is easy to interpret (e.g. identical trees would provide a
distance of 0).

The main disadvantage of RF distances as implemented in standard programs
such as Ktreedist (Soria-Carrasco et al., 2007) or PHYLIP (Retief, 2000), is
that only a minor fraction (~15%) of gene trees are suitable to analysis. This
is improved by the inclusion of a pruning step (~40%). As expected, treeKO
and TOPD/FMTS are able to achieve 100% coverage. As seen in table 4.1,
when computing the percentage of trees each program can use, the values very
significantly between larger phylomes or those that have a broader taxonomic
scope.

To compare the performance of treeKO, TOPD/FMTS and Ktreedist we
randomly took three sets of 100 trees each from the phylome and compared
them against themselves. For Ktreedist only single gene trees were compared.
The programs were compared in terms of time consumption and average distance
between two identical trees. While distances calculated by treeKO and RF are
null for identical trees, TOPD/FMTS reports an average split distance of 0,41.
If we divide the trees in single gene trees and multi gene trees, we see that the
distance calculated by TOPD/FMTS for the first group is O but that the average
distance for the multi-gene trees is of 0,67. Non-0 distances for identical trees
are difficult to interpret and, therefore, not desired.

Finally, as seen in table 4.2, RF is by far the fastest program of the
three. For single gene trees there is not much difference between treeKO and
TOPD/FMTS. On the other hand, for multi gene trees treeKO is 8-9 times
faster than TOPD/EMTS. This could be attributed to the fact that the number
of subtrees generated by treeKO is much lower than in TOPD/FMTS, even when
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TreeKO TOPD/FMTS RF
Setl Set2 Set3 Setl Set2 Set3 Setl Set2 Set3

Percentage of trees

100% | 100% | 100% | 100% | 100% | 100% | 34% | 43% | 41%
compared

Average time

consumption per tree 1.31 1.65 1.95 10.38 | 8.84 9.57 - - -
(s)

Average time

consumption per 1.09 1.09 1.15 2.12 2.26 2.07 0.06 0.07 0.05

single-gene tree (s)

Average time
consumption per multi- | 2.62 3.22 3.42 | 22.00 | 21.05 | 22.11 - - -
gene tree (s)

Average distance 0 0 0 0,45 0,36 0,43 - - -

Average distance single 0 0 0 0 0 0 0 0 0
gene trees

Average distance 0 0 0 0,70 0,61 0,69 } R }

multiple gene trees

Table 4.2: Comparison between three tree comparison programs (treeKO, TOPD/FMTS and RF).
Three sets containing 100 randomly chosen trees of the P12a phylome were used for comparison.
Columns represent one of the sets of trees and a program. Rows contain data regarding the
percentage of trees that were compared, the time consumption (expressed in seconds) and the
average distance between pairs of identical trees. Data on separated by single-gene and multi-
gene trees is also provided.

this program only takes 100 random subtrees into account. This is the result of
considering duplication nodes as the splitting point for the subtree generation
instead of taking each species independently.

Concluding remarks

We have developed treeKO, a tree comparison tool that is able to compare
trees in the presence of duplication and loss events. By addressing the main
limitations of previous approaches, treeKO enables the comparison of genome-
wide phylogenetic datasets. treeKO provides two alternative RF-based distance
metrics that are biologically sound and specifically adapted to applications such
as the search for co-evolving protein families or the assessment of topological
congruence in the inferred order of speciation events. The use of treeKO
opens the door to novel phylogenomic analyses such as the one presented here
that evaluates whether differences in genome-wide support to two alternative
topologies are statistically significant.
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CHAPTER 5
ACQUISITION OF PROKARYOTIC GENES BY FUNGAL
GENOMES

Marcet-Houben M and Gabaldon T. 2010. Acquisition of prokaryotic genes by fungal
genomes. Trends Genet. 26(1):5-8

Horizontal gene transfer in eukaryotes

Horizontal gene transfer (HGT), the exchange of genetic material between two
species (Syvanen, 1985), was discovered 50 years ago (Akiba et al., 1960), but
it is the current wealth of genomic sequences that is revealing its real impact.
Currently, it is widely accepted that HGT is one of the main evolutionary driving
forces in prokaryotes, but its relevance for eukaryotes remains controversial
(Kurland, 2005; Andersson, 2005; Keeling and Palmer, 2008). The traditional
view that HGT in eukaryotes is virtually absent has been recently challenged by
genome-wide analyses reporting the transfer of bacterial genes to organisms such
as ciliates (Ricard et al., 2006) or rotifers (Gladyshev et al., 2008). The presence
of acquired genes can sometimes be associated with important evolutionary
adaptations. This is the case for a set of carbohydrate metabolism genes acquired
by some ciliates (Ricard et al., 2006) and fungi (Garcia-Vallvé et al., 2000)
during their adaptation to the ruminant gut. Despite such findings, most newly
sequenced eukaryotic genomes are not screened for HGT events, and there is as
yet no comprehensive analysis of the impact of this process at broad taxonomic
levels.

Fungi are one of the best sampled eukaryotic groups in terms of fully
sequenced genomes (Galagan et al., 2005; Marcet-Houben and Gabaldén, 2009).
Moreover, many fungi have a saprophytic or symbiotic lifestyle, which involves
close interactions with bacteria, and lack some of the classical barriers to
HGT such as the differentiation of germ line and soma. Therefore, they are
theoretically more likely to undergo a higher frequency of HGT. Although
several small studies have identified prokaryotic genes in fungi (Garcia-Vallvé
et al., 2000; Uo et al., 2001; Hall and Dietrich, 2007; Gojkovi¢ et al., 2004),
few entire genomes — mainly from Saccharomycotina species — have been
systematically searched for HGT (Hall et al., 2005; Fitzpatrick et al., 2008). To
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assess the impact of inter-domain HGT in the fungal kingdom, we performed
a comprehensive phylogenomic search for acquired prokaryotic genes in 60
fungal genomes. Our results show that HGT has affected most fungal clades
to various degrees and suggest that inter-domain gene transfers are important for
the evolution of fungi.

Materials and Methods

Sequence sources

Two different proteome databases were used to conduct this analysis. A fungal
proteome database, containing all proteins for 60 completely sequenced fungi
downloaded from different databases (see Table 3.1) and a second database,
comprising all the proteomes found in the KEGG database as of February 2008
(Kanehisa et al., 2008). This includes 595 bacterial and archaeal species and 36
eukaryotic species.

HGT candidate selection

We used blast (Altschul et al., 1997) to detect proteins that were not widespread
among fungal species. Starting from Saccharomyces cerevisiae, we recursively
went through all fungal species performing blast searches using all proteins as
seed, excluding those that had already appeared as hits in previous searches.
Blast results were filtered based on an e-value threshold of 5e-04 and a
continuous overlap threshold of 33% with the query protein. Proteins found
in 10 or less species were selected as possible HGT candidates. These 126,694
proteins were then compared to the prokaryotic database using Blast. Proteins
which produced more than 30 hits in prokaryotic species and not in other
eukaryotes were selected for further study.

Phylogenetic analyses

We reconstructed phylogenetic trees based on the analysis of the HGT candidates
and their closest 150 prokaryotic homologs. Phylogenetic reconstruction used
the same pipeline described in the human phylome (Huerta-Cepas et al., 2007).
Briefly, the selected sets of homologous proteins were aligned with MUSCLE
3.6 (Edgar, 2004) and positions in the alignment with gaps in more than
10% of the sequences were trimmed with trimAl (Capella-Gutiérrez et al.,
2009) (http://trimal.cgenomics.org). Neighbor Joining trees were derived using
scoredist distances as implemented in BioNJ. PhyML aLRT (Anisimova and
Gascuel, 2006) version was used in to derive Maximum Likelihood (ML) trees.
Four different evolutionary models were used for each seed sequence (JTT,
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WAG, Blosum62 and VT). In all cases, a discrete gamma-distribution model
with four rate categories plus invariant positions was used, estimating the gamma
parameter and the fraction of invariant positions from the data. The evolutionary
model best fitting the data was determined by comparing the likelihood of the
used models according to the AIC criterion (Akaike, 1973), and used in further
analysis.

Evolutionary mapping of HGT events

To map HGT events on the fungal tree of life, the most parsimonious scenario
was always considered. When the transferred gene was found in a single fungal
species the transfer was assumed to have occurred in that specific lineage.
Candidates with hits in multiple fungal species were analysed as to ascertain
whether the fungal proteins were grouped into a monophyletic group. If this
was not the case, it was assumed that the protein was transferred in multiple
independent events. All events were mapped into the fungal species tree
assuming that the common ancestor of all species present in the cluster was
the initial recipient of the transferred gene. Alternatively, a ratio between HGT
events and loss events could have been used to describe transference events (Snel
et al., 2002). For instance, using a ratio of 1:3 (one transference for three losses)
a higher number of transfers was predicted, 313 events versus the 235 predicted
selecting just monophyletic groups (Supplementary figure 6). However, this did
not alter the main findings of our study.

Functional analyses of putative transferred genes

Functional prediction of the putative transferred genes was based on phylogeny.
KEGG annotations of the prokaryotic sequences found in the sister branches of
the transferred proteins were used to infer the putative function of the fungal
HGT candidates. The programs SignalP, TargetP and TMHMM (Emanuelsson
et al., 2007) were used to predict secreted proteins among the candidates. Se-
cretion was predicted for those proteins that had a signal peptide (SignalP), were
predicted as secreted (TargetP) and had no transmembrane helices (TMHMM).
The prediction has been added in Supplementary table 3 as part of the putative
function annotation.

Results

Detection of inter-domain HGT events in fungi

Using 60 complete fungal genomes and >600 other genomes from prokaryotes
and other eukaryotes, we designed a phylogenomic pipeline to detect cases of
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genes likely to have been acquired through HGT from prokaryotic donors (see
the materials and methods). In brief, we adopted a conservative strategy that
searched for genes present in few (<10) fungi and absent in other eukaryotes,
but which could be found in a relatively high number of prokaryotic genomes
(>30). This procedure detected 713 acquired genes in 53 (88%) of the analyzed
genomes (Tables S3—6 in the online supplementary material). This number repre-
sents 0.12% of the genes analyzed, ranging from O (most Saccharomycetales) to
0.38% (Aspergillus flavus) of the genes in a given fungal genome. A prokaryote-
to-fungi direction of all these transfers is suggested by a more taxonomically
diverse distribution of blast hits in prokaryotic genomes compared with that
in fungal genomes. Moreover, in most cases the number of hits in bacterial
genomes is much higher than the number of hits in fungal genomes, even when
differences in the composition of the initial dataset are taken into account (see
Table S6 in online supplementary material). In total, 40% of the putatively
transferred genes contained introns. Interestingly, the fraction of transferred
genes with introns and their intron density was lower than the average values in
the recipient genome, but a correlation was observed (see Figure S1 in the online
supplementary material), suggesting that acquired genes are gaining introns in a
lineage-specific fashion.

The adaptation to the recipient genomes is also suggested by similar values
in terms of the codon adaptation index or GC content. Transferred genes could
be grouped into 161 distinct families, on which we performed phylogenetic
analyses to infer possible donors and functions and to assign the transfer to a
specific lineage. Transferred genes were grouped into 235 monophyletic groups,
suggesting at least that amount of transfer events, although more events could be
inferred if a gene loss threshold is applied (see online supplementary material).
Conversely, this estimate would overestimate transfers because some genes
would have been transferred in a single event (discussed below). The species
composition of the most supported sister branch in our phylogenetic analyses is
provided for each transfer event in Table S3 (see online supplementary material).
These putative donor groups are only indicative because uncertainty in the
phylogenetic analyses and bias in the available genomic data prevent us from
making unambiguous assignments.

Differential impact of HGT across the fungal tree of life

We mapped the 235 HGT events on the fungal tree of life (Marcet-Houben and
Gabaldon, 2009), assuming the transfers affected the last common ancestor of
all species in a monophyletic group. Our results (Figure 5.1) show that HGT
affected most fungal lineages to various extents. Unexpectedly, nearly two-
thirds (65%) of the events are mapped within Pezizomycotina, of which one-
third appear at the base of this clade. More recent HGT events affect most
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Pezizomycotina lineages, suggesting this is an ongoing process. By contrast,
HGT events in Saccharomycotina seem to have been rather scarce with only
13 cases. Such large differences in the extent of HGT between these two
Ascomycota groups are striking. The difference between the two groups was
robust to our filtering criteria and is not the result of taxonomic bias in our
dataset (see Figure S5 in online supplementary material). One main difference
between the two groups is their genome size. However, when this is taken
into account, different HGT rates remain apparent (Table S4 in the online
supplementary material). Another peculiarity of Saccharomycotina genomes
is that they tend to be packed, possibly complicating the insertion of foreign
DNA in non-coding regions. Nevertheless, because high gene density is also
common in prokaryotes, it cannot be considered by itself a strong barrier to HGT.
Different lifestyles might explain the observed differences; however, the extreme
diversity of lifestyles in Pezizomycotina (Spatafora et al., 2006) makes it difficult
to pinpoint a specific characteristic that might render them more amenable to
HGT. Finally, a possible function of the transferred genes was inferred according
to their closest prokaryotic homologs (see Table S3 in online supplementary
material). This information can provide useful hints in assessing the possible
role of the transferred gene in the recipient species and thereby explain potential
evolutionary advantages. However, this task is not straightforward and might
constitute a whole study in each case. Here, we highlight a few cases that we
deemed of special relevance.

Restoration of the arsenate detoxification pathway

We identified two independent acquisitions of a bacterial arsenate reductase in
Yarrowia lipolytica and Rizopus oryzae. The reduction of arsenate to arsenite
is an important step in arsenic detoxification (Rosen, 1999), a pathway that
is carried out in the yeast Saccharomyces cerevisiae by a different arsenate
reductase (ARR2) in combination with membrane pumps that expel arsenite
from the cytoplasm. Orthology assessment (Marcet-Houben and Gabaldén,
2009; Huerta-Cepas et al., 2008) shows that Y. lipolytica, R. oryzae and their
close relatives have no orthologs to the yeast arsenite reductase, whereas the
remaining arsenic detoxification machinery is present. Thus, the acquisition
of a bacterial arsenate reductase in these species might have provided them
with the ability to detoxify arsenics. The fact that this transfer occurred twice
independently is remarkable. Such independent origin is not only supported by
phylogenetic analyses (see Figure S2 in online supplementary material), but also
by a specific fusion of this enzyme to only one of the two recent duplicates of
uracil phosphoribosyltransferase found in R. oryzae, suggesting that the transfer
occurred after the recent whole genome duplication in this species (Ma et al.,
2009).
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Number of transfered proteins
0 1-5 6-10 11-15 16-20 21-25 26-30 31-35 36-40 >40
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Chytridimycota
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P. blakesleeanus (20)

Basidomycota

P. carinii (11)
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T reesei (26)
53 | == F. graminearum (36)
F. verticillioides (45)
— F. oxysporum (63)
= N. haematococca (56)

S. nodorum (23)

M. fijiensis (23)

A. clavatus (11)
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Saccharomycotina

Figure 5.1: Fungal species tree showing the predicted transfer events. The species tree is based on a maximum likelihood
analysis of a concatenation of 69 widespread proteins (Marcet-Houben and Gabaldén, 2009). The number of monophyletic transfer
events at each lineage is marked in different shades of blue. Lineages without any mapped transferences are shown in gray. The
number of transferred proteins in each species is indicated by a color scale in the species name. A particularly high ratio of
putative horizontal transfers from bacteria is found in the Pezizomycotina group, with 53 events mapped to the last common
ancestor of this clade. Later, lineage-specific transfers indicate that this is an ongoing process. This high rate of inter-domain HGT

in Pezizomycotina contrasts with a low incidence in Saccharomycotina, another densely sampled fungal group.
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Acquisition of multiple racemase genes

Racemases catalyze the inter-conversion of optical isomers (e.g. D- and L-
amino acids). Recent studies describe putative cases of HGT involving various
bacterial racemases in eukaryotic genomes. These include alanine racemase in
Schizosaccharomyces pombe (Uo et al., 2001) and Adineta vaga (Gladyshev
et al., 2008), and a proline racemase in C. parapsilosis (Fitzpatrick et al., 2008).
Interestingly, our survey detected seven additional HGT instances involving three
different racemases: aspartate, hydantoin and mandelate racemases. Most such
cases involve species from or around the Fusarium and Aspergillus groups,
with the exception of an aspartate racemase in Candida glabrata (see Figure
S3 in online supplementary material). This high number of transfer events of
bacterial racemases is noteworthy. None of the transferred racemases have been
characterized functionally so their specific physiological role in the receiving
species is unclear. Possible roles might involve either the detoxification or
assimilation of D-isomers. Indeed, besides forming part of bacterial cell walls,
D-amino acids has been described in other natural tissues, and growth on D-
amino acids has been reported for certain fungi (Pollegioni et al., 2007).

Bacterial catalases in fungal pathogenic species

Through their action in decomposing reactive oxygen species, catalases can
help pathogens overcome host defense mechanisms. The potential advantages
conferred by the acquisition of foreign catalases have been extensively stud-
ied in pathogenic bacteria (Faguy and Doolittle, 2000; Klotz and Loewen,
2003). In fungi, a recent transfer of a bacterial catalase has been described
in the microsporidian pathogen Nosema locustae (Fast et al., 2003). In our
study, we detected similar transfers to three important plant pathogens: the
Dothideomycetes Stagonospora nodorum and Mycosphaerella fijiensis and the
Leotiomycetes Botrytis cinerea. The large evolutionary distance between the first
two species and B. cinerea and our phylogenetic analysis (see Figure S4 in online
supplementary material) suggest that B. cinerea acquired the bacterial catalase
from a Dothideomycetes. Interestingly, another plant pathogen Pseudomonas
syringae is placed among the possible bacterial donors of this gene, which
suggests the transfer of potential virulence factors among pathogens.

Transfer of a Mur operon

Multiple transfers of functionally-related enzymes are remarkable because they
can provide the recipient species with a novel metabolic pathway. Our anal-
yses found, in similar sets of Aspergillus species, the first three enzymes of
the bacterial peptidoglycan biosynthesis pathway: MurA, MurB and MurC.
Recipient species included Aspergillus terreus, Aspergillus oryzae, Aspergillus
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flavus, Aspergillus fumigatus and Neosartorya fischeri, although MurC was
apparently lost in the latter two species. Interestingly, in A. terreus, MurB
and MurC are fused into a single gene, with MurA located just besides. This
suggests that all three genes might have been part of a bacterial operon at the
time of the transfer. According to the STRING database (Jensen et al., 2009),
MurA, MurB and MurC have a conserved gene order only in some Firmicutes.
However, our phylogenetic analyses only identify Firmicutes as the possible
donor for MurA, whereas the other genes have distinct phylogenetic affiliations.
Three concomitant transfers of related enzymes from different donors seems
an unlikely scenario, and we are more inclined towards the possibility that an
insufficient phylogenetic signal, absence from the genome databases of relatives
of the true donor and HGT events among bacterial organisms preceding the
transfer to fungi, have obscured the specific origin of the transferred gene. This
view is consistent with the high level of heterogeneity in terms of bacterial groups
found in phylogenetic proximity to the transferred genes in many of our analyses
(see Table S3 in online supplementary material). Finally, the function for these
three Mur enzymes in fungi is unclear, although a possible role in the degradation
of bacterial cell walls can be speculated.

Concluding remarks

Our results reveal that inter-domain HGT is widespread in fungi and has played
a role in the evolution of this eukaryotic group. We detected 713 transferred
genes that, given the high stringency of our phylogenomic criteria, should be
considered a minimal estimate. Additional studies will probably reveal further
examples of transfers that have escaped our strict criteria (e.g. prokaryotic genes
transferred to other eukaryotic groups). The ability of fungi to acquire alien
prokaryotic genes suggests a more extensive exchange of genes between fungal
species. Gene transfer between fungi has already been described (Khaldi ef al.,
2008), and our study suggests at least an additional case. Further research will be
necessary to address many open questions such as the impact of these transfers
on the evolution of the recipient species and the intriguing differences in the
extent of HGT found for different fungal clades.

Additional files can be found here:
http://www.cell.com/trends/genetics/supplemental/S0168-9525%2809%2900235-2
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CHAPTER 6

PHYLOGENOMICS OF THE OXIDATIVE
PHOSPHORYLATION IN FUNGI REVEALS EXTENSIVE
GENE DUPLICATION FOLLOWED BY FUNCTIONAL
DIVERGENCE

Marcet-Houben M, Marceddu G. and Gabaldon T. 2009. Phylogenomics of the oxidative
phosphorylation in fungi reveals extensive gene duplication followed by functional
divergence. BMC Evol Biol. Dec 21;9:295

Introduction

Oxidative phosphorylation (OXPHOS) is the primary energy-producing pathway
in aerobic organisms (Saraste, 1999). It functions by coupling the energy ob-
tained from the oxidation of certain metabolic substrates to the phosphorylation
of adenosine biphosphate (ADP) to produce ATP. This is achieved by a process
of electronic transference through an intricate assembly of more than 20 discrete
carriers. These carriers are mainly grouped into four membrane-embedded
protein complexes, named Complex I through Complex IV, which form the
electron transport chain (ETC). Some of the complexes in this chain are able
to use the energy liberated by the electron transfer to the pumping of protons
across the membrane, thereby generating a proton gradient. Finally, the energy
obtained from the dissipation of this gradient is used by a fifth protein complex,
ATP-synthase or Complex V, to synthesize ATP.

In eukaryotes, the oxidative phosphorylation machinery resides in the
inner membrane of the mitochondrion. Molecular phylogenies of eukaryotic
OXPHOS components indicate that the core subunits of the complexes were
inherited from the alpha-proteobacterial ancestor of mitochondria (Gabaldén
and Huynen, 2003, 2004). In contrast, other subunits might have different
origins and show complex phylogenetic distributions (Gabaldén, 2005). Besides
providing important information on how complex systems evolve, knowledge
about lineage-specific variations may serve to identify novel components or
interactions. For instance, the evolutionary analysis of Complex I across a set
of eighteen eukaryotes, led to the prediction that the so-far uncharacterised
human protein B17L was involved in Complex I function (Gabaldén, 2005).
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This protein was later found to be participating as a chaperone in Complex I
assembly and a mutation in this gene was identified in patients showing severe
encephalopathy (Ogilvie et al., 2005).

Fungi is the group of eukaryotic organisms that is best sampled in terms of
fully sequenced genomes (Galagan et al., 2005; Marcet-Houben and Gabaldén,
2009). The adaptation of this kingdom to a diversity of environments is reflected
in a high metabolic variability that also affects the respiratory pathway (Ga-
baldén and Huynen, 2004; Bullerwell and Lang, 2005). Indeed, the adaptation
to oxygen-limited conditions or to high levels of oxidative stress during certain
phases of their life cycle may have been crucial in the emergence of fermentative
or pathogenic lifestyles. A recent comparative genomics study (Lavin et al.,
2008) has provided a comprehensive view of the patterns of presence and
absence of OXPHOS components in 27 fungal species. Here we extend the
analyses to 60 fully-sequenced fungal genomes and use a phylogenetics approach
that enables us not only to obtain reliable orthology relationships but also to
trace the history of duplications of OXPHOS components and related pathways
during fungal evolution. In particular, we wanted to assess the role that gene
duplication and functional divergence has played in the evolution of this pathway.
A prediction of the gene-balance hypothesis is that independent duplications
of protein complexes are likely to have deleterious effects (Papp et al., 2003),
thereby constraining this mode of evolution in a pathway that is mostly composed
of large complexes. Moreover, we wanted to test whether some loss or
duplications of OXPHOS components could be associated to specific phenotypes
such as virulence or adaptation to anaerobic environments. Altogether, our
results show a relatively high rate of duplication events that affect 76% of the
protein families surveyed. Interestingly, some of these duplications have been
directly followed by processes of functional divergence, sometimes involving
the recruitment of one of the duplicates to other multi-protein complexes.

Methods

Sequence data

Proteins encoded in 60 fully-sequenced fungal genomes were downloaded from
several databases. For consistency, we used in our analysis the species names as
provided by the database source. Some of these species have been renamed
and the corresponding new names and synonyms are listed in the additional
file 1 (Additional table S1). Additionally, genomes from Homo sapiens and
Arabidopsis thaliana were downloaded from ensembl http://www.ensembl.org.
The final database comprises 626,834 unique protein sequences.
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Reconstruction of the presence/absence matrix

Fungal proteins annotated as being part of the OXPHOS pathway were down-
loaded from the KEGG database (map 00190) (Kanehisa et al., 2008). In
addition, 6 proteins that were identified in the literature as belonging to complex I
but were not present in the KEGG database were downloaded from UniProt and
included in the analyses (NIOM, NURM, NUWM, NUXM and NUZM). The
resulting 85 proteins were used to perform a blast search against a database of
fungal proteins encoded in 60 fungal genomes (see table 3.1). Low complexity
filters were used in the blast search. To detect homology, we used the same
parameters that have been used previously in the same taxonomic range (Marcet-
Houben and Gabaldén, 2009). In brief, only significant hits (E-val < 10-3) that
aligned with a continuous region covering more than one third of the query
sequence were selected. Note that the use of low complexity filters in the blast
can reduce significantly the length of continuous regions of homology. Sets
of homologous sequences were aligned and used to reconstruct a Maximum
Likelihood tree from which orthology relationships were inferred (see below).
These orthology relationships were used to build a presence/absence matrix in
which for each OXPHOS component the species with a corresponding ortholog
are indicated. Putative absences in the matrix were double-checked by tBlastN
searches against the corresponding genome sequence and Blast searches from
family members of more related species. These hits were checked manually and
whenever they were considered orthologous to the already identified members
they were added to the list.

Phylogenetic analyses

We used a similar pipeline to that described in (Huerta-Cepas et al., 2008). Sets
of homologous proteins were aligned using MUSCLE 3.6 (Edgar, 2004) with
default parameters. Positions in the alignment with gaps in more than 10%
of the sequences were trimmed with trimAl (Capella-Gutiérrez et al., 2009).
Finally, PhyML aLRT version (Guindon and Gascuel, 2003; Anisimova and
Gascuel, 2006) was used to derive Maximum Likelihood (ML) trees. Four
different evolutionary models were used for each seed sequence (JTT, WAG,
Blosum62 and VT). In all cases, a discrete gamma-distribution model with
four rate categories plus invariant positions was used, estimating the gamma
parameter and the fraction of invariant positions from the data. The evolutionary
model best fitting the data was determined by comparing the likelihood of
the used models according to the AIC criterion (Akaike, 1973). Orthology
and paralogy relationships among members of a family were inferred from
the analysis of their corresponding phylogenetic trees, using a previously
described algorithm that has been described before and has been shown to
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be accurate (Marcet-Houben and Gabaldon, 2009; Huerta-Cepas et al., 2007).
Phylogeny-based methods are considered to better reflect the actual complexity
of orthology relationships than pair-wise methods such as best-bidirectional hits
(Gabaldén, 2008). All phylogenetic trees are provided in figure S4 (see online
supplementary material) as well as a list of proteins used as a seed in our analyses
(see table S2 in online supplementary material). All duplications where manually
checked to discard possible cases of spurious duplications. This was done by
manually inspecting the alignments and the nucleotide sequences of the relevant
duplicates. Moreover, the corresponding genome browsers or assembly data
were searched to analyze the sequence context of the duplicates. Highly similar
sequences in which one is only partially sequenced or in a small contig can be
taken as possible source of errors. These cases were discarded. Total counts of
duplications were also computed discarding the fraction of duplications that is
expected to be more sensitive to error annotation: lineage-specific duplications
with highly similar duplicates and duplications found in recently assembled
genomes.

Results and Discussion

Phylogenomic profiling of the OXPHOS pathway

Sequences of fungal proteins annotated as OXPHOS components were retrieved
from the KEGG database (Okuda et al., 2008) and used as queries for blastp
searches against the proteins encoded in 60 fully-sequenced fungal genomes
(see table 3.1 and Methods section). A phylogenetic analysis was performed
on each set of homologous proteins to derive a phylogenetic tree. This tree
was used to establish orthology and paralogy relationships using a species-
overlap algorithm that has been described earlier (Huerta-Cepas et al., 2007).
This phylogeny-based approach to orthology detection, approaches more closely
the original definition of orthology and reflects more appropriately the complex
evolutionary relationships within protein families (Fitch, 1970; Gabaldén, 2008).
The presence of the different components of the respiratory pathway in the
species surveyed is summarized in figures 6.1, 6.2 and 6.3.

Overall, our results agree with those reported by Lavin et. al in the
27 species that both surveys have in common (Lavin et al., 2008). That
the two approaches render so similar results, indicates that, despite using
different approaches both methods have a similar stringency in the detection of
OXPHOS components in this taxonomic range. In addition, our study extends
the information on the distribution of components of the respiratory pathway
to 33 additional species. The main advantage of our approach, however, is
more qualitative than quantitative. By performing phylogenetic analyses on
every protein family, we can readily obtain information on duplication events
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Figure 6.1: Phylogenetic distribution across 60 fungal species of Complex I subunits. Absences
of a corresponding ortholog in a given species is indicated with a blank square or a crossed green
square. Crossed green squares indicate that no ortholog was found but at least one paralog is
present. Presence of orthologs is indicated with uncrossed green squares. The different colour
intensities correspond to the number of homologs of the query protein found in that specific
genome. The species are ordered according to their phylogenetic position in the fungal species
tree Marcet-Houben and Gabaldén (2009).
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Figure 6.2: Phylogenetic distribution across 60 fungal species of subunits from Complexes II, IIT
and IV subunits. Symbols and codes as in figure 6.1.



UNIVERSITAT ROVIRA I VIRGILI
FUNGAL PHYLOGENOMICS. A GLOBAL ANALYSIS OF FUNGAL GENOMES AND THEIR EVOLUTION
Marina Marcet Houben

ISBN:

978-84-693-6431-4/DL:T-1633-2010
Chapter 6

75

ComplexV
§ & a
® -

S 8.3z 5 g ¢
PLCTONOOOT OO DI-xOT G
wowmwmwmowwmwmmwgp
0nw 0N nnnnanononnnnonnonon X
© ® OO0 OC®OOOCOC oo oo ofZ]o
EEECEEEEEEaEaEaelye
<<<<<<<<<<<<<<<<§'<‘§
<D(DKD<D!D<D‘D<D(DKD(DLD<D!D<D‘DEE
SEEEE2EEE5E255555sle
A A AR AR Rk o

Afl

Aor

Ate

Ang

Ani

Nfi

Afu

Acl

Ure

Cim

Hca
Mfi
Sno!

T

Nha

Fve
Fox
Gze

Tre

Pan

Cgo

Ncr

Mgr
Ssc

Sce
Spa
Smi
Sku
Sba
Sca
Cgl
Kpo ||
Ago
Kla
SK
Kwai
Clu
Cgu
Dha
Pst
Lel
Ctr
Cdu!
Cal
Yli

Bci

Spb
Sja

Pca

Pgr
Sro |
Ppl ||
Pch
Lbi
Cci
Cne

* Umg__|

Ror| |
Pbl ||
Bde

Py

Ecu A T

Figure 6.3: Phylogenetic distribution across 60 fungal species of Complex V and alternative
oxidases and dehydrogenases. Symbols and codes as in figure 6.1.



UNIVERSITAT ROVIRA I VIRGILI
FUNGAL PHYLOGENOMICS. A GLOBAL ANALYSIS OF FUNGAL GENOMES AND THEIR EVOLUTION
Marina Marcet Houben

ISBN:

978-84-693-6431-4/DL:T-1633-2010

76 Chapter 6

affecting components of the respiratory pathway, an important evolutionary
process that was ignored in the previous study. Recognizing gene duplications
is important, since this process is considered one of the main processes that
drive functional innovation (Ohno, 1970). Our study reveals that duplication
events have affected the OXPHOS pathway extensively. Overall, we detect
duplications in 76% of the families surveyed. These results were similar
(duplications in 75% of the families surveyed), when more stringent cut-offs
for homology detection were applied (see figures S1, S2 and S3 in the online
supplementary material). Such high proportion of duplications is not the result
of errors in the annotation or assembly of the genomes. We controlled for
this by inspecting manually every duplication case to discard dubious cases.
Moreover, even when species-specific duplications in which duplicates had more
than 95% identity at the nucleotide level or all duplications from the recently
assembled genomes Postia placenta and Puccina graminis were not taken into
account, the fraction of OXPHOS families with a duplication event remained
high (71% and 74%, respectively). Zygomycota, in particular, present the highest
proportion of duplicated proteins in the OXPHOS pathway. For instance, we
found duplications in 60% of the genes involved in Rhizopus oryzae OXPHOS
pathway. A large percentage of these duplications (82%) can be mapped
specifically to the R. oryzae lineage or to the lineage preceding the separation of
R. oryzae and Phycomyces blakesleeanus and thus are specific of Zygomycota
species. This large amount of lineage specific duplications seems to be general
in R. oryzae and P. blakesleeanus (unpublished observation from our group). An
interesting possibility is that the ancestors of these organisms underwent a Whole
Genome Duplication (WGD) event, similar to that described for Saccharomyces
(Kellis et al., 2004). This possibility has recently been confirmed for R. oryzae
(Ma et al., 2009), in a comprehensive study that catalogues duplicated regions
where the gene order is conserved. Consistently with our results, a duplication of
nearly all subunits of the protein complexes associated with respiratory electron
transport chains is detected, although our phylogeny-based approach detects
additional, more ancestral, duplications that are not associated to the WGD event.

Complete loss of the OXPHOS pathway in microsporidia and two
additional independent losses of Complex I coupled with alterna-
tive dehydrogenase expansions in Schizosaccharomyces and Saccha-
romycetales

Our results confirm earlier findings of a complete loss of the OXPHOS pathway
in microsporidia (Katinka er al., 2001) and the absence of most components of
Complex I in Schizosaccharomyces and Saccharomycetales (Gabaldén, 2005).
We are able to find most of the subunits of complex I in the Taphrinomycotina
species Pneumocystis carinii, suggesting that the event of gene loss occurred af-
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ter the diversification of Pneumocystis and Schizosaccharomyces lineages. The
apparent multiple absences of Complex I subunits, and those of other complexes,
in P. carinii is probably related to a low coverage of the genome sequence for
this organism. Similarly, the presence of a complete repertoire of Complex I
subunits in all species in the Candida cluster and the lack of this complex in
all surveyed species from the Saccharomyces/Kluyveromyces clade, situates the
loss of Complex I in the latter lineage. Remarkably, the two independent losses
of Complex I in the Taphrinomycotina and Saccharomyces/Kluyveromyces
clades are concomitant with independent expansions of their alternative NADH
dehydrogenases repertoire by virtue of gene duplications. Alternative NADH
dehydrogenases bypass Complex I electron transport, oxidizing NADH without
pumping of protons. The duplication of alternative NADH dehydrogenases
(Figure 6.4) might have provided a selective advantage for yeast species
using predominantly fermentative metabolism, due to adaptation to anaerobic
environments. Excess of NADH causes a problem under fermentative anaerobic
growth, since it prevents further oxidation of substrates due to a lack of a
sufficient NAD+ pool to accept electrons. Thus, the diversification of pathways
to further oxidize NADH would have been beneficial in such conditions. The loss
of Complex I in the same evolutionary periods might also be related to adaptation
to fermentative growth. It is unclear which of the processes preceded the other
or whether both processes were concomitant. A higher taxon sampling within
the Saccharomycotina and Taphrinomycotina might help to solve this issue in
the future. Also coupled with Complex I loss, and in line with adaptations to
anaerobic environments in the abovementioned lineages, we observe the loss of
alternative oxidases.

Duplications in Alternative Oxidases are not necessarily coupled with
a pathogenic life-style

Alternative oxidases catalyze the cyanide-resistant alternative pathway of mito-
chondrial respiration in some fungi, plants and several protists. This pathway di-
rectly transfers electrons from the ubiquinone pool to oxygen, thereby bypassing
complex III and cytochrome c oxidase (Veiga et al., 2003). Alternative oxidases
are common in yeasts but limited almost exclusively to non-fermentative and
crabtree-negative yeasts. Alternative oxidases participate in energy production
but also in antioxidant defense of cells. It has been shown that alternative
oxidases represent an important factor for the survival of pathogenic fungi inside
macrophages (Magnani et al., 2007). Considering this, it could be postulated
that the duplication of these enzymes might have played a role in the emergence
of pathogenesis in several mammal fungal pathogens. In our survey we detect
several copies of alternative oxidases in 13 species. Some of these duplications
seem to have occurred quite recently in their respective lineages, such as the
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Figure 6.4: Phylogenetic tree representing the evolution of the alternative dehydrogenase protein
family. The model used was WAG and approximate Likelihood (aLRT) support of the tree
partitions is indicated if lower than 0.9. Duplications involving S. cerevisiae were marked with
coloured boxes, while those involving N. crassa are indicated with white boxes. The species
name is followed by the protein name according to the database from which the sequences
where retrieved. Functional annotations were taken from Saccharomyces Genome Database (S.
cerevisiae) (Christie et al., 2004) and the Broad Institute (N. crassa). This tree represents a subset
of the sequences used in the analysis, the tree with the full set of sequences can be accessed in the

additional file 1.
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duplication that lead to AOX1 and AOX2 (0rf19.4774 and orf19.4773 in C.
albicans) involving some Candida species, which can be mapped before the
speciation of C. tropicalis, C. dubliniensis and C. albicans. Although many of
these duplications do affect pathogenic genera such as Candida and Aspergillus,
there are notable exceptions such as the intra-specific duplications found in
the generally non-pathogenic species Yarrowia lypolytica or Coprinus cinereus.
Conversely, we find pathogenic species such as Histoplasma capsulatum or
Cryptococcus neoformans that have been shown to survive in macrophages
(Johnson et al., 2003) and nevertheless present a single alternative oxidase.
Taken all together, our results suggest that a single copy of alternative oxidase
gene is sufficient to protect fungal pathogens against macrophages and rather
points to alternative selective advantages for the duplication of this gene.
Conversely, alternative adaptations might be behind the emergence of the ability
to survive inside macrophages in certain lineages. For instance, the presence of
a polysaccharide capsule in Cryptococcus has been shown to confer resistance to
oxidative stress (Zaragoza et al., 2008).

Extensive duplication followed by functional divergence in the fungal
OXPHOS pathway

According to the gene balance hypothesis (Papp et al., 2003), the duplication of
genes that encode for subunits of multi-protein complexes should have a higher
chance of being deleterious due to dosage effects. As a result, one would expect
to find few duplication events in the OXPHOS system, as this is mainly formed
by intricate complexes. Contrary to that expectation, we find numerous cases of
duplications in OXPHOS proteins, which overall affect 66 (76%) of the proteins
surveyed. These have occurred at different moments in fungal evolution. At least
for the genes duplicated during the Whole Genome Duplication event (WGD)
occurred in the yeast lineage about 80 Myr ago, the rate of gene loss of duplicated
OXPHOS genes is not higher than the overall rate for Saccharomyces cerevisiae.
Indeed, our study finds six yeast proteins (all complex II subunits, Qcr6p and
Cox5p), whose duplication is mapped to the WGD event. These represent
7% of the OXPHOS proteins, meaning that for 93% of the nuclear OXPHOS
proteins supposedly duplicated in WGD were subsequently lost, a rate of gene
loss that is roughly similar to the 88% estimated for the whole S. cerevisiae
genome (Kellis er al., 2004). It must be noted that one of the duplications
affected the whole Complex II, meaning that the duplication was conservative in
terms of stoichiometry of the different subunits. However, one of the duplicated
subunits has been subsequently lost in the Saccharomyces sensu stricto species,
suggesting the four duplicates do not form an alternative complex II. A possible
reconciliation between the extensive rate of gene duplications and the gene
balance hypothesis is that functional divergence directly followed the duplication
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event, thereby facilitating the retention of both duplicates (Lynch and Katju,
2004). Differences in the expression patterns of some of the WGD duplicates,
point to a functional specialization of each duplicate. For instance, Cox5
(YNLO52W) is expressed during aerobic growth whereas its paralog (YIL111W)
is expressed under anaerobic growth (Hodge et al., 1989). Similarly, the
duplicate of the SDHA complex II subunit (YJL045W) is specifically expressed
during the diauxic shift. Several other observations suggest that functional
divergence processes have been common after duplication of OXPHOS protein
families (see below).

Evolutionary cross-talk between the OXPHOS complexes and other
multi-protein complexes

Several instances of paralogy relationships between complex I subunits and
other mitochondrial multi-protein complexes have been previously reported (Ga-
baldén, 2005). This is the case for the NDUFA11 subunit, which is paralogous
to the Tim17/22 family as well as that of NISM (NDUFA?2) and NUZM, which
are paralogous to L43 and L2 subunits of the mitochondrial ribosome. It has
been suggested that OXPHOS proteins with paralogs in other complexes would
play a structural role rather than being involved in proton or electron transport,
since ribosomes and the import machinery do not display those functions
(Gabaldén, 2005). Similarly, we find several instances of paralogs of OXPHOS
subunits that play a role in other complexes. Interestingly, another evolutionary
connection between OXPHOS and the mitochondrial import machinery (MIM)
is evidenced by the fact that the MIM subunit TIM18 (YOR297C) is a paralog
of the Complex II subunit SDHD (YDR178W). Yet another paralog of the
same Complex II subunit, which originated from a more recent duplication in
the Saccharomycotina lineage (YLR164W) encodes for a mitochondrial inner
membrane protein of yet unknown function. Paralogies to the protein import
system in the mitochondrion extend to the two subunits of the Mitochondrial
processing peptidase (MPP), an essential processing enzyme that cleaves the
N-terminal targeting sequences from mitochondrially imported proteins (Gakh
et al., 2002). Indeed the large and small subunits MAS1 (YLR163C) and MAS2
(YHRO024C) are homologous to QCR1 (YBL045C) and QCR2 (YPR191W)
subunits of Complex III. Paralogy relationships to other multi-protein complexes
extend beyond mitochondria. Indeed, several paralogs of Complex V subunits
have been described as components of complexes from other cell compartments.
For instance, the alpha and beta subunits of the F1 sector of the mitochondrial
ATP synthase (YBLO99W, YJR121W) are paralogous to the A and B subunits
of the vacuolar ATP synthase (YDL185W, YBR127C). Vacuolar ATP synthases
are found in the membranes of a large number of organelles which include
endosomes, lysosomes and secretory vesicles. This duplication, however is
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not specific to fungi, since both paralogous groups have representatives in
Arabidopsis thaliana and Homo sapiens (see phylogenetic trees additional file
1: figure S4), which indicates that the duplication preceded the diversification of
plants and opisthokonts.

Yeast ACPM is possibly not a complex I remnant but a Saccharomycotina-
specific paralog of complex I Acyl-carrier protein

Although previously identified as a remnant Complex I subunit in the Complex
I devoid organism S. cerevisiae (Gabaldén, 2005), our current phylogenomic
analysis suggest that this protein might actually be a paralog originated from an
ancient duplication that is specifically conserved in Saccharomycotina (Figure
6.5). This paralogy relationship is supported by approximate Likelihood Ratio
Tests (aLRT) analyses of the duplication node (0.79, shown in the figure) as
well as by bootstrap analyses (74% bootstrap support, not shown in the figure).
This finding clarifies apparent inconsistencies in the function of Complex I acyl-
carrier protein and the isolated ACPM protein (YKL192C). Indeed S. cerevisiae
ACPM protein has been found to participate in the synthesis of octanoic acid, a
precursor of lipoic acid (Brody et al., 1997), whereas the acyl carrier Complex I
subunit in Neurospora crassa seems not to participate in this process (Schneider
et al., 1995). The fact that a mammalian homolog of this protein family has
also been identified as a Complex I subunit in bovine mitochondria (Runswick
et al., 1991), suggests that association with Complex I is an ancestral feature
of the family. Taken together, these results indicate that a process of functional
divergence might have occurred after the duplication event diverting the new
duplicate for specializing in the synthesis of octanoid acid. This specialization
is presumably present in all Saccharomycotina species including the Candida
group, which additionally possesses the true acyl carrier Complex I subunit.

Conclusions

Altogether our results shed light on how processes of gene loss, duplication and
functional divergence have shaped the core of the respiratory pathway in fungi.
Although most fungal organisms present a similar overall composition in terms
of respiratory complexes, extensive differences in what particular units have been
lost or duplicated in each complex, might help explaining differences found at the
physiological level. This continuous evolution of OXPHOS components seems
to be common in other groups of organisms (Gabaldén, 2005; Saccone et al.,
2006; De Grassi et al., 2008), emphasizing the plasticity of this central energetic
pathway.
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Figure 6.5: Phylogenetic tree representing the evolution of the ACPM protein family. The model
used was WAG and approximate Likelihood (aLRT) support of the tree partitions is indicated.
This tree represents a subset of the sequences used in the analysis, the tree with the full set of
sequences can be accessed in the additional file 1.
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Additional files can be found here:
http:/fwww.biomedcentral.com/1471-2148/9/295/additional/
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CHAPTER 7
FUNPATH CONSORTIUM

Introduction

Infections caused by fungal species consitute a growing medical problem. The
appearance of AIDS, the evolution of immunosuppressive treatments used for
organ transplants, improvements in health care, which have led to increased
survival rate in critically ill patients, are all factors that have caused an increase
in the number of reported cases of fungal infections.

One of the major fungal groups with the ability to infect humans are Candida
species (such as Candida albicans, Candida glabrata, Candida parapsilosis
and Candida tropicalis). Altogether, they represent the fourth leading cause of
hospital-acquired diseases. The overall mortality of systemic Candida infection
can be as high as 42%, exceeding the mortality of all gram-negative bacterial
septicemia (Horn et al., 2009; Méan et al., 2008; Nace et al., 2009; Pfaller and
Diekema, 2007; Wenzel and Gennings, 2005). This high mortality rate is due,
in part, to a lack of accurate and fast diagnostic tests, but also because current
antifungal therapies are not always effective enough.

The major causative agent of candidiasis is C. albicans, which conforms
~54% of the isolated species, followed by C. glabrata and C. parapsilosis
each with ~14% and C. tropicalis with 12% of all Candida isolates (Pfaller
et al., 2008). During the last 20 years, the distribution of the different Candida
species found infecting humans has been changing gradually and varies across
geographic regions. While C. albicans is the most prevalent species retrieved
from clinical isolates, with a frequency of occurrence which varies throughout
the world from of 37% in Latin America to 70% in Norway, C. glabrata is
the second most frequent cause primarily in North America and the European
Union. In contrast, C. parapsilosis and C. tropicalis are more prevalent in Asian
and Pacific regions and account for almost 20% of all Candida infections in
Latin America. The prevalence of Candida krusei is generally low but more
common in Europe than in other regions (Pfaller et al., 2008). The appearance
of other Candida species remains low but the occurrence of these species is under
constant observation (Shin et al., 2007; Magill et al., 2006; Panackal et al., 2006).

The mechanisms that C. glabrata uses to infect hosts are largely different
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Yarrowia lipolytica
Candida albicans
Candida dubliniensis

Candida tropicalis
Lodderomyces elongisporus

Pichia stipitis
Debaryomyces hansenii
Candida guilliermondii

Candida lusitaniae
Saccharomyces kluyveri

Kluyveromyces waltii
Ashbya gossypii
Kluyveromyces lactis
Kluyveromyces polysporus

Candida glabrata

WGD Saccharomyces castellii

Saccharomyces bayanus

Saccharomyces kudriavzevii
Saccharomyces mikatae
Saccharomyces paradoxus
Saccharomyces cerevisiae

Figure 7.1: Phylogenetic tree depicting the evolutionary relationship of a group of
completely sequenced species belonging to the Saccharomycotina subphylum (adapted
from figure T21 in chapter 3). All nodes except one (indicated) have a high support
(>0.99) based on an approximate likelihood ratio test analysis (aLRT). Underlined
species names indicate human fungal pathogens. Squares mark the moment in
which the CTG codon was reassigned to codify for a serine instead of leucine
and the point in which the whole genome duplication occurred. According to
this phylogenetic scenario, C. glabrata and other Candida species became human
pathogens in independent evolutionary events.

from the known mechanisms in C. albicans. Virulence factors such as filamenta-
tion and secretion of large amounts of proteases are thought to be mostly absent
in C. glabrata. This, coupled with an enhanced resistance to azole drugs leads to
severe difficulties in treating infections caused by this species.

From an evolutionary standpoint, C. glabrata is more closely related to
Saccharomyces cerevisiae than to other Candida species (see figure 7.1). This
fact suggests that this species developed its pathogenesis independently from
the other Candida species, which in turn explains why their mechanisms of
infection differ. The assembly of the C. glabrata genome sequence (Dujon
et al., 2004) now provides the possibility to study the distinct pathogenicity of C.
glabrata using genomic approaches (Schwarzmuller et al., 2010). Additionally,
its closeness to the well characterized, non-pathogenic budding yeast provides a
good scenario for the use of comparative genomics.
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The FunPath consortium

The FunPath consortium started in 2007 and has been funded through the
ERA-NET Pathogenomics program of the European commission. The main
objective of the consortium is to identify virulence factors used by C. glabrata
to infect human hosts by using throughput genetic analysis. The consortium
is formed by several experimental groups including the laboratories of Karl
Kuchler and Cristoph Schiiller in Austria, Christophe d’Enfert and Dominique
Ferrandon from France and Steffen Rupp and Bernhard Hube from Germany.
Our lab is the only bioinformatics component in the consortium and as such
our complementary expertise has served to make predictions of potentially
interesting genes, and to offer analysis support to the members of the consortium.

The project has been divided in three parts. The first part comprised the
identification of genes that were likely to be involved in virulence. These genes
have been the starting point for the construction of a deletion library that will one
day contain deletion mutants for all genes of C. glabrata. The last part comprises
the phenotypic characterization of the deletion mutants.

A total of 868 candidate genes were selected for a first round of knockout
experiments. Selected genes included genes with homologs in S. cerevisiae
that were known to be involved in cell wall synthesis, signaling cascades and
transcriptional regulation. Candidates also included genes with no orthologous
sequences in S. cerevisiae, as they could confer phenotypic differences, including
the ability to infect humans. At the moment a total of 476 strains have been
constructed (work done by Tobias Schwarzmiiller and Karl Kuchler). The strain
collection is now being tested for phenotypes under different stress conditions
which try to emulate conditions that C. glabrata may find when infecting
the host. They also are being used to infect animal models. Within the
consortium, Dominique Ferrandon’s lab uses fly models to test the virulence
of mutants (Roetzer et al., 2008) while the model of choice in Bernhard
Hube’s lab is the mouse (Jacobsen et al., 2010). While the funded period of
FunPath project has now reached its end the collaborations between the groups
are still going on with the objective of obtaining the complete collection of
fully characterized C. glabrata knockouts one day. All the data pertaining
to the knockout collection has been stored in the newly created FunPath
database (http://funpath.cdl.univie.ac.at/). The web page was constructed in
a collaboration between our lab and Walter Glaser and Karl Kuchler, and is
expected to host all the results derived from the FunPath consortium. At the
moment, information about the knockout library can be found in a password
protected section of the web page.
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The Candida glabrata phylome: detection of potential
virulence factors based on their evolutionary history.

S. cerevisiae is probably the fungal species with the most comprehensive genome
annotation. Numerous groups have worked during more than a decade towards
completely understanding the function of the genes in this species. The close
relationship shared by C. glabrata and S. cerevisiae will enable us to safely
transfer annotations from the baker’s yeast to this pathogenic species. In order
to do that an accurate orthology and paralogy prediction between these two
species needs to be established. There are numerous ways to do this. While
methods based on similarity such as best blast hit, best bidirectional hit, or
inparanoid (Ostlund et al., 2010) are often used, phylogenetic methods tend
to be better suited, especially when multiple to one or multiple to multiple
gene relationships need to be established (Gabalddon, 2008). The construction
of a phylome (Sicheritz-Pontén and Andersson, 2001), which comprises the
complete collection of gene phylogenies in a genome, enables the establishment
of phylogenetic based orthology predictions at a genome-wide scale.

We reconstructed the C. glabrata phylome using the same dataset and in
the same way as the yeast phylome (see chapter 3), but using C. glabrata as
the seed proteome. All trees and alignments from the phylome are stored in
phylomeDB (Huerta-Cepas et al., 2008) and will be made publicly accessible
soon. Orthology and paralogy relationships were inferred based on a species
overlap algorithm (Huerta-Cepas et al., 2007) using ETE (Huerta-Cepas et al.,
2010b). Annotations from S. cerevisiae were transferred to their orthologs in
C. glabrata and were used to select the genes to be deleted. The availability of
all evolutionary histories of C. glabrata genes allowed us to search for genes
with interesting topologies. For instance, we searched for those phylogenies that
contained C. glabrata genes with no homologs in S. cerevisiae or for those genes
that had been specifically duplicated in C. glabrata.

Genes without orthologs in Saccharomyces cerevisiae

Differences in gene content between the pathogenic C. glabrata and the non-
pathogenic Saccharomyces cerevisiae are excellent candidates of being virulence
factors. Without taking into account those genes that have no tree, we found 699
genes that had no orthologs in the baker’s yeast. Moreover, If we have a further
look at how many genes do not have any homologous protein in yeast, we have 87
proteins. Of these 87 genes, only 4 do not have homologs in any other post whole
genome duplication (post-WGD) species nor in the Kluyveromyces clade. Of
these four genes, one was predicted as horizontally transferred from prokaryotes
(see below and chapter 5). The remaining three have homologs in some other
fungi, but they are not widespread, which may point to further horizontal gene
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transfer events among fungi.

Expansions of protein families in Candida glabrata

We looked for proteins that had specific duplications in C. glabrata but not in
any other closely related species and identified 7 such families. One of these
families contained a pfam domain related to adhesins. Efficient adherence to host
tissues is often one of the key factors in pathogenic infection. In Candida species
this adhesion is mediated by cell wall-located adhesins. So far in C. glabrata
a large group of GPI-anchored cell wall proteins is predicted and many of them
represent potential adhesins. The epithelial adhesin (EPA) gene family represents
the largest group in C. glabrata. In vitro, epal mediates C. glabrata’s adherence
to epithelial tissue while other EPA genes are expressed at low levels. Even so
the relation of Epal to virulence remains unclear because there are no differences
found between colonization of wild-type and knockout strains. Besides the
EPA genes, C. glabrata contains several other proteins that represent potential
adhesins (e.g. Awp, Pwp families). The presence of these proteins in the cell
wall has been shown to depend on the strains’ genetic background and growth
phase, and are thought to be controlled by external stimuli. The identification
of new families of adhesins, that are specifically expanded in C. glabrata, can
lead us to discovering new virulence factors, therefore they constitute perfect
candidates for the construction of mutants to be subjected to further phenotypic
studies.

Horizontal gene transfer in Candida glabrata

During the analysis performed in chapter 5, we found one horizontal gene
transfer (HGT) event that involved C. glabrata. The predicted protein was
identified as a putative Aspartate racemase, which is able to interconvert L-
aspartic to D-Aspartic. Candida albicans and other Candida species contain
amino acid oxidase genes that are used to detoxify D-amino acids, but they
are absent in C. glabrata and S. cerevisiae. On the other hand, D-Aspartate
can be found in the nervous and endocrine tissues in mammals (Schell et al.,
1997). As we know that C. glabrata is able to infect the brain (Srikantha
et al., 2008) and lacks the most common detoxification method for D-Aspartate,
we hypothesized that C. glabrata needs an alternative method to deal with D-
Aspartate and therefore the transference of an Aspartate racemase would have
been beneficial. This hypothesis is currently under experimental testing in the
labs of Bernhard Hube and Matthias Brock.



UNIVERSITAT ROVIRA I VIRGILI
FUNGAL PHYLOGENOMICS. A GLOBAL ANALYSIS OF FUNGAL GENOMES AND THEIR EVOLUTION
Marina Marcet Houben

ISBN:

978-84-693-6431-4/DL:T-1633-2010

90 Chapter 7

Prediction of transcription factor binding sites

Humans have numerous defensive mechanisms against fungal infection. Phago-
cytes play an essential role in this defense and successful pathogens have had
to develop mechanisms to avoid their destruction by macrophages, neutrophils
and others. One of the mechanisms of action of phagocytes, is the generation of
reactive oxygen species which cause a situation of stress upon the pathogen.
When cells are under oxidative stress, transcriptional remodeling occurs to
ensure the proper response. In S. cerevisiae the response to oxidative stress is
in part under the control of the well-studied transcription factors Yaplp, Skn7p,
Msn2p, and Msndp (Cuéllar-Cruz et al., 2008). The lab of Christoph Schuller
investigated the effect that deletion of Yapl, Skn7, and a double mutant of both,
had on the transcriptome of C. glabrata under oxidative stress (unpublished
results). Genes with changes in regulation under these conditions were divided
into three groups depending on whether they were dependent on one of the
two transcription factors (group 1), only on Yap1 (group3) or the case in which
expression is repressed when either transcription factor is deleted, but the double
mutant causes an overexpression, which lead us to believe in the existence of a
third transcription factor (group2). We collaborated in this analysis by searching
for transcription factor binding sites (TFBS) enriched in the promotors of each
group of responsive genes.

TFBS search for Yapl and Skn7.

For each gene in the abovementioned groups, we analyzed 2000 nucleotides
upstream of the start codon. We retrieved TFBS motifs that can be found in
yeastract (Teixeira et al., 2006) for both Yapl and Skn7. Then we used a
pattern matching approach in order to identify sites that completely matched
the described TFBS. Since a certain amount of variation can be expected,
we repeated the search allowing for one change in any given position. The
results correlate with the observed variations in expressions. Differences can be
attributed to the fact that near-canonical Skn7 sites appear almost everywhere.
We suspect that most of these variations will render the site non-functional,
although we currently lack appropriate weight matrices to assess this. Moreover,
the functionality of binding sites may also depend on other factors such as the
genomic context or the distance to the start-site.

De novo predictions of TFBS for the identification of a third tran-
scription factor

As explained above, Group 2 comprises genes that are repressed respect to
the wild type when either Yapl or Skn7 are deleted but in which the double
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mutant is once again overexpressed. A possible explanation for the observed
expression pattern is that a third, unidentified transcription factor is involved in
the regulation of these genes. We tried to predict patterns of nucleotides that were
over-represented in the promotor regions of these groups of genes. There are
numerous strategies to predict TFBS de novo (Tompa et al., 2005). They can be
divided in two different groups: algorithms based on word counting and methods
based on probabilistic sequence models. We decided to combine three different
programs: Olygo-analysis (van Helden et al., 1998), BioProspector (Liu et al.,
2001) and MotifSampler (Thijs et al., 2001, 2002). Olygo-analysis belongs to
the first group and searches for over-represented oligonucleotides within a group
of upstream regions. On the other hand, both BioProspector and MotifSampler
use Gibbs sampling to predict statistical representative motifs.

Each program predicted several conserved TFBS in proteins from the second
group with varying lengths (6-10 nucleotides). However, our results showed
large inconsistencies among predictions for the various programs without a clear
motif being consistently present in the promotor regions of group 2 and absent
in the other groups.

Considering these results we changed the approach and tried to manually
predict the motifs that were in group 2 but not in the other two groups. We
devised a perl script that created all possible motifs of a certain length (6, 7 and
8) and then searched for their presence in the genes of each group. For this, we
found that the results for motifs of 6 sites were not specific enough, but there
were several motifs of 7 and 8 sites that were present in approximately one third
of the promotors of the genes in group 2 and in none of the other groups. We then
introduce single changes in those motifs in order to enlarge their scope in group
2 while still not allowing them to be present in the other two groups. The best
result covers 60% of the gene promotors in group 2, but the motif is exclusively
found in this group. In addition, if we take the motifs together, we are able to
cover all the proteins in group 2. A graphical representation of the location of
the motifs can be found in Figure 7.2.

Given the short length and the difficulty of assessing the statistical signif-
icance of a hit, the prediction of TFBS is still unreliable and often produces
numerous conflicting results. Much work still needs to be done in order to
improve and unify the predictions of such short stretches of DNA. In this kind
of analysis the input of experimentalists is very valuable as they will be able to
asses and direct the predictions so that the algorithms can be improved. Even
so, computational predictions may be used to provide hints on where to start the
experiments.
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Figure 7.2: Prediction of TFBS in Candida glabrata proteins that are affected by the
deletion of either Yapl or Skn7, but are overexpressed in the double mutant. Lines
in front of each gene represent the 2000 nucleotides upstream of each gene and the
colored stripes represent the location in which each TFBS was predicted.
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Tree reconstruction based on SNPs in Candida albicans
strains

Within the FunPath consortium we initiated a collaboration with Christophe
d’Enfert’s lab. C. albicans is one of the main human fungal pathogens. More
than 54% of the detected cases of candidiasis are caused by this fungi. Multi-
locus sequence typing (MLST) measures the DNA sequence variations in a
set of genes and is then used to characterize strains by their unique allelic
profiles. This technique has been successfully applied in C. albicans isolates
in order to identify different clades (Odds et al., 2007; Tavanti et al., 2005;
Bougnoux et al., 2004). Odds et al. (Odds et al., 2007) defined 17 different
clades from more than 1000 different isolates. Geographic location and ITS
type (based on the presence or absence of an intron in DNA sequences encoding
rRNA) were found to be the main properties that differentiated between clades.
Different strains of C. albicans belonging to different clades were sequenced
by Christophe d’Enfert’s group. After assembling the genomes using SHORE
(http://www.1001genomes.org/downloads/shore.html), single nucleotide poly-
morphisms (SNPs) were identified.

One of the objectives of the collaboration was to use these SNPs to
reconstruct a phylogenetic tree and see whether the distribution of clades
matched the results obtained by MLST data. The first tests were run with 6
C. albicans strains, three of them, including a re-sequenced reference strain,
belonged to clade 1 while the other three belonged to clade 11. At later stages
more strains were included to finally reach the point where 8 clades have at
least one representative. In order to reconstruct the phylogenies we applied two
different methodologies: parsimony and maximum likelihood.

Parsimonious tree reconstruction:

The idea was adapted from Ruderfer et al. (Ruderfer et al., 2006). In their paper
Ruderfer et al. used SNP predictions for three strains of S. cerevisiae and one
of Saccharomyces paradoxus. Using S. paradoxus as an outgroup they were
able to identify informative SNPs, in all such cases two baker’s yeast strains
contained the same SNP while the third strain shared the same nucleotide with S.
paradoxus. Using this information they were able to determine the most likely
evolution of the three S. cerevisiae strains as it would match the topology with
the largest number of informative SNPs.

We performed a similar approach on the first six strains. For each SNP
position we grouped the species by their allele. The groups of species that had
more alleles in common were then used to reconstruct the phylogenetic tree.
Groups of species that contradicted groups that had already been selected for
the tree were discarded. The final tree (see figure 7.3) correctly grouped the
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A.- Maximum likelihood B.- Maximum parsimony
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Figure 7.3: Phylogenetic trees based on SNP information of six C. albicans clades:
169,674 SNPs were used to reconstruct these two phylogenetic trees. Red leaves
represent members of clade 1 while blue leaves represent members of clade 11.
Numbers on the branches of the tree built using parsimony represent the number of
SNPs that support each partition.

three clade 1 strains and the three clade 11 strains. It also clearly showed the
difference between one of the clade 11 strains (CEC1427), which had already
been identified as having a different genetic background than other clade 11
strains.

As most parsimony methods, this methodology can only be applied to
reconstructions with a limited number of strains. When more strains are
included, the number of possible groups grows and the number of SNPs that
supports each group decreases, rendering this methodology unfeasible.

Tree reconstruction based on SNP concatenation

All positions in the six C. albicans strains that contained at least one SNPs were
concatenated into a single multiple sequence alignment of 169,674 sites. Each
SNP was represented by two positions in the alignment so as to take into account
homozygous and heterozygous SNPs. The phylogenetic tree was reconstructed
using GTR+I+gamma as implemented in PhyML3 (Guindon et al., 2009). As
seen in figure 7.3, the two trees presented almost the same topology. Only
the inner distribution of the strains included in clade 1 (leaves in red) varied
slightly between methods. This methodology was also applied to reconstruct
larger trees, which included 20 newly sequenced strains belonging to 8 different
clades. When compared to the MLST data it was shown that the relationship
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between the strains conformed to the clade grouping identified previously.

The methodology we applied during the collaboration with Christophe
d’Enfert will be useful in our further work as we are now involved in a project
to sequence eight different C. glabrata strains and we plan to extend similar
analyzes to this group.

Final Remarks

Most virulence mechanisms that C. glabrata uses to infect human hosts are still
unknown. The work of the FunPath consortium is only a first step in the quest
to eradicate the threat that this fungal pathogen poses to human health. The
creation of a deletion library has just started and will continue over the next years,
with the expectation that it will constitute an important source of information
regarding the investigation of the genes that influence C. glabrata’s ability to
infect humans. Bioinformatics has played an important role in the selection of
the genes that should be deleted first and in analyzing the output data. In the
future it will continue playing and important role when the time comes to analyse
all the data related to high-throughput analysis.
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Summarizing discussion
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CHAPTER 8
SUMMARIZING DISCUSSION

This thesis has explored different aspects of the evolution of the fungal kingdom
by using phylogenomics tools. In this chapter we will summarize the most
important conclusions we have drawn from the analyzes performed and will
provide a summarizing discussion.

The fungal species tree: node support versus tree
distance

Often, basic knowledge on the species phylogeny is needed in order to provide
an evolutionary framework to phylogenomic studies. This basic knowledge is
not always readily available. Many parts of the species tree are still not well
resolved and are the source of heated debate. While numerous fungal species
trees have been reconstructed over the years (Marcet-Houben and Gabaldén,
2009; Fitzpatrick et al., 2006; Wang et al., 2009; James et al., 2006; Lutzoni
et al., 2004), it is evident by their slight differences that there are some nodes
that are not easily resolved (Marcet-Houben and Gabaldén, 2009). Species trees
are used as an evolutionary framework in many studies and knowledge on their
reliability is important when we use it as a starting point for further work. In
concatenated alignments, the method of choice in most studies, including ours,
it has been shown that measures usually applied to assess the robustness of tree
nodes (i.e. bootstraps support (Felsenstein, 1985)) can be influenced by the
length of the concatenated alignment (Gadagkar et al., 2005), therefore they may
fail to offer objective information about the robustness of tree nodes.

In addition, evolutionary events such as gene duplication with differential
loss, horizontal gene transfer or lineage sorting, can result in differences in the
topology of gene trees. Considering this, how can we be sure that the genes we
are using to reconstruct the species tree are representative of the evolution of
the different species and are not giving us information biased by the particular
sample of genes used?

Ideally, in order to build a species tree, one would like to use all the gene
families compressed in the organisms included in the tree, but this is still difficult
with current methods. An alternative approximation is to identify problematic
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nodes independently from the genes used for the reconstruction. In chapters 3
and 4 we have addressed these issues by using a genome-wide collection of gene
trees (a phylome) in order to assess the robustness and correctness of a species
tree. In chapter 3 we used an algorithm that was able to provide support to each
of the tree nodes based on the fraction of trees in the phylome that showed a
congruent topology for that group of species. This comparison motivated our
search for other distance measures that could go beyond the assessment of the
existence of a given topology distribution. The lack of appropriate methods to
assess the distance between two trees that contain duplications lead us to the
development of treeKO (http://treeKO.cgenomics.org). In chapter 4, we describe
this tree comparison program and use it to discriminate between different species
tree topologies by comparing the distance distributions to a phylome.

Both measures are complementary and while treeKO provides a global vision
of the similarity between each gene tree and the species tree, the algorithm
presented in chapter 3 focuses more on the prevalence of specific sub-topologies
in the phylome. In either case, the results of both methods show that there are
some nodes in the species tree that we are not able to resolve satisfactorily, even
when the information present in a whole phylome is used. This is true for those
nodes in which gene trees largely disagree, providing similar support to various
alternative topologies.

These results beg the question of how this issue can be solved. In chapter
three we show that if a given node was dubious in a large tree, using less
species centered only around the problematic region to sample more genes
for the concatenated alignment did not solve the problem. It is our hope that
an increase in the number of species at key points of the tree may one day
provide enough information to unequivocally describe the fungal species tree.
Increasing the species coverage at certain nodes is becoming more feasible now
thanks to the advances in sequencing technologies. Alternatively, the possibility
exists that standard sequence analysis cannot resolve certain topologies in which
processes such as lineage sorting, hybridization or horizontal gene transfers
have blurred the signal to the point in which not even using large amounts of
genomic sequences allows the retrieval of a robust species tree. In such instances
alternative data will need to be provided that is not directly related to sequences.
The conservation of gene order for instance has been used in several instances
to support specific species phylogenies. This is the case for the conflicting
branching order of Candida glabrata and Saccharomyces castellii. Phylogenetic
trees indicate almost unanimously that C. glabrata diverged before S. castellii,
but the node has been identified as one of the poorly supported nodes (see chapter
3 and chapter 4). Gene order analyzes have provided the counter argument by
showing that a basal placement of S. castellii is more parsimonious regarding the
number of genomic rearrangements implied (Gordon et al., 2009).
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Implications of tree uncertainty for orthology prediction

As explained above, assessing unequivocally a species tree topology is not a
trivial problem. Along the same lines, ensuring that we have a correct gene
tree poses similar problems. Beyond the topological differences caused by
evolutionary events, we showed in chapter 3 that tree topologies can also vary
depending on the phylogenetic reconstruction method or the evolutionary model
used during the reconstruction. While these changes may not affect the whole
gene tree, they are still introducing uncertainty in the data. Phylogeny-based
orthology predictions are more appropriate than predictions obtained by other
methods (Gabaldén, 2008) as they are able to elucidate complex relationships
between genes that may have undergone numerous gene duplication or loss
events. Uncertainty in the data may greatly affect the prediction of orthologs
and paralogs. Tree reconciliation methods (Page and Charleston, 1997) have
often been used to establish evolutionary relationships between sequences, but
their most basic premise is that both, the gene tree and the species tree have
to be correct. This assumption is often not met and therefore the number
of duplications may be over-estimated, which leads to erroneous predictions.
Throughout this thesis we have used a more flexible orthology prediction
algorithm. The species overlap algorithm (described in (Huerta-Cepas et al.,
2007)) is able to establish orthology and paralogy events based only on the
information found in the gene tree, reducing the assumptions on a species
phylogeny simply to that necessary to root the tree. This last requirement,
however, can be avoided when alternative rooting methods such as midpoint
rooting are applied. We show in chapter 3 that while orthology predictions of
both methods had a similar predictive value, the species overlap algorithm had a
higher sensitivity. This can be directly correlated to the flexibility shown by the
algorithm, which will not be greatly affected by small changes in the gene tree
topology and is completely independent from the species tree.

Horizontal gene transfer events in fungi are more abun-
dant than previously thought

In chapter 5 we used an automatic pipeline to estimate the number of interdomain
putative horizontal gene transfer events (HGT) between prokaryotes and fungi.
Few events had been reported before, and most analyzes were centered around
Saccharomycotina species. Previous work showed that Saccharomycotina
species seem to be particularly reluctant to incorporate foreign DNA even though
it has been experimentally demonstrated in vitro in Saccharomyces cerevisiae.
Our results showed that while HGT events were scarce in Saccharomycotina, this
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was not the case in Pezizomycotina. While not reaching the high percentages
described in bacterial species, we found that several Pezizomycotina species
could have up to 0,38% of their genes transferred from bacteria, using a strict
criteria. Species with the highest rates of predicted HGT events are Aspergillus
and Fusarium species, which are well represented in terms of completely
sequenced species. Therefore, the results can not be attributed to a poor sampling
of close species since they are some of the best sampled groups in fungi. There
is not a clear reason as to why this bias exists. One of the main differences
between Pezizomycotina and Saccharomycotina is the size of their genomes. It
has been hypothesized that the size of prokaryotic species plays an important role
in the reasons as to why HGT is important in their evolution (Isambert and Stein,
2009), as they are constrained in terms of evolution by duplication-divergence.
A similar reasoning, however, cannot be used for fungi. Despite the small
size of the genomes of Saccharomycotina species, numerous duplication events
have been found within their genomes, the largest of them spanning the whole
genome duplication that occurred in the ancestor of S. cerevisiae and C. glabrata.
Therefore it does not seem likely that fungi would need horizontal gene transfer
events to be the main force behind their evolution. On the other hand, without
this need, the small size and compact organization of the Saccharomycotina
genomes, with fewer non-coding regions, my hamper the uptake of foreign DNA
as any change in the conformation of their chromosomes may destabilize the
whole organism. Pezizomycotina, which possess much larger genomes, would
be more resistant to this effect, facilitating the existence of transfer events.

While in this thesis we have not treated transferences between fungal species,
recent studies have shown that this event may be frequent. For instance,
Novo et al. (Novo et al., 2009) showed that there were several regions in a
newly sequenced S. cerevisiae strain that were not part of the reference yeast
genome. One of the three unique regions held a large degree of similarity to
a region in Zygosaccharomyces bailii, which is a major yeast contaminant in
wine and therefore can be found in close contact with this particular strain of
S. cerevisiae, propitiating the exchange of DNA. Z. bailii tolerates common food
preservatives, high concentrations of sugar and ethanol, and low pH and this may
be characteristics that have conferred S. cerevisiae with a selective advantage
during wine fermentation. A second example was provided by Ma et al. (Ma
etal.,2010). They showed that chromosomes can be interchanged between some
Fusarium species. These events were related with the emergence of pathogenesis
in previously non-pathogenic strains. This two examples show that transferences
of genetic material are part of the evolution of fungi and it may be interesting to
follow it through with a more in-depth analysis on how these events have shaped
the evolution of fungal species.

Alternatively, fungal species also have been the donors in some transfers
towards other Eukaryotes. Unlike most animals, the Pea Aphid (Acyrthosiphon
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pisum), whose genome was published recently and in which our group performed
some phylogenomic analysis (Huerta-Cepas et al., 2010b; Consortium, 2010),
has been shown to have the machinery needed to be able to synthesize carotenes.
Recently, Moran and Jarvik (Moran and Jarvik, 2010) suggested that some of the
genes that are part of this pathway were of fungal origin and that they had been
acquired in one single transfer event.

Several recent studies have shown that gene transfers in fungi, whether they
act as donors or acceptors, is a reality and therefore we should take this into
account. Our minimal estimates have shown that horizontal gene transfer events
between prokaryotic and fungal species occur and while their rates are not close
to the ones observed in prokaryotes, care should still be taken when applying
methodologies that are sensible to HGT events. For instance, the concatenation
of genes during species tree reconstruction has been shown to be sensitive to
such events (Wolf e al., 2001) and genes that may have undergone HGT should
be detected and excluded from the reconstruction.

Gene duplication: shaping the oxidative phosphorila-
tion pathway in fungi

In chapter 6 we studied the presence/absence patterns of the proteins that
conform the oxidative phosphorilation (OXPHOS) pathway in fungal species.
We expanded the work done before by Gabaldon et al. (Gabaldén, 2005) on the
first complex of the OXPHOS pathway. Our results regarding this complex were
congruent to the ones found before, though we were able to show that the ACPM
protein, which had been dubbed as a complex I remnant in yeast species, is in
fact a paralog. Indeed, Candida species still conserved both copies of this protein
and the phylogeny shows that one of the copies is clustered with the yeast ACPM
protein while the other is grouped with the Pezizomycotina proteins, which have
been shown to be part of Complex I.

This is not the only case of duplications found in the five complexes that
form the OXPHOS pathway. Indeed, we found that 76% of the protein families
conforming this pathway have had at least one duplication in their evolutionary
history. According to the gene dosage hypothesis, duplications in protein
complexes are more likely to be deleterious due to dosage effects unless they
affect the whole complex (Papp et al., 2003). 90% of the duplications within
the OXPHOS pathway can be traced back to the two existing points of whole
genome duplication that occurred in fungal evolution (at the ancestor of the
Saccharomyces group (Kellis ef al., 2004) and at the ancestor of the zygomycota
Rhizopus oryzae (Ma et al., 2009)). Both whole genome duplication events
propitiated the complete duplication of the OXPHOS pathway. The retention
rate of these duplicated protein complexes, however, does not seem different to
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that of other proteins in Saccharomyces. A 93% of the OXPHOS duplicates that
occurred in this species during the whole genome duplication has already been
lost. A similar value was found concerning the whole genome (88%) (Kellis
et al., 2004). On the other hand, in Rhizopus oryzae a 55% of gene loss after
genome duplication was reported (Ma et al., 2009). The loss rate in OXPHOS
was slightly lower, with a 45% (20% reported in the paper describing the genome
of R. oryzae (Ma et al., 2009)). This would imply that in the first moment
both duplicates of the complex are maintained, but that with time the organism
is able to adapt and loose the subunits that are not longer needed for the new
functionality that the complex adopts. Other duplicates have now been adapted
towards other multi-protein complexes, indicating that duplicated subunits in the
OXPHOS pathway can be adapted into a new function of another complex and
thus bypass the gene balance hypothesis.

From the computer, to the lab, and back

While most of the work performed during this thesis has been mainly compu-
tational, we have participated in some collaborations with experimental groups.
From the work done within the FunPath consortium, to other smaller projects
with a specific aim in mind, we have worked to integrate bioinformatics in several
experimental studies in the understanding that the union of both methodologies
can often surpass the results that can be produced independently.

Within the FunPath consortium, we have used bioinformatics tools in order
to select the putative virulence candidates in the C. glabrata deletion project,
so that the deletions were focused towards genes of interest for the Consortium.
Several predictions of evolutionary or functionally interesting genes were also
performed as explained in chapter 7. But bioinformatics does not only perform
guiding or supporting jobs. Indeed, often during large scale computational
studies we have come across genes that seem interesting enough to request
additional experimental validation. This was the case of the horizontally
transferred aspartate racemase identified during the the work presented in chapter
6. The fact that several racemases have already been described as horizontal
gene transfers in other eukaryotic species (Uo et al., 2001; Fitzpatrick et al.,
2008; Gladyshev et al., 2008) coupled with the fact that some racemases have
been described as potential virulence factors (Goytia et al., 2007) prompted us
to seek a collaboration with an experimental lab who could validate some of
our hypothesis. Experiments to characterize this protein are currently being
undertaken in the labs of Bernhard Hube and Matthias Brock of the Hans-Knoll-
Institute.

The importance of bioinformatics has grown during the last decade, specially
in light of the large amount of experimental data produced with current technolo-
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gies. Even so, bioinformatics provides a specific angle, and as such integrating
it with other disciplines is one of the best ways to move forward in science.

Concluding remarks

The availability of an increasing amount of completely sequenced genomes cou-
pled with the advances in the computational field have allowed for increasingly
extensive large scale studies. Fungi is the eukaryotic group with a largest amount
of completely sequenced species and therefore it is particularly well suited for
comparative genomics analyzes. A species tree, rather than being a scientific
curiosity, provides an evolutionary framework in which to interpret observations
from various species. It provides ways to infer the directionality of changes and
elucidate how current structures or phenotypes evolved. Species trees should
represent the evolution of a group of species rather than that of a reduced set of
genes. Concern about the reliability of current tree reconstruction methods led
us to delve deeper into the congruence between gene trees and species trees and
resulted in the design of several methods by which we could identify points in
the species tree that were poorly supported by a whole phylome. We determined
that the species tree was mostly well supported but some nodes showed large
discrepancies to most genes. In this sense the bootstrap support was not a good
predictor of genomic support.

These results could be attributed to the large topological diversity found
within gene trees. Topological differences between a gene tree and a species
tree can be caused by methodological artifacts or by evolutionary processes that
result in changes in the topology of the gene tree. Our analyzes have shown
that, contrary to previous assumptions, HGT may play an important role in
fungal evolution. Gene duplications followed by differential loss have affected
numerous fungal species and are often the cause of incongruences between
species trees and gene trees. As described here, the OXPHOS pathway has been
affected by this process at similar levels than the rest of the genome, despite
being mainly formed by multi-protein complexes.

Future challenges will include finding new ways to exploit massive amounts
of data to create more robust species trees and analyze large collections of
phylogenetic trees. Whether we will one day contemplate a fully-resolved and
robust Fungal Tree of Life remains an open question. There may be events that
the pass of time have erased forever and thus we should be able to recognize
what parts of the tree may not be reliable. What is certain is that data to come
will reveal new surprises on the evolution of this highly diverse and versatile
kingdom.
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CONCLUSIONS

. Phylomes can be used to assess the robustness of a species tree. We have

designed different distance measures that have enabled us to detect nodes
within the species trees that are not well represented among the topologies
found in the complete collection of gene phylogenies of a genome.

. We have designed treeKO, which is a tree comparison program that

enables the user to compare any pair of trees. Unlike most existing
programs it allows the comparison of trees with duplications in a biological
comprehensive way.

. Orthology detection based on phylogenies is able to elucidate the complex

relationships between genes that have undergone multiple rounds of
duplication. In this sense we have shown that the species overlap algorithm
offers sensitivity as compared to tree reconciliation.

. The number of horizontal gene transfer events between prokaryotes and

fungi is more extensive than previously thought. We have detected
235 horizontal gene transfer events in which more than 700 genes were
involved, in a survey of 60 completely sequenced genomes.

. Additionally, not all fungal groups are affected equally by those events.

Pezizomycotina in particular show a larger percentage of gene uptake from
prokaryotes than other fungal groups. Aspergillus and Fusarium species
show a higher tendency to retain transferred DNA.

. Duplication and loss events have shaped the evolution of the oxidative

phosphorylation pathway. 76% of the genes that comprise this pathway
have experienced at least one duplication. This is primarily the result of
whole genome duplications that occurred during the evolution of some
fungal species.

. Contrary to predictions of gene balance hypothesis, protein families that

are part of an OXPHOS complex are affected by duplication to a similar
extent. Functional divergence and recruitment to other complexes may
explain this finding.
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108 Conclusions

8. Single nucleotide polymorphisms can be used to reconstruct phylogenetic
trees. The results obtained with this large amount of data are congruent
with previous phylogenies based on multi locus sequence typing.

9. Comparison of closely related species and the analysis of a pathogens
phylome can be exploited to select candidate genes likely to be involved
in virulence.
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