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ABSTRACT 
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A question of great interest in evolutionary biology is how and why the eukaryotic 
cell evolved. Several hypotheses have been proposed, ranging from an early 
emergence of a primitive eukaryotic cell, to various fusion models like the hydrogen 
hypothesis. Within this context, relevant bacterial gene families and genomes are 
examined in this thesis. 

The mitochondrion, the energy producing organelle in the eukaryotic cell, is 
generally believed to be of α-proteobacterial descent. To learn more about 
mitochondrial evolution, and therefore eukaryotic evolution, the genomes of the α-
proteobacteria Bartonella henselae and Bartonella quintana were sequenced. 
Software was developed and used in the annotation of these genomes. 

Several gene products of nuclear-encoded genes are exported to the 
mitochondrion. Many of these genes are thought to originate from the emerging 
organelle. An analysis of the more than 400 genes encoding proteins targeted to the 
yeast mitochondrion indicates that one set of genes originated from the bacterial 
symbiont, while the eukaryotic host contributed another. Thus, the mitochondrial 
proteome has a dual origin. 

The hydrogen hypothesis postulates that the glycolytic genes belong to the group 
of genes that were transferred from symbiont to host. These genes are thoroughly 
analysed from a phylogenetic perspective. Contrary to the predictions of the hydrogen 
hypothesis, the results provide no support for a close relationship between nuclear 
genes encoding glycolytic enzymes and their α-proteobacterial homologs.  

In general, it is thought that intensive gene transfers may limit our ability to 
reconstruct gene and species evolution, especially among microbes. A phylogenetic 
analysis of a large cohort of genes from the AT-rich genome of the -proteobacterium 
Buchnera aphidicola (Sg) resulted in a high fraction of atypical tree topologies, 
previously interpreted as horizontal gene transfers. By applying methods that 
accommodate for asymmetric nucleotide substitutions, it is shown that many well-
supported gene topologies are drastically altered, so that they now agree with the 
rRNA topology. The conclusion is that atypical topologies may not necessarily be 
evidence for horizontal gene transfers.  
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PROLOGUE 

Gedanken Experiment 

Image an alien planet where the inhabitants are skilled technicians but know 
nothing about cars. They receive a radio message from Earth with instructions 
on how to build a primitive car. Three workshops named A, B and E are set 
up, each with a team of specialists. The teams interpret the instructions 
somewhat differently resulting in the production of two small cars and one 
large, more sophisticated car. All three cars are immediate successes. The cars 
are given abbreviated names, A1 and B1 for the small cars and E1 for the big 
one (figure 1), where the letter denotes the workshop and the number the year 
of production. (For some reason, the alien planet year is equivalent to an earth 
year). It turns out that workshop A and E have chosen to use more or less the 
same engine. 

Nothing more is heard from Earth and the teams that built the smaller 
cars independently decide to build another car, more suitable for the rough 
roads and warm climate found in many areas of the planet. They use the 
former cars as templates for the new ones. The new cars, called A2.1 and 
B2.1, are similar in many respects, but the more complicated parts are 
retained, such as the engine. The workshops also build new models of their 
first cars, which are given the names A2.2 and B2.2.

In the third year, the three workshops decide upon future strategies. All 
cars produced so far have been successes. Workshop A is quite satisfied with 
its produced cars and is comfortable with producing new models with only 
smaller changes. Workshop E goes for the same strategy. Why change a basic 
concept that works? The team in workshop B sets up another strategy. They 
argue: If we make the complicated parts simple, e.g. make an engine with 
fewer parts, it will be easy to build new models adapted to different 
environmental demands. Our models could be used anywhere. Of course, a lot 
of our models will fail, but this will be compensated for with the ease of 
creating new ones. Let’s get rid of the old engine! 

In the successive years several new models are built (figure 1) in all 
three workshops. At the 100’th anniversary, all workshops join in an effort to 
send information about all their current models to earth. In addition workshop 
E decides do send drawings of all its models for the last 60 years. 

Many years later Earth receives the message. The scientists now have a 
big challenge. The want to reconstruct the development of the car models on 
the alien planet. They feel that they are lacking important pieces of 
information. What happened during the first 40 years of car production? The 
output from workshop E for the last 60 years is well documented, but what 
about the production from the other workshops?  

They start to compare the models. They conclude that the cars from 
workshop A and E should have at one point in history, been developed from a 
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common model, since the most vital part of the car, the engine, is of the same 
type. The two lines of output from workshop A and B which are adopted to a 
hot climate, A100.1-A100-5 and B100.1, have a lot in common but the 
engines are different. The scientists are quite certain that an engine from 
workshop A and B could not be interchanged without getting a non-functional 
car. One of the scientists suggests that many of the parts used in car B100.1 
were sent from workshop A. If so, any similarities between cars that come 
from different workshops may be attributed to an exchange of parts between 
the workshops. 

Then one of the scientists objected. He said: “Since we only have a 
snapshot of the situation after 100 years of car manufacturing, we have no 
evidence on how things looked like earlier. He continued: ”If two models 
from different workshops develop at slow rates, but other models evolve fast, 
the two models may artificially seem to share a common history”. The other 
scientists agreed: "Since there are no records of car models from the first 40 
years of production, we will never know for sure the history of car 
manufacturing on the alien planet. If we investigate how fast the different 
parts of the cars changes, we may be able to extrapolate the changes back in 
time, but we will never know for sure”. 



Figure 1. Car manufacturing on an alien planet. Three factories, A, B and E,
produce three lines of cars. Two cog-wheels symbolize that the engine is
complicated, one that the engine is simple. Suns and palms represent hot
environments. Letters and numbers according to the following example:
B2.1: B = Produced in factory B, 2 = Year of production, 1 = Model number.
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Introduction

Molecular evolution 

In 1977, Woese and Fox proposed a concept of a three-domain division of life 
(Woese and Fox, 1977) consisting of Archaea, Bacteria and Eukarya. Their 
suggestion was based on a comparison of ribosomal RNA gene sequences 
between a number of organisms. Archaebacteria, later renamed to Archaea by 
Woese (Woese et al., 1990), were promoted to a domain of their own due to 
their distinct rRNA sequence characteristics. 

Since all known organisms use DNA (or RNA) as their information 
storage molecule and utilize (more or less) the same amino acid residues in 
translation, extant life seems to have a common origin. The relationship 
between the three domains is, however, unclear and many different 
evolutionary models have been proposed. For many years Archaea and 
Eukarya were considered to be most closely related. However, this view was 
not unchallenged, and during the past few years it has been increasingly 
questioned.

One of the main concerns has been the evolution of the early eukaryotic 
cell. With its complex cell structure, the eukaryotic cell was previously 
thought to have evolved from more primitive organisms. Hypotheses of early 
eukaryotic evolution often, but not always, include a hypothesis of 
mitochondrial evolution (Altmann, 1890; Mereschkowsky, 1905; Margulis, 
1970; Margulis, 1981; Cavalier-Smith, 1983; Moreira & L'opez-Garzia, 1998; 
Martin & Müller, 1998; Woese, 1998). Some argue that the incorporation of 
what would become the mitochondrion was tightly linked to the emergence of 
the eukaryotic cell, while others suggest that this was a subsequent step in 
eukaryotic evolution. The mitochondrion is thought to be derived from an 
ancestor of the α-proteobacteria, while the chloroplast clearly is of 
cyanobacterial origin.  

For a decade, the tree of life has been drawn as in figure 2. The 
universal root is placed between the Bacteria on one hand and the Archaea 
and Eukarya on the other hand. There have been several suggestions as to the 
nature of the first life forms. One of the more popular hypothesis is that early 
life consisted of an RNA world. Based on the discovery that some RNAs have 
enzymatic capacity (Kruger et al., 1982; Guerrier-Takada et al., 1983), the so-
called ribozymes, it could be argued that proteins functioning as enzymes 
were not a necessity for a primitive life form. Assuming that life evolves from 
a simple state to a more complex one, the use of proteins was, according to 
this view, a later step in evolution. An alternative hypothesis suggests that life 
did not start simple. According to this view quite complex RNA and protein 
assemblies coexisted and interacted, but not in any ordered, inheritable 
manner (Kaufman, 1993). At one stage the system evolved to a level where 
successful co-ordination and inheritability could be developed.
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Figure 2. The neoclassical tree of life. LUCA: Last Universal Common Ancestor.

From the beginning to the last universal common ancestor 

Once life had been established, several scenarios of its further development 
have been proposed. One of the most cited is Woese’s genetic annealing 
model (Woese, 1998). Woese argues that self-replicating entities, progenotes, 
more or less freely exchanged genetic material. Both mutation rates and the 
level of horizontal gene transfers were high. The physical barriers of gene 
transfer were negligible. Therefore, horizontal gene transfers, rather than 
vertical inheritance, defined the evolutionary dynamics. When structures and 
processes became more precise, the level of gene transfer decreased. In a 
sequence of steps, different systems “crystallised’’, probably starting with the 
translational system. The advantage of getting new genetic material was 
outweighed by having well defined, inheritable systems, or in simple terms, 
the cost of experimentation became higher than the cost of maintenance. The 
model partly explains why many protein trees do not show the expected 
(rRNA) phylogeny.  

EukaryaArchaea Bacteria 

LUCA 
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What was the nature of the last common ancestor? Here, the 
interpretation of the fossil record was thought to be of some help. The earliest 
claimed fossil record of life is about 3.5 billion years old (Schopf, 1993). It is 
interpreted as cyanobacterial due to morphological similarities with extant 
cyanobacteria. However, this finding has recently been questioned by Brasier 
and others (Brasier et al., 2002). One of the first fossils of eukaryotic 
organisms dates back to 2.7 billion years (Brocks et al., 1999). Taken together 
this indicates that the last common ancestor was of bacterial nature. However, 
only organisms with hard cell envelopes are likely to be preserved as fossils. 
Dating the emergence of the different domains in the tree of life by using the 
fossil record will therefore be close to impossible. 

Another approach to investigate the nature of the last common ancestor 
is to apply phylogenetic methods on sequence data. To be able to do so a few 
criteria have to be met. 

• Presence of a known paralog in the last common ancestor.
• The continuing presence of this paralog in all three domains.
• The corresponding sequences have to be conserved.
• The level of saturation has to be reasonably low.

A number of paralogs have been used to root the tree of life. These include 
elongation factors (Gogarten et al., 1989), ATPases (Iwabe et al., 1989), 
aminoacyl-tRNA synthetases (Brown & Doolittle, 1995), carbamoyl 
phosphate synthetases (Lawson et al., 1996) and signal recognition particle 
proteins (Gribaldo & Cammarano, 1998). All the above phylogenies placed 
the root closest to the bacterial domain. However the results of these studies 
have been criticized. In a thorough study, Philippe and Forterre analysed the 
phylogenies and made new ones with updated data sets (Phillipe & Forterre, 
1999). Their results are quite different from those previosly reported. They 
argue that sequence saturation results in a long branch attraction between the 
bacterial branch and the long branch of the outgroup. Also the sampling of 
taxa was probably not sufficient in the original phylogenies. In the same 
paper, Philippe and Forterre propose a working hypothesis with a primitive 
eukaryotic cell as the last common ancestor. 

This hypothesis is further developed by Glansdorff in a review 
(Glansdorff, 2000). The term used for this primitive eukaryote is 
“protoeukaryote’’. Glansdorff argues that the last common ancestor was a 
rather complex, though not as evolved as today’s eukaryotes, protoeukaryote. 
From the last common ancestor, Archaea and Bacteria diverged by means of 
reductive evolution. This better explains the scattered presence of different 
domains often seen in the protein trees, Glansdorff argues. The alternative 
explanation, numerous horizontal inter-domain transfers, as proposed by 
Doolittle (Doolittle, 1999) and others, is regarded by Glansdorff as unlikely. 
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The early eukaryotic cell 

Hypotheses on how the early eukaryotic cell evolved are often tightly linked 
to its organelles, especially the mitochondria and hydrogenosomes.  

The mitochondrion

With the growing acceptance of the endosymbiont theory, the hypothesis that 
proposes a bacterial origin of the mitochondrion and the chloroplast (see 
below) (Altmann, 1890; Mereschkowsky, 1905; Margulis, 1970; Margulis, 
1981), the attention is switching to the mitochondrion. Was the incorporation 
of the mitochondrion a prerequisite for eukaryogenesis, or did the 
endosymbiosis take place later in evolution? With the finding of 
amitochondrial eukaryotes, it was proposed that these taxa belonged to the 
root of the eukaryotic tree, and that they diverged before the endosymbiotic 
event (Stewart & Mattox, 1980). Cavalier-Smith proposed the name of 
Archezoa for these eukaryotes and argued that they were premitochondrial 
eukaryotes (Cavalier-Smith, 1983) (see below). 

The hydrogenosome

The hydrogenosome was first described in 1973 (Müller, 1973; Lindmark & 
Müller, 1973). It is found exclusively in eukaryotes without mitochondria. 
Like the mitochondrion, the hydrogenosome carries out the degradation of 
pyruvate (or malate) but accomplishes that in an anaerobic (or at least 
microaerobic) environment. Thus, oxygen cannot be used as an electron 
acceptor. Instead, hydrogen ions are reduced, resulting in hydrogen as an end 
product. The enzymes involved in the process are not the same as the ones 
utilized in the mitochondrion. Another important difference is that 
hydrogenosomes are deprived of DNA. However, there is a report of a 
hydrogenosomal genome from an anaerobic fungus (Akhmanova et al., 1998). 
Interestingly hydrogenosomes are found in a wide variety of eukaryotic taxa, 
ranging from ciliates to fungi (Embley & Martin, 1998).  

The origin of the hydrogenosomes is disputed. They are considered 
either to be derived from the mitochondria or a result of one or more 
endosymbiotic events. Arguments for a mitochondrial descent are 
strengthened by the following evidence: 

• The hydrogenosome has a double membrane like the mitochondrion.
• Hydrogenosomes are energy producing, just like mitochondria.
• Hydrogenosomes in Trichomonads contain heat shock proteins that are 

homologous to the ones used in mitochondria (Bui et al., 1996).
• The signal peptides for proteins targeted to the hydrogenosomes resemble 

the ones used for the mitochondria (Bui et al., 1996).
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However, this does not explain why hydrogenosomes in general employ the 
same reportoir of nuclear-encoded enzymes, regardless of the taxonomic 
distribution of their hosts. If the hydrogenosomes originate from multiple 
integration events, this could, at least partly, explain the odd distribution. 

The endosymbiont theory 

Introduction

The endosymbiont theory, popularised, but not invented, by Margulis, gives 
an explanation of the origin of the mitochondrion and the chloroplast 
(Altmann, 1890; Mereschkowsky, 1905; Margulis, 1970; Margulis, 1981). 
The organelles trace their descent to free-living bacteria that became 
endosymbionts of the eukaryotic cells. Most of the symbiont genes were lost 
or transferred to the nucleus. Since the early 1970s this has been the favoured 
model of how mitochondria and chloroplasts arose. When it comes to 
mitochondrial evolution, the production of ATP by the symbiont was 
considered by many versions of the theory to be the major benefit to the host. 
The theory also makes the assumption that the rise of Eukarya was not 
coupled to its acquisition of the mitochondrion.  

There is a general agreement that mitochondria and chloroplasts are of 
a bacterial origin. The evidence is based on morphological structures, the 
biochemistry and molecular phylogeny. Results from work done by Yang, 
Woese (Yang et al., 1985), Gray (Gray et al., 1989) and others have provided 
support for an α-proteobacterial origin of the mitochondrion. With the reports 
of the complete genomes of the cyanobacterium Synechocystis sp. (Kaneko et
al., 1996) and the α-proteobacterium Rickettsia prowazekii (Andersson et al.,
1998), there is now strong evidence for a bacterial origin for the respective 
organelle. 

However, some other predictions of the theory have been harder to 
verify. One is that a massive gene transfer from the symbiont to the nucleus 
occurred. The underlying assumption that genes which once had been 
transferred to the nucleus now encode most of the mitochondrial proteins may 
be questioned. The yeast mitochondrial proteome seems to have a dual origin 
at least. Another prediction is that the driving force of the endosymbiosis was 
the host benefit from the symbiont’s ATP-production. However, the essential 
enzyme ATP-translocase, needed for ATP exchange through the membranes, 
is probably not of an α-proteobacterial origin (Andersson et al., 1998). 

The hypotheses described in the following pages may be regarded as 
attempts to provide additional content to the endosymbiont theory. When, 
how and why did the endosymbioses come into existence? 
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The archezoa hypothesis

Cavalier-Smith proposed the name Archezoa for eukaryotes that diverged 
prior to the endosymbiotic event leading to the rise of mitochondria (Cavalier-
Smith, 1983). Four groups were recognised as belonging to Archezoa: 
Metamonads, Microsporidia, Parabasalla and Archamoebae. From an 
evolutionary point of view, it made sense that these groups should be 
positioned near the root of the eukaryotic tree, as they seemed 
morphologically simple. Not only did they lack mitochondria, but 
peroxisomes as well. The ribosomes were in size more similar to prokaryotes 
than to other eukaryotes. Cavalier-Smith suggested that Archezoa were 
primitively amitochondrial. In this respect, this supported the endosymbiont 
theory. 

The archezoa hypothesis gained momentum shortly after it was 
proposed. Molecular phylogenies based on rRNA and elongation factors 
showed that Archezoa indeed branched deeply in the eukaryotic tree 
(Vossbrinck et al., 1987; Kamaishi et al., 1996). The evidence fulfilled the 
prediction of Archezoa being primitively amitochondrial. However, things 
changed. Representatives of the supposedly most primitive group of 
Archezoa, the Archamoebae, encode mitochondrial-like heat shock proteins 
(Clark & Roger, 1995). This is not evidence proving that they once harboured 
mitochondria, but again, heat shock proteins found in the hydrogenosome 
resemble the ones used in the mitochondrion (Roger et. al., 1998; Germot et
al, 1996). Microsporidia seems to be related to Fungi according to 
phylogenies based on RNA polymerase II (Hirt et al., 1999). The genome 
sequence of Encephalitozoon cuniculi provide further evidence of a 
connection between the two clades (Katinka et al., 2001). In addition, there is 
now morphological evidence of a mitochondrial remnant in the 
microsporidian Trachipleistophora hominis (Williams et al., 2002). For the 
last group of Archezoa, Metamonads, there is not yet any compelling 
evidence of a secondary loss of mitochondria.

The ox-tox hypothesis

The ox-tox hypothesis, named and described by Andersson and Kurland 
(Andersson & Kurland, 1999; Kurland & Andersson, 2000), is not intended to 
explain the nature of the early eukaryotic cell, but gives a plausible 
explanation of why the mitochondrion was recruited to the eukaryotic cell. As 
described above, many versions of the endosymbiont theory focus on the 
symbiont’s production of ATP as the driving force for the endosymbiosis. As 
the name implies, the ox-tox hypothesis gives an alternative reason. With the 
rise of atmospheric oxygen about 2000 million years ago (Kasting, 1993), 
anaerobic organisms met a new challenge. They had to find ways of 
preventing oxygen poisoning. A solution was to associate with an oxygen-
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consuming organism, such as an α-proteobacterium with the ability to respire. 
In a later phase, the mitochondrion acquired the nuclear-encoded proteins 
necessary to export ATP to the cytosol. Another prediction of the hypothesis 
is that the magnitude of horizontal gene transfers is far less than proposed by 
the conventional endosymbiont theory. Instead, novel genes that originate 
from the host encode most of the proteins imported to the mitochondrion. 

The hydrogen hypothesis

The hydrogen hypothesis, presented by Martin and Müller in Nature journal 
1998 (Martin & Müller, 1998), like the syntrophic hypothesis, stresses the 
importance of hydrogen in eukaryogenesis. According to the hypothesis the 
host, an anaerobic autotrophic archaebacterium, benefited from the waste 
product, hydrogen, from the anaerobic heterotrophic metabolism of a 
symbiont, a facultative anaerobic bacterium, presumably an α-
proteobacterium. When the geological source of hydrogen was removed, the 
host became dependent on the symbiont. Through selective pressure the host 
gradually covered more and more of the symbiont to benefit from the 
symbiont’s production of hydrogen. Still the symbiont had to get organic 
compounds from the environment and it could not be completely surrounded 
by its host. In a subsequent step, the genes encoding the carbon transporters in 
the symbiont were transferred to the host. Now the host could import organic 
nutrients but a few more steps had to be taken before the symbiont could be 
totally covered by its host. The archaebacterial host did not possess the 
pathway necessary for sugar degradation. Indeed, the carbon flux in the host 
was anabolic, running in the opposite direction of what was required. Again 
by horizontal gene transfer, the host acquired the catabolic Embden-Meyerhof 
pathway (glycolysis) needed to provide the symbiont with nutrients 
(pyruvate). The host’s anabolic pathway became superfluous and was even 
counteracting the new pathway and had to be abandoned. Now the host had no 
use for hydrogen. It had developed into a heterotrophic organism, which was 
no longer restricted to anaerobic habitats. The symbiont later evolved to a 
mitochondrion or hydrogenosome. 

If the hydrogen hypothesis is correct, the eukaryotic glycolytic genes 
should have an α-proteobacterial origin. Also genes encoding carbon 
importers and enzymes used in the hydrogenosomes should, according to the 
hypothesis, be descendants of α-proteobacterial orthologs.  

The syntrophic hypothesis

As in the hydrogen hypothesis, the starting point of the syntrophic hypothesis 
is a metabolic symbiosis (syntrophy) (Moreira & Lopez-Garzia, 1998). Both 
hypotheses provide an answer to why the informational (e.g. translation, 
transcription and replication) system in eukaryotes resembles the one in 
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archaebacteria and the operational system (e.g. amino acid synthesis, energy 
metabolism and fatty acid biosynthesis) seems to share homology with the 
bacterial system (Rivera et al., 1998). 

In both hypotheses, the host is assumed to be an archaebacterial 
methanogen and the driving force of the symbiosis is interspecies transfer of 
hydrogen. However, the proposed symbiont is different. In the syntrophic 
hypothesis the symbiont is a sulphate-reducing myxobacterium belonging to 
the δ-proteobacteria. While the hydrogen hypothesis postulates that the 
symbiont later became the mitochondrion (or hydrogenosome), the syntrophic 
hypothesis assumes a secondary symbiosis with an α-proteobacterial 
methanotroph. This should have happened simultaneously or shortly after the 
formation of the eukaryotic cell.

Horizontal gene transfers and their impact on phylogenies 

The rise of the mitochondrion represents a traceable event of a large scale 
horizontal gene transfer. The phenomenon of gene transfers has been studied 
for roughly half a century. Conjugation, transduction and transformation are 
well-known mechanisms or methods that involve horizontal gene transfers.  

A high rate of transfers would seriously damage the ability to make 
adequate phylogenetic reconstructions (Doolittle, 1999). This view of a high 
frequency of transfers is shared by Ochman and Lawrence (Ochman et al.,
2000) who also have estimated that about 18% of the genes in Escherichia
coli are originally transferred from other bacteria (Lawrence & Ochman, 
1998).

Horizontal gene transfers may be detected in several ways (Ochman et
al., 2000): 

• Analysis of adjacent regions 
• Base composition estimations 
• Codon bias analysis 
• Analysis of di- and trinucleotide (word) frequencies 
• Phylogenetic reconstructions 

These methods are not independent of each other. For example, the base 
composition of a gene will have an effect on the phylogenetic reconstruction 
if an inappropriate substitution model is chosen. Furthermore, the composition 
will correlate with codon biases and word frequencies. Probably all methods 
should be used in parallel when trying to identify horizontal gene transfers. A 
few of the methods are briefly discussed below, with a focus on phylogenetic 
reconstructions.



12 In silico Studies of Early Eukaryotic Evolution – Björn Canbäck 

Analysis of adjacent regions

Horizontally transferred genes may show remnants of sequences in adjacent 
regions that once made their integration possible. These sequences include 
translocatable elements, transfer origins of plasmids or attachment sites of 
phage integrases such as tRNAs. For example, pathogenicity islands tend to 
be surrounded by tRNAs (Hou, 1999).  

Base composition

Base composition varies dramatically between different prokaryotes. 
Nevertheless, genic G+C contents in the same genome show a more even 
distribution. If a gene is transferred from a G+C rich genome to a G+C poor 
genome or vice versa, the gene will easily be identified as a candidate of 
being horizontally transferred. However, it is believed that the gene over time 
ameliorates to the G+C content of its host (Lawrence & Ochman, 1998). 
Therefore, only relatively recent transfers should be detectable (Lawrence & 
Ochman, 1998).  

Phylogenetic reconstructions

In his pioneering work, Woese selected ribosomal RNAs (rRNAs) as the 
marker molecule for inferring evolutionary relationships (Woese & Fox, 
1977). Ribosomal RNAs are highly conserved and are unlikely to suffer from 
horizontal gene transfer. Moreover, the base composition bias is not as 
profound among rRNAs from different organisms, as it is when comparing 
protein-encoding genes. Taken together, ribosomal RNAs should be 
particularly well suited for evolutionary studies.  

One well-documented problem is that gene trees (or the corresponding 
protein trees) do not necessarily have the same topologies as the inferred 
species trees. Some interpret this as a consequence of multiple gene transfers 
especially between prokaryotes. (Doolittle, 1999; Ochman 2000; Nelsson et
al., 1999, Aravind et al., 1998; Logsdon & Faguy, 1999; Nesbø et al., 2001). 
Others suggest explanations like inappropriate taxon sampling (Kyrpides & 
Olsen, 1999) or inadequate use of methods or models (Galtier and Gouy, 
1995; Phillipe & Forterre, 1999). 

Inappropriate taxon sampling 

Even if around one hundred genomes have been published, the selection of 
organisms is heavily biased towards bacteria that are interesting from a 
medical perspective (Doolittle, 2002). Moreover, there is a total absence of 
representatives from most of the main eukaryotic groups. If we are to 
understand early eukaryotic evolution, it is essential to have access to 
sequences from supposedly primitive eukaryotic phyla (Sanchez et al., 2002).
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Insufficient taxa sampling may result in phylogenetic reconstructions 
that are either misleading or poorly supported. One example is the evidence 
given by Keeling & Doolittle that one of the glycolytic enzymes in 
eukaryotes, triose-phosphate isomerase, is of an α-proteobacterial origin 
(Keeling & Doolittle, 1997). At the time, there were only a limited number of 
sequences encoding the enzyme available in the public databases. When 
recalculating the tree today by adding more taxa, the topology is significantly 
different (figure 2 in paper II).  

Another example is the proposed horizontal gene transfers of the class I 
lysyl-tRNA synthetase from Archaea to spirochetes and α-proteobacteria. The 
20 aminoacyl-tRNA synthetases are divided into two classes with almost an 
equal number of representatives in each class. However, one of the enzymes, 
lysyl-tRNA synthetase, is found in both classes. Archaea possess a class I 
lysyl-tRNA synthetase while Bacteria and Eukarya encode a class II 
synthetase. When a class I lysyl-tRNA synthetase was discovered in Borrelia
burgdorferi this was taken as evidence for a horizontal gene transfer from 
Archaea to the spirochete (Ibba et al., 1997). Later, it turned out that also α-
proteobacteria encode the class I ortholog. Furthermore, the Clostridium 
acetobutylicum (a member of the Firmicutes) seems to encode the class I 
enzyme (Nolling et al., 2001). Should these findings be interpreted as 
horizontal gene transfers or lineage-specific losses and displacements of genes 
encoding enzymes with the same function? At least Ibba and co-workers have 
re-evaluated the magnitude of gene transfers in this particular case 
(Ambrogelly et al., 2002). 

Inadequate use of methods or models 

It is generally recognised that using different phylogenetic methods and 
applying various substitution models may lead to different trees. The 
advantages and disadvantages of the methods and models in use cannot be 
summarised here. However, a few important considerations are pin-pointed 
below.

Most substitution models used in papers on molecular evolution are 
symmetric; i.e. the rate of substitutions from one nucleotide to another is 
equal to the rate of substitutions in the opposite direction. Clearly, this is not 
always true. This is evident when considering the wide range of G+C contents 
in Bacteria and Archaea. Biased base composition must be a result of 
asymmetric substitution. One of the few standard methods that account for 
asymmetric substitutions is LogDet (Lockhart et al., 1994). A substitution 
model that in addition of allowing asymmetric substitutions also is accounting 
for different base composition between sequences and different transversion 
and transition rates is the Galtier & Gouy substitution model (Galtier & Gouy, 
1995). If sequences with heavily biased G+C contents are used in 
phylogenetic reconstructions, it may have a pronounced effect on the result 
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(Galtier et al., 1999). It has been shown in mitochondria that if the 
corresponding protein sequences are used, the amino acid composition will 
also be biased, which will result in tree building artifacts (Foster & Hickey, 
1999).

Another consideration is that most methods are built on the assumption 
that alignment sites (nucleotide or amino acid) are independent observations. 
Again, this is clearly not the case. Taken to an extreme this would mean that 
the three positions in a codon are independent of each other. 

Thus, despite several years of intense method development, further 
improvements seem to be needed. Also, important questions about sequence 
evolution remain to be answered. 
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Present investigation

Phylogenetic reconstructions based on macromolecules (DNA, RNA or 
proteins) are indispensable tools if we are to understand evolutionary 
processes in a long time perspective. The aim of the investigation presented in 
this thesis is to test hypotheses concerning the evolution of the early 
euakrytoic cell. 

To be meaningful, the taxa included in the phylogenies should tell 
something about the evolutionary context under investigation. Here a valuable 
source of information is the results from sequencing projects. Even if most of 
these projects are aimed at getting insights of medical importance, the results 
have a great impact on evolutionary studies as well. For example, the study of 
the genome of the causative agent of epidemic typhus, Rickettsia prowazekii,
contributed substantially to our understanding of mitochondrial evolution 
(Andersson et al., 1998). Likewise the genomes of two other α-
proteobacteria, Bartonella henselae and Bartonella quintana (paper VI), give 
further insights concerning early eukaryotic evolution. By comparing and 
analysing the genomes of the two sequenced strains of Buchnera aphidicola,
knowledge could be gained about the evolutionary process on a molecular 
level, as well as of the process of horizontal gene transfers.  

Part 1: Material (genome data) - paper III and VI 

Only a minor fraction of genome sequencing projects are primarily initialised 
to shed light on evolutionary processes. The comparative study of the two α-
proteobacteria Bartonella henselae and Bartonella quintana (paper VI), apart 
from being of interest from a medical perspective, may be an important 
contribution to our understanding of mitochondrial evolution (paper II). A 
comparison of the sequences from Buchnera aphidicola (Sg) (paper III) and 
Buchnera aphidicola (Ap) (Shigenobu et al., 2000), could be valuable in the 
study of sequence evolution and horizontal gene transfers  (paper VII).  

Bartonella henselae and Bartonella quintana – paper VI

Members of Bartonella are small, gram-negative bacteria that are difficult to 
grow in culture. They colonize erythrocytes in their natural hosts (reservoirs). 
Incidental infection in other species may cause various diseases, but their 
natural hosts seem to be less, or not at all, affected (Jacomo et al., 2002). 
Bartonella belong to the α-proteobacteria. Two of the members, B. henselae
and B. quintana, are the causative agents of cat-scratch disease and trench 
fever respectively.  

From a evolutionary perspective, members of α-proteobacteria are of 
particular interest, since the ancestor of this group is also thought to be the 
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ancestor of mitochondria. The first published genome of an α-
proteobacterium, the genome of Rickettsia prowazekii (Andersson et al.,
1998), has a size of approximately 1.1 Mb compared to the 1.9 Mb of 
Bartonella henselae. Contrary to Bartonella, R. prowazekii is deprived of the 
enzymes in the Embden-Meyerhof pathway (glycolysis). The glycolytic 
pathway may be one of the key components in our understanding of the early 
eukaryotic cell. From this perspective, Bartonella is of special interest 
together with other α-proteobacterial genera such as Mesorhizobium,
Agrobacterium, Caulobacter and Sinorhizobium.

Medical implications 

B. henselae is a facultative intracellular parasite which is transmitted to 
humans by a cat-scratch or a cat-bite. Symptoms are swollen lymph nodes and 
fever. Cat-scratch disease is a very common illness with about 24000 cases 
per year in USA (Jackson et al. 1993). People who get cat-scratch disease 
usually have a harmless illness that recedes without treatment. Most 
symptoms arise about two weeks after infection. 

Bartonella quintana was first identified as an important human 
pathogen during World War I. In the trenches, body lice, the main vector for 
the bacterium, were plentiful. The disease, trench fever, affected thousands of 
troops (Strong et al., 1918). Trench fever is characterised by fever and bone 
pain and is, in severity, ranging from a mild flue-like illness to a relapsing 
disease (trench fever is also called five day fever). Infections were rarely 
diagnosed after the end of World War II until the 1980s when the organism 
re-emerged as an opportunistic pathogen among HIV-infected persons. In this 
population, B. quintana and B. henselae have been identified as a cause of 
bacillary angiomatosis (development of blood filled tumours) (Santos et al.,
2000). This fact is of particular interest in cancer research, where much effort 
is aimed at getting a better understanding of angiogenesis, the process in 
which new blood vessels are developed. 

Bartonella as a model system 

Interestingly, the genic content of B. quintana is merely a subset of B.
henselae. Only five genes are present in B. quintana that do not have a 
corresponding ortholog in B. henselae. Hence, phenotypic differences 
between the two organisms may more easily be mapped to the corresponding 
genotypes than in many other model systems. Genes unique to B. henselae
include prophage and plasmid genes. In addition, five genomic islands have 
been identified in B. henselae.

Furthermore, plant pathogens such as Agrobacterium tumefaciens
(Goodner et al., 2001; Wood et al., 2001), another member of the α-
proteobacteria, are known to induce tumours in plant hosts. There is evidence 
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that plant and animal pathogens employ the same repertoire of homologous 
proteins when invading their hosts. (Sola-Landa et al. 1998). Comparative 
studies of Bartonella and other animal and plant pathogens may contribute to 
our understanding of how these mechanisms work.  

Sequence evolution in Bartonella 

As mentioned, α-proteobacteria are of great interest when studying evolution 
of the early eukaryotic cell. By descent, some mitochondrial genes are more 
closely related to their α-proteobacterial counterparts than to any other group 
of extant bacteria. Examples include the genes encoding pyruvate 
dehydrogenase and the ATP synthase γ-chain (paper I). According to one 
hypothesis, the hydrogen hypothesis (Martin & Müller, 1998), eukaryotic 
genes for intermediary metabolism in general, and genes encoding enzymes in 
the Embden-Meyerhof pathway in particular, should also have their closest 
relatives among α-proteobacterial orthologs (paper II). Here, analysis of 
sequences from species belonging to Bartonella and other α-proteobacteria 
are of great importance. 

Buchnera aphidicola –paper III

Buchnera belongs to the γ-proteobacteria and lives and reproduces inside 
special cells of aphids called bacteriocytes. The bacterium synthesizes and 
provides essential amino acids to its host, which lives on phloem sap deprived 
of many of these amino acids (Sandström & Moran, 1999). In return, the 
aphid provides the bacteria with a large number of different metabolites. The 
reproduction of aphids is halted if the bacteria are killed by antibiotics 
(Douglas, 1996). The genomes of Buchnera are among the smallest known 
with roughly 640,000 basepairs. There is even a report of a Buchnera with a 
genome size of around 450,000 base pairs, which makes it the smallest 
bacterial genome known so far (Gil et al., 2002). 

Buchnera as a model organism 

There is evidence to suggest that horizontal transmission of Buchnera
between aphid hosts is highly unlikely (Clark et al., 1999). The advantage is 
that the phylogeny of the aphid hosts mirrors that of their symbionts (Munson 
et al., 1991). The bacteria are propagated to the next generation of aphids via 
the embryo or egg. The lifestyle of Buchnera severely limits the possibility of 
acquiring genes from other bacteria through horizontal gene transfer. Since 
there is fossil data for the aphids, it is possible to date the nodes for both host 
and symbiont. An estimation is that the symbiotic relationship was first 
established at least 150 million years ago (Munson et al., 1991). All this 
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makes Buchnera an excellent model organism when studying sequence 
evolution and its consequences on phylogenetic reconstructions (paper VII).  

Sequence evolution in Buchnera 

The genome sequence of Buchnera from the host Schizaphis graminum
(greenbug) is described in paper III. By comparing this sequence to the earlier 
published genome of Buchnera residing in Acyrthosiphon pisum (pea aphid) 
(Shigenobu et al., 2000), important insights in sequence evolution might be 
gained. The time of divergence between these two bacteria has been estimated 
to 50-70 million years (Clark et al., 1999). These are the first two completely 
sequenced genomes where we have a reliable estimate of the divergence time, 
which gives a unique opportunity to study different aspects of sequence 
evolution. 

In contrast to the seemingly rapid nucleotide turnover in Buchnera,
there is a remarkable conservation in gene inventory and gene order. Only 14 
genes have been lost in either of the two species since their divergence and the 
gene order is perfectly conserved with no inversion, translocation, duplication 
or horizontal transfer events. 

Genomes of obligate intracellular bacteria, such as members of the 
genera Rickettsia and Buchnera, are often small in size. One important factor 
to consider when explaining this observation is that a bacterium that has 
entered into the intracellular habitat has access to a nutrient rich environment. 
A loss of a gene encoding a metabolic enzyme can be compensated for by 
import of metabolites from the host. Loss of larger regions of DNA is thought 
to be mediated by homologous recombination between repeated sequences, 
where the repeats are serving as templates which are consumed in the process 
of deletion. However, it should be noted that the gene recA, which encodes a 
key protein used in recombination, is missing in Buchnera.

Working on a smaller scale, single nucleotide deletions may contribute 
to the reduction of genome size. Deletions appear to be more frequent than 
insertions in intracellular parasites (Andersson & Andersson, 1999; 
Andersson & Andersson, 1999). There are at least 38 genes in Buchnera sg 
which contain single basepair deletions/insertions. It remains to be answered 
whether these are pseudogenes or functional genes that contain frameshifts 
like the genes encoding release factor 2 and the γ–subunit of DNA polymerase 
III in Escherichia coli (Craigen & Caskey, 1986; Flower & McHenry, 1990). 
Since stop codons are often found in the vicinity of the frameshift 
(unpublished observations) some of these genes may in fact be functional. 

An interesting observation is that Buchnera sg. contains five of these 
pseudo- or out of frame genes, which are involved in sulphur reduction and 
cystein biosynthesis in Buchnera ap. Recently, it has been discovered that the 
aphid host of Buchnera sg. damages its host plant in a way that causes an 
elevation in cystein levels in the phloem sap (Sandström et al., 2000). These 
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pseudogenes may thereby represent an interesting example of symbiont 
evolution in response to changes in the host environment.  

Part 2: Methods (bioinformatics) - paper IV and V 

Before any genome analysis can be made, the vast amount of information 
from the sequencing project has to be processed. Genes and gene products 
have to be identified, classified and described. 

Annotation - paper V

The process of classifying and describing genes, their products and functions 
is called annotation. Paper V describes a software called DANS for semi-
automated annotation of prokaryotic nucleotide sequences ranging from short 
segments to complete genomes. A first version of the system was used in the 
sequencing projects described in paper III and VI. Here, semi-automated 
means that all inherent data such as G+C content are calculated automatically, 
while data that are subject to change after (human) evaluation are manually 
produced. This could, for example, be the assignment of a gene symbol or a 
protein description. In many cases, it is possible to automatically produce 
suggestions on how to label a piece of the data. An example is that the system 
suggests an EC-number (enzyme commission number) for a particular gene 
product. But the user still has to make an active choice (by clicking OK!), to 
feed the system with the suggested data. The development is driven by a few 
important principles: 

• The system should only implement freely available standard software 
products that are known to work together.

• Programs already developed by the scientific community should be 
integrated into the system and not be reinvented.

• No installation should be needed on the client side (the user side).
• The system should be accessible from any geographical location by any 

standard platform.
• The same piece of information should only be stored once.
• The same piece of information should only be processed once.
• The system should be dynamic in the sense that user input (annotation) is 

available across different assemblies. 

The user interface 

There are a number of criteria that should be optimised when developing a 
graphical user interface (GUI) (figure 1 in paper V). (I) The GUI should 
represent the data in a consistent way. (II) There should be an accepted 
standard on how to build the GUI. (III) The GUI should present data in an 
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easily understandable manner. (IV) The user should intuitively understand the 
process of information exchange with the system. 

Common web browsers such as Netscape or Internet Explorer 
incorporate three out of four of these criteria (II-IV). They implement (or try 
to implement) the standards of W3C (www.w3.org) (point II). Most people 
are familiar with the “look and feel” of web pages (point III). Furthermore 
DANS implements the principle of “Information on demand” (IOD), which 
means that only the core data needed for the specific task is presented. Further 
information is presented on demand (most often by a click on a link or 
image). Also the representation of input and output objects in the common 
mark-up languages used by the web browsers are well known to most internet 
users (for example a button to click on) (point IV). A well-documented 
problem with web browsers (point I) is that they may present the content in 
different ways. A nice looking web page in Internet Explorer may very well 
be dull and ugly in Netscape (or vice versa), even if the mark-up language 
follows the W3C standard. 

Software

There is a tradition in the academic world of using (and producing) freely 
available software. This doesn’t necessarily mean that users are allowed to 
change the program code, or even that the source code is available. DANS is 
entirely built on freely available software and languages. The software is 
relatively easy to install and maintain by a person with good knowledge in 
web-server and database maintenance, as well as in Perl-programming. It is 
built on standard software and all its components are included in standard 
distributions of Linux.

Any web browser which is W3C-compliant may function as a user 
interface. The mark-up language used is (transitional) XHTML. XHTML is a 
well-structured dialect of common HTML. With a few exceptions XHTML 
conforms to the XML standard. This will most likely lead to important 
advantages in future development, such as an implementation of SOAP. 
According to W3C recommendations, content and presentation should be 
separated by the use of cascading style sheets, CSS. Applets could improve 
the dynamics of a web page, but has the disadvantage of introducing a higher 
level of complexity (basically the need to use one more programming 
language). Therefore applets are not used in DANS. An additional advantage 
of using a web browser as user interface is that there is no need for any 
installations on the client side (provided that the user has a web browser). 

Instead, the exchange between the user and the system is solely built on 
the common gateway interchange (CGI). In short, CGI is a protocol, which 
enables exchange of user and system data in a web application. The program 
(CGI-script) facilitating the exchange may be written in any of the major 
programming languages. The most widely used language for CGI-scripts is 
Perl, which is also used in DANS.
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A genome-sequencing project generates huge amount of data. To 
administrate the data and avoid redundancy a database is commonly used. 
Here the database of choice is MySQL. MySQL is the most widely used, free-
of-charge, database product in the world. Several programming languages 
have modules or objects that handle database accesses and queries. One of 
these languages is Perl, which is used for this purpose in DANS. 

Software from other sources 

The only input needed to run DANS is a file with nucleotide sequences in 
FASTA format. Typically in a genome project, the sequence comes from 
some kind of assembly software like phrap (Ewing & Green, 1998; Ewing et
al., 1998). A much-used program to identify protein-encoding genes is 
GLIMMER (Salzberg et al., 1998), which is included in the DANS package. 
Another externally developed software program, ARAGON (Dean Laslett, 
personal communication), identifies tRNAs and tmRNAs. The tmRNA 
prediction tool included in ARAGON has earlier been published separately 
under the name of BRUCE (paper IV). BRUCE is described below. 

Similarity searches in the public databases are done with BLAST 
(Altschul et al., 1990), while multiple alignments are processed by 
CLUSTALW (Thompson et al., 1994). Phylogenetic trees are constructed 
with PAUP* (Swofford, 1998). 

Dynamics

Annotation has been viewed as a post-processing step of sequencing. 
However, a sequencing project may take several years and there is a need for 
running the annotation process in parallel with the sequencing process. In this 
sense, DANS is a dynamic system that allows users to annotate independently 
of the sequencing progress. This is otherwise a shortcoming of most or 
possibly all other annotation systems. Basically dynamic means that the same 
piece of information, for example a sequence, is not processed more than 
once, either by the user or a program, for example BLAST (Altschul et al.,
1990). For example, if an open reading frame has a similar sequence (defined 
by an algorithm) in two different assemblies, then the system connects the two 
open reading frames both when it comes to annotation, and for BLAST 
searches, alignments and so on. The most time-consuming part when 
rerunning an annotation system after a new assembly has been made, are the 
BLAST searches. The dynamics can, in the final assemblies, reduce running 
time by a factor of 100 or more. 
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Other annotation systems 

There are a number of annotation systems in use around the world. Four of 
these, PEDANTic (Frishman & Mewes, 1997), MAGPIE (Gaasterland & 
Sensen, 1996), Genotator (Harris, 1997) and GAIA (Overton et al., 1998) are 
either (I) complex systems (allowing annotation of eukaryotic sequences), or 
(II) are not freely available (MAGPIE), or (III) are using a non-standard 
interface (Genotator). However, there are two other competing systems to 
DANS. Sangre Centre (www.sanger.ac.uk) has developed ARTEMIS 
(Rutherford et al., 1998), with a Java applet interface. TIGR (www.tigr.org) 
has the Manatee software, which has been released (manatee.sourceforge.net ) 
but not yet published. These two systems do resemble DANS, but neither 
they, nor the other mentioned annotation packages, are dynamic as defined 
above. 

Finding tmRNAs – paper IV

Identification of candidate genes that encode proteins is relatively easy. The 
same is true for genes encoding tRNAs and rRNAs. However, there are a few 
genes encoding other stable RNAs that are not so easily detected. In bacteria 
these include tmRNA and the RNA component of the signal recognition 
particle (SRP). A program for the identification of the RNA subunit in the 
SRP has been developed by Regalia (Regalia et al, 2002) and co-workers. A 
program for the prediction of tmRNAs is described in paper IV.  

The gene and the product 

A tmRNA is a hybrid of a tRNA and mRNA. So far tmRNAs are only 
reported from bacteria and organelles of bacterial origin. tmRNAs have now 
been identified in one copy of all sequenced bacterial genomes (Williams, 
2002). In the canonical tmRNA (figure 1 in paper IV), the 5' and 3' ends form 
a tRNA-like domain. However, the anti codon loop is replaced by a sequence 
of several hundred nucleotides. The sequence forms a structure consisting of a 
number of pseudo-knots and stem-loops as well as an open reading frame that 
encodes a short peptide that ends with a stop codon. 
In most bacteria a single gene encodes the tmRNA. As often is the case with 
tRNAs, some tmRNAs are post-transcriptionally modified with an addition of 
a 3' CCA tail. For a few years tmRNAs could not be identified in α-
proteobacteria such as B. henselae and B. quintana (paper VI) (Felden et al.,
1999). Williams and co-workers later discovered that tmRNAs are encoded in 
two pieces in α-proteobacteria, with the second piece positioned upstream of 
the first one, apparently due to a translocation event (Keiler et al., 2000). 
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Course of action 

If the 3'-end of an mRNA is truncated, the ribosome will not be able to 
recognise any stop codon and the translation will halt. The tRNAAla-domain of 
the tmRNA attaches to the ribosome and the translated product of the open 
reading frame is appended to the previously translated peptide chain. The stop 
codon allows the ribosome to release the chimerical protein. The amino acid 
sequence contains protease recognition signals and the protein is degraded. 

Search algorithm 

A program called BRUCE was developed to identify tmRNA genes. The 
underlying algorithm is heuristic, which in this case means that the program 
doesn’t look for the actual tmRNA in the first step. Instead, BRUCE searches 
for a consensus motif in the T-loop of tRNAAla and tries to build a T-loop and 
T-stem of the flanking regions. If successful, the algorithm searches both 
upstream and downstream (allowing detection of permuted genes such as 
genes from α-proteobacteria) for an acceptor arm as well as for a consensus 
motif that flanks the open reading frame. According to a number of criteria 
the sequence is given a score. If the score is above a certain threshold the 
sequence is reported as a tmRNA gene. The output from the program includes 
the secondary structure of the tRNA-like domain and the peptide sequence 
(figure 2 in paper IV).  

In a survey of 57 completely sequenced bacterial genomes BRUCE 
detected all earlier identified tmRNAs (Williams, 2002) without reporting any 
false positives. 

Part 3: Results (testing the hypotheses) - paper I, II and VII 

A scientific hypothesis should by definition be testable. Some of the described 
hypotheses have been thoroughly tested. Today, there is a general agreement 
on the bacterial origin of mitochondria and chloroplasts as outlined in the 
endosymbiont theory. Other hypotheses are more disputed. Below, a few 
aspects of these hypotheses are investigated by inferring phylogenies from 
molecular data. 

The dual proteome of yeast mitochondria –paper I

One of the predictions of the endosymbiont theory, as well as the hydrogen 
hypothesis, is that a massive gene transfer to the nucleus followed the 
integration of the mitochondrion into the host cell. These genes encoded 
proteins that were directed back to the mitochondrion. In the yeast nucleus, 
more than 400 genes are encoding proteins that are imported to the 
mitochondrion or integrated into its membranes. By analysing this cohort 
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phylogenetically, it has been possible to quantify the gene transfers from the 
organelle to the nucleus (paper I). The assumption is that nuclear sequences 
that have their closest homologs in α-proteobacteria are most likely 
horizontally transferred. 

Approximately 50% of the nuclear encoded mitochondrial proteins 
have homologs in Bacteria while 50% seem to be uniquely present in 
Eukarya. Of the approximately 200 genes with bacterial homologs, only 20% 
can be traced back to the α-proteobacteria. Two thirds of these are encoded in 
the mitochondrial genome of Reclinomonas americana, a fact that confirms 
that an ancient gene transfer from the endosymbiont to the host can still be 
traced by standard phylogenetic methods. About 160 phylogenetic 
reconstructions of the remaining genes with bacterial homologs show no 
special relationship between yeast and any particular bacterial subgroup. 
Interestingly, Marc et al. report that genes producing mRNAs that are targeted 
to mitochondrial associated ribosomes are mainly of ancient bacterial origin, 
whereas those producing mRNAs that are translated in the cytoplasm are 
mainly of eukaryotic origin (Marc et al., 2002). The presence of around 200 
genes that are unique to Eukarya are likely to have evolved de novo inside the 
nuclear genome to assist the organelle in carrying out its functions. 

In a suggested model of mitochondrial evolution, the symbiont was first 
incorporated into an anaerobic, eukaryotic host. Most of the symbiont genes 
were lost, but a minority of genes were retained and eventually transferred to 
the nuclear genome. In parallel, a large number of proteins encoded by novel 
nuclear genes were recruited to the mitochondrion, including the ATP/ADP 
translocase. The symbiont was thus transformed into an ATP-exporting 
organelle. 

 If the ancestral endosymbiont had a genome size similar to that of 
present free-living bacteria, only a tiny fraction of the genes were transferred 
to and selectively maintained in the nuclear genome for use in mitochondrial 
functions. However, a massive gene transfer from the early endosymbiont to 
the nucleus of the host still cannot be excluded if the products, instead of 
exclusively being directed to the mitochondrion, are used in the cytosol. An 
investigation of candidate genes was done in paper II. 

The origin of the glycolytic pathway – paper II

The breakdown of glucose to pyruvate is normally associated with the 
Embden-Meyerhof pathway or glycolysis (figure 3). Even if the textbook 
version of glycolysis is precise when it comes to involved enzymes and 
reactions catalysed, there is no good definition of glycolysis. With a broad 
definition glycolysis could be said to be the process of degradation of glucose 
to pyruvate. However, there is an alternative route for the degradation of 
glucose to pyruvate, namely the Entner-Doudoroff pathway (figure 3). To 
complicate matters, different groups of organisms use different enzymes in  
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the degradation of glucose and other hexoses (Dandekar et al., 1999). For 
example Archaea has a series of unique glycolytic enzymes. Fungi employ a 
different kind of aldolase than other eukaryotes. Even more remarkable is that 
both these aldolases are found in such a small group as the α-proteobacteria. 
It should also be noted that most of the enzymes associated with glycolysis 
catalyse reactions in other pathways. For example, glycolysis and carbon 
fixation in plants have three enzymes in common.  

The hydrogen hypothesis suggests that genes encoding enzymes 
participating in intermediary metabolism were recruited from the α-
proteobacterial symbiont. In particular, genes encoding glycolytic enzymes, 
enzymes used in hydrogenosomes and carbon importers should be of an α-
proteo origin according to the hypothesis.  

In paper II, twelve genes encoding enzymes in the Entner-Doudoroff 
and Embden-Meyerhof pathways are phylogenetically analysed. All α-proteo 
bacterial sequences found in SWALL (SWISS-PROT and TrEMBL) (Bairoch 
& Apweiler, 2000) at the time are included in the analysis, together with a 
large cohort of genes representing different eukaryotic and bacterial clades. 
By adding sequences from the genome of Bartonella henselae (paper VI), a 
large number of α-proteobacterial sequences could be included in the 
analysis.  

The first reaction in the schoolbook version of glycolysis is the 
conversion of glucose to glucose 6-phosphate. In humans, there are two 
different enzymes, hexokinase and glucokinase, performing more or less the 
same reaction but in different tissues. Hexokinase is widely distributed in 
Eukarya and Bacteria. Nevertheless, there is another common mechanism for 
the production of glucose-6 phosphate in Bacteria. When importing glucose 
through the membranes, glucose is directly phosphorylated with phosphoenol-
pyruvate as phosphate donor. This mechanism is probably also used in 
Bartonella henselae and B. quintana since they do not encode hexokinase.  

Another enzyme not found in Bartonella is phosphofructokinase. This 
enzyme performs a critical and irreversible step in glycolysis, by catalysing 
the reaction from fructose 6-phosphate to fructose 1,6-bisphosphate. 
Bartonella may not have a complete Embden-Meyerhof pathway, but the four 
genes encoding the enzymes required for the Entner-Doudoroff pathway are 
present.

Phylogenetic reconstructions of the ten remaining enzymes (coloured 
blue in figure 3) suggest that no special relationship exists between eukaryotic 
and α-proteobacterial sequences. The result indicates that the hydrogen 
hypothesis either is incorrect when proposing an α-proteobacterial origin of 
the symbiont, or in suggesting a transfer of glycolytic genes from the 
symbiont to the host. Of course, both predictions may be wrong. Indeed, there 
are no bacterial groups in particular that show affinity with Eukarya. Some 
likely horizontal transfers are observed, mainly from the cyanobacterial 
ancestor of the chloroplast to the host, but also a few from eukaryotes to 
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pathogenic bacteria. These transfers are easily detected in the trees. This 
suggests that the original gene transfers (if any) have not been overshadowed 
by succeeding transfers from bacteria. In contrast, the about 40 or so genes of 
α-proteobacterial origin described in paper I, exemplified by pyruvate 
dehydrogenase (E1 component) in figure 1 in paper II, establishes a 
connection between eukaryotes and α-proteobacteria. In conclusion, we 
suggest that glycolytic genes in Eukarya and Bacteria are related by descent. 

Horizontal gene transfer- an artifact? – paper VII

As described in paper I and II the amount of gene transfers from the 
mitochondrion to the nucleus may be significantly lower (but still not 
negligable) than assumed in the hydrogen hypothesis or the endosymbiont 
theory. Martin et al. have investigated the gene transfers from the 
cyanobacterial ancestor of plastids to the nuclear genome of plants with a 
similar approach to that used in paper I (Martin et al., 2002). They estimate 
that about 4500 genes have a plastid origin. In other words, endosymbiotic 
events where the invading bacterium is retained in the host cell clearly have 
resulted in horizontal gene transfers. But numerous other horizontal gene 
transfers have been described (Ochman 2000; Nelsson et al., 1999, Aravind et
al., 1998; Kyrpides & Olsen, 1999; Logsdon & Faguy, 1999; Nesbø et al.,
2001). It is a well-known problem that gene trees are not always mirrors of 
the assumed species tree (normally based on rRNA). The discrepancy is often 
explained by gene transfer events (Doolittle, 1999). But are they real or are 
they sometimes artifacts caused by the use of inadequate methods or models? 
Buchnera gives us an unique opportunity to investigate this phenomenon. 
First, Buchnera has not been the subject of horizontal gene transfers in the last 
150 million years (Moran et al., 1993). With two sequenced Buchnera
genomes (paper III) and a date for their divergence from a common ancestor, 
bacterial sequence evolution can be studied in a perspective that has not been 
possible before.

In paper VII the 545 genes present in Buchnera aphidicola (Sg) were 
searched for homologs in the genomes of all completely sequenced proteo-
bacteria. To get a data set of high consistency and comparability, sequences 
without homologues in all the γ-proteobacteria and the selected outgroup taxa 
(the -proteobacteria Rickettsia conorii, Rickettsia prowazekii and the -
proteobacteria Neisseria meningitidis and Ralstonia solanacearum) were 
discarded from further analysis. Thus, 191 trees remained to be further 
investigated. First protein trees were produced with the raw amino fraction 
differences as distances. About 90% of the resulting trees (see example in 
figure 4) did not show the topologies expected from the rRNA trees (figure 6 
in paper VII). These rRNA trees had been produced using various methods 
and substitution models. Independent of method, within the set of 
proteobacteria with totally sequenced genomes, the two Buchnera strains
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turned out to be most closely related to Escherichia coli, Haemophilus 
influenzae, Pasteurella multocida, Salmonella typhi, Salmonella typhimurium, 
Vibrio cholerae and Yersinia pestis. All these are -proteobacteria, as they 
should be.

Several alternatives for the discrepancy between the rRNA trees and the 
protein trees may be considered. Either the topologies could be results of 
horizontal gene transfers (as proposed by Itoh et al., 2002) or they could be 
artifacts produced by the use of inadequate methods. 

To test which alternative is most likely, further analyses were done. 
Representatives of Buchnera (and Rickettsia) are heavily AT-biased. B.
ahidicola (Sg) has an A+T content of 75%. It could be argued that the use of 
amino acid sequences in phylogenetic reconstructions would act as an “bias 
filter”. However, as demonstrated by Foster and Hickey (Foster & Hickey, 
1999) a base compositional bias may result in an amino acid compositional 
bias. As seen in figure 5, this is probably also true for Buchnera. 

Considering the assumed amino acid composition bias, new trees were 
produced now based on the nucleotide sequences. To account for the base 
compositional bias (or more correctly, the underlying asymmetric 
substitutions), two distance methods were applied on the codon alignments 
(alignment of amino acid sequences replaced by the corresponding codons). 
LogDet (Lockhart et al., 1994) systematically moved Buchnera closer to the 
position found in the rRNA trees (data not shown) without recovering the 
supposed “true” topology. By using the substitution model described by 
Galtier & Gouy (Galtier & Gouy, 1995) the topologies further improved. Now 
one third of the trees showed the same topology as they did in the rRNA trees 
(compared to 10% of the protein trees). 

The original protein trees were classified into four major topologies, (I) 
one where Buchnera was positioned far away from its closest relatives, (II) 
one where Buchnera diverged first from the group consisting of its closest 
relatives, (III) one where Buchnera was found inside this group and finally 
(IV) one where Buchnera is positioned according to the rRNA tree. This was 
done to test the assumption that the position of Buchnera in the trees 
correlated to the amount of sequence evolution as measured by the Ka-value 
between orthologs in the two Buchnera strains (figure 2 in paper VII). Indeed, 
such a correlation seems to exist. In the protein trees where Buchnera is 
positioned in accordance with the rRNA trees, the Ka-value is on average 
relatively smaller. 

In conclusion, the choice of phylogenetic methods and substitution 
models profoundly effects the obtained topologies. A gene which seems to be 
a candidate of horizontal gene transfer when applying one method, may with 
another method show the expected topology from a rRNA tree (figure 6), at 
least when dealing with heavily biased sequences. 
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Concluding remarks 

Only a few of the early life hypotheses have been discussed above. Even if 
they often are described as competing hypotheses, this is only partly true. 
Most importantly their scope differs, ranging from examining the driving 
force for a particular outcome, to a detailed explanation of the steps leading to 
that outcome. Also, many of the hypotheses share important features, which is 
often forgotten when discussed. 

In this thesis, a special emphasis has been placed on the hydrogen 
hypothesis (Martin & Müller, 1998) and one of its prerequisites, the 
horizontal gene transfers from the symbiont to the host. The rhetorical 
foundation of the hypothesis is impressive, the details are many, and the 
support in the cited literature seemingly strong. But this is also one of the 
weaknesses of the hypothesis. For example, when surveying the cited 
litterature for support of horizontal gene transfers from symbiont to host, no 
clear-cut evidence was obtained (see for example Keeling & Doolittle, 1997, 
described above). Furthermore, if one of the many steps required for the 
creation of an eukarytoic cell fails, the hypothesis fails.  

The hydrogen hypothesis does not explain the morphological 
differences between the complex eukaryotic cell and the relatively simple 
cells of prokaryotes. How did perixosomes and endoplasmic reticulum 
evolve? Why do eukaryotes have biochemically unique membranes? Why is 
the eukaryotic cell so big? The questions are many, and neither the hydrogen 
hypothesis, nor any other hypothesis provides a convincing answer to these 
relevant questions. 

The hydrogen hypothesis may also be critizised for not explaining why 
the genes encoding enzymes, which later would be used in hydrogenosomes, 
were retained in aerobic organisms. But even if the hydrogen hypothesis 
explicity states that genes encoding hydrogenosomal enzymes are descended 
from the original fusion event, it should not be rejected solely on this basis. 
One of the key enzymes in hydrogenosomes, pyruvate:ferredoxin 
oxidoreductase, seems to have a single bacterial origin (Horner et al., 1999), 
but not necessarily an α-proteobacterial origin. The hydrogenosome remains a 
mystery and the organelle may hold one of the keys to increased 
understanding of early eukaryotic evolution. 

What stimulated the interaction between the host and the original 
symbiont? It has been speculated that the host benefit from the symbiosis was 
the ATP-production of the symbiont. However, it is difficult to imagine in an 
initial stage of symbioses that any bacterium gives away ATP for free. 
Furthermore, the ATP translocases in mitochondria do not seem to be of an α-
proteobacterial descent (Andersson et al., 1998). Instead, both the hydrogen 
and syntrophic hypotheses (Moreira & L'opez-Garzia, 1998) suggest that 
interspecies transfer of hydrogen gas triggered the fusion process. In contrast, 
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the ox-tox hypothesis proposes that the association was built on the 
symbiont’s ability to remove (poisonous) oxygen from its anaerobic host. 

A more parsimonious model of early evolution is the annealing model 
proposed by Woese (Woese, 1998), albeit the model does not account for 
organelle evolution. The model gives a reasonable explanation of why genes 
encoding proteins used in translation, transcription and replication seem to be 
related in Archaea and Eukarya. In emerging life, the cellular systems loose 
their capacity to more or less freely integrate novel sequences at different time 
points. Woese suggests that the first system to crystallise was the translational 
system. Likewise, the bacterial translation system (and the transcription and 
replication systems) may have passed the threshold before that of the Archaea 
and Eukarya. One consequence would be that the archaeal and eukaryotic 
translational systems shared the exchange mode of the evolving progenote for 
a longer time. Accordingly, their translation systems are more similar to each 
other than either is to that of the Bacteria. To summarise, the progenote model 
allows frequent horizontal gene transfers in the very beginning of evolving 
life. In contrast, the hydrogen hypothesis and many other fusion hypotheses 
suggest that the gene transfers between the prokaryotic building-blocks of the 
novel eukaryotic cell took place in a phase of evolution when cellular life 
already had been firmly established. Further phylogenetic investigations 
should probably answer the question of which view is most probable.  

If we go back to the example in the prologue of car manufacturing on 
an alien planet [figure 1, from now on references to this figure are made with 
the use of square brackets], the illustration indicates that the rate of evolution 
could vary over time. All basic models which are found in the year one 
hundred are already present in the second year, suggesting that the basic 
demands of the market are met at an early stage. It is well-documented that 
sometimes evolution at the morphological level suddenly bursts. Probably, the 
best known example is the Cambrian explosion about 550 million years ago, 
when in a span of only 5 to 10 million years, all the major animal body plans 
(phyla) we see today evolved. Without implying that the rate of sequence
evolution correlates to the rate of morphological evolution, it is not 
unconceivable that the rate of sequence evolution may vary over time. 
Especially when early life was establishing, the tempo (rate of evolution) 
would have been high, as suggested by Woese (Woese, 1998) [corresponding 
to year 2]. 

Hyperthermophiles [the cabrioletes] are found in Bacteria [B100.1] but 
are probably more often recognized as members of Archaea [A100.1-5]. If we 
assume that genes in hyperthermophilic organisms are under functional 
constraints exceeding that of genes from mesophilic organisms [the sedans], a 
possible consequence would be that the genes in hyperthermophiles evolve 
more slowly (Jordan et al., 2002). Therefore, genes from hyperthermophiles 
may seem to be related, despite an enormous taxonomic distance between the 
species. If this is not taken into account when reconstructing a gene 
phylogeny, a history of high substitution rates in one or several sequences 



In silico Studies of Early Eukaryotic Evolution – Björn Canbäck                     33 

may result in a topology which will imply one or many horizontal gene 
transfers (see the example in figure 4). 

In a similar line of reasoning, the suggested relationship of the 
informational systems [represented by two cog-wheels] of Archaea [factory 
A] and Eukarya [factory E] as inferred by phylogenetic methods, may be an 
artifact created by a high evolutionary rate in Bacteria [factory B]. The 
translation, transcription and replication machineries in Bacteria [represented 
by one cog-wheel] are not in general as complex as the ones present in the 
two other domains of life. A high degree of interaction between proteins 
would possibly result in functional constraints on the genes encoding the 
proteins (Fraser et al., 2002). For example, the relatively more complex 
ribosomes of Archaea and Eukaryota would inhibit a high substitution rate in 
the genes encoding the proteins and rRNAs involved (Jordan et al., 2002). If 
true, the use of conventional phylogenetic methods would indicate a 
relationship between Archaea and Eukaryota.  

In this perspective, more sophisticated phylogenetic methods based on 
a better understanding of sequence evolution may help us in our struggle to 
reconstruct the tree of life. However, the mission may be impossible, as seen 
in the example of car manufacturing on an alien planet.  
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