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1. Introduction

1.1 Scientific basics and philosophy
The term scientific method is defined as a methods of inquiry based on two
basic parts, collection of data through observation and experimentation, and
the formulating and testing of hypotheses.

In a philosophical context, a  scientific theory is considered to be a test-
able model able to predict future observations and testable through experi-
mentation.  Under  the  common  use  of  therms  according  to  the  scientific
method, a  hypothesis  (i.e. a testable conjecture that has not yet been fully
confirmed), achieves the status of a scientific theory once it has been suc-
cessfully tested.

So where does attempting to figure out how living things came to be what
they are  today fit  into  the  methods described above? Naturally,  it  is  im-
possible to experimentally determine or validate the events that gave rise to
the vast variety of life we see today, as that would require a few billion years
and a spare planet, at least if we wanted to actually perform large-scale ex-
periments  in  evolution  (although small  scale  evolution  has  actually  been
shown in the lab). It has been said that phylogenetics (the study of evolution-
ary  relatedness  among living  organisms),  together  with  cosmology  and a
number of other disciplines share a unique position among the natural sci-
ences in that it attempts to describe a sequence of events in the past rather
than postulate theories about likely outcomes. 

The famous physicist Stephen Hawkins said: 

"A theory is a good theory if it satisfies two requirements: It must accurately
describe a large class of observations on the basis of a model that contains
only a few arbitrary elements, and it must make definite predictions about the
results of future observations.". 

By viewing scientific theory in this light, we see that phylogeny, and oth-
er disciplines dealing with ancient biological events, do indeed fulfill the re-
quirements for the scientific method. Although we might not be able to ex-
perimentally  test  our  hypothesis,  we can observe what  has  already taken
place in the vast laboratory that is the natural world, and see how well the
observations we make fit into the theoretical framework we use to try and
explain the things we see.
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1.2 Evolution, the framework of modern biology
Evolution is the framework under which the vast majority of modern biology
operates, defined as the change in inherited characters from one generation
of organisms to the next. There are three main processes causing the changes
in character: variation, reproduction, and natural selection. Put simply, the
variation between individuals in  a population leads to differences in how
successful  they  are  at  reproducing,  leading to  natural  selection  since  the
traits that lead to more successful reproduction tend to give the organisms
that display them more offspring. In addition to natural selection, the other
major mechanism driving evolution is genetic drift, the process by which by
random chance traits over time can disappear or become fixed in a process
independently of external causes.  

Although ideas of an evolutionary nature had existed since at least the 6th
century BCE, it was only in the mid nineteenth century that it was generally
accepted among scientists that organisms change over time. It was not until
the publication of "The origin of species" by Charles Darwin (although Rus-
sel Wallace had reached the same conclusions independently) in 1859 that
the mechanisms underlying the theory of evolution by natural selection were
detailed. However, at this time the molecular mechanisms underlying evolu-
tion were not known. 

In the 1930s, Darwinian natural selection was combined with Mendelian
inheritance (forming the basis of genetics) into the modern evolutionary syn-
thesis, which still forms the basis of biological research today, even though
some tenants remain under debate. During this period the emergence of pop-
ulation genetics also contributed to a fuller understanding of how evolution
works. 

During the 1940s and '50s DNA was identified as the information-carry-
ing molecule and its structure determined, opening the door for molecular
evolution and its revolutionary impact on phylogenetics.

1.3 Inferring ancient events

1.3.1 Phylogenetics - Reconstructing the tree of life
Phylogenetics  is  defined  as  the  study  of  evolutionary  relatedness  among
groups of organisms. Traditionally, this was done by observations of mor-
phological data, but with the advent of molecular methods, sequence data
has come to the forefront of phylogenetic inference.

Evolution can be regarded as a branching process, in which populations as
they move through time separate into different species, hybridize or become
extinct. This process can be  visualised as a tree where each terminal node
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represents a species, and the internal nodes represents speciation events. The
branching order of the tree thus corresponds to the order in which the evolu-
tionarily events are hypothesized to have taken place.

By using molecular data it is possible to use many more characters to re-
construct the phylogeny, as compared to morphological data from for ex-
ample fossils. However, interpreting a sequence of characters inferred from
sequences,  be  they  DNA,  RNA or  proteins,  pose  novel  problems.  Even
though two sequences may differ in a number of positions, the actual muta-
tions that caused the differences may only have been the last in any number
of mutations pre-dating the last one.

The problem facing phylogenetics based on molecular sequence data is
that the only data we have available is from modern sources (with a few not-
able exceptions where useful sequences have been extracted from fossil ma-
terial).  This  fact  necessitates  the  use  of  methods  based  on  mathematical
models describing the evolution of characters in the sequences under analys-
is in order to infer the correct phylogenies. Some of the most commonly
used methods today are neighbour-joining, parsimony, maximum likelihood
and MCMC-based Bayesian inference, presented here in a rough order of
both  their  "power"  and  the  computational  resources  needed  to  construct
phylogenies with them.

Although the rapid advances in computer technology have enabled us to
use more and more complex and powerful methods, analysing large datasets
can still be time-consuming.

1.3.2 Inferring time-points from molecular data
As well as using the informational content in molecular sequences to infer
relationship between species, it is also possible to use it to put specific time-
points on when two given species diverged from each other. The notion of a
"molecular clock" was first proposed in the 1960s (Zuckerkandl & Pauling
1962), under the assumption that the rate that a given sequence changes is
roughly uniform over time and different lineages. This soon proved to be far
to optimistic, as different conditions can give rise to highly varying rates of
change, leading to the development of a number of methods used to correct
for these varying rates. Instead of the original "global clock", "local clocks"
for different parts of the tree under analysis can be used. These methods have
much in common with methods for inferring phylogenies, and in many parts
use the same techniques. However, the problems and complexities present
when attempting to date evolutionary events, as opposed to just inferring the
phylogeny, are even greater. One way of surmounting these difficulties is to
use calibration points, such as geological fossils, to calibrate the analysis by
providing firm time-points of a known date.  
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1.4 Early history of life and the planet

1.4.1 Conditions on the primordial earth
The planet Earth itself is about 4.5 billion years old. For the first couple of
hundred million years surface temperatures were very hot, but at about 4.2
billion years ago a stable crust had formed (O'neill 2008). Concordant with
the formation of a crust, oceans were formed by out-gassing and bombard-
ment  of comets and asteroids from space, resulting in an initially  almost
completely water-covered earth. This time is generally believed to represent
the first possibility of life, and some estimates have placed this event at this
early time-point (Maher & Stevenson 1988). The first biomarker evidence
of life present in the geological record dates to about 3.5 million years ago
(Schopf 2002), although this is also a matter of controversy. No matter the
exact time-point and nature of the first life-forms, the last common universal
ancestor (LUCA) is believed to have existed at a time concurrent to the first
biomarkers, although the concept of a single LUCA is also under contention
(Glansdorff  et al 2008). Since prokaryotic life-forms generally leave little
fossil evidence of their existance, direct geological evidence of life during
these times is sparse. The  conditions on earth during the first two billion
years or so of its existence were quite different from today, both in temperat-
ure and in geo-chemical properties.

The temperature  was  much higher  than  today  (Figure  1),  perhaps  ap-
proaching 60 centigrades due to volcanic activity, bombardment from space
and residual heat from the formation of the planet. Gradually, the temperat-
ure cooled to temperatures approaching those seen today,  at perhaps 2-2.5
billion years  ago,  as  there  is  evidence for  global  glaciations  at  this  time
(Kopp et al. 2005).

Oxygen, on the other hand, was hardly present at all on the early earth
(Figure 1). Geological factors tended to keep the oxygen level low by react-
ing  with  the  oxygen  produced  by  cyanobacteria,  present  since  maybe as
early  as  3.5  billion  years  ago,  but  probably  not  until  some  time  later
(Rasmussen 2008).  It  was  only  at  approx.  2.3  billion  years  ago,  that  the
amount of oxygen sharply increased (Buick 2008, Kump 2008).
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Figure 1. An overview of the biologically relevant conditions during early evolution
of life on earth. Red line depicts temperature (shaded yellow interval depicts temper-
ature infered with an alternative method), while green line depicts oxygen level.
Horisontal blue bars correspond to global glaciation events. Gyr = billion years ago.

1.4.2 "The great oxidation event"
As mentions, geological factors postponed the rise of oxygen produced by
photosynthetic organisms for several hundred million years. Chemical reac-
tions, primarily with iron, consumed the produced oxygen leading to vast
formations of banded iron formations. The rapid increase in oxygen levels
has also been called the "oxygen catastrophe", as the oxygen was toxic to
many of the anaerobic organisms present at the time. It has been speculated
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that this lead to an ecological crisis with a drastically reduced biodiversity
(Lenton et al.  2004). However, it also opened the door for biological innov-
ation, as it set up the stage for new diversification and opportunities. In addi-
tion to greatly transforming the environment of earth, the widespread avail-
ability of oxygen increased the free energy supply of living organisms, lead-
ing to new metabolic innovations.

1.5 Eukaryotes and their partners, the mitochondria

1.5.1 The three domains
For a long time, it was believed that all living things could be put in one of
two categories.  On one side there were the eukaryotes, which comprise most
of the living things we see in our ordinary lives, on the other side there were
the prokaryotes, perceived to be fundamentally different due to the lack of a
nucleus.  It was only fairly recently that it was realised that the prokaryotes
are indeed as different from each other as they are from the eukaryotes and
should  be  divided  into  two  groups  (domains  in  taxonomic  terminology),
Bacteria and Archaea (Woese et al. 1990).  

On a biochemical level, the differences between these three groups are
significant  and place the archaea closer  to  eukaryotes than to bacteria  in
some respects, but on an organisational level the differences between euka-
ryotes on one hand and the bacteria and the archaea on the other are pro-
found. Eukaryotes display a level of cellular organisation that is an order of
magnitude more advanced than bacteria and archaea, namely in the fact that
they separate the reactions that take place in the cell into different compart-
ments and also in the fact  that the genetic material in eukaryotes reside in
the nucleus rather than in the cytoplasm of the cells such as is the case for
bacteria and archaea (although this conceptual difference has been blurred
recently  with  the  case  of  the  Planctomycetes  group  of  bacteria  (Fuerst
2005)). The eukaryotes also have cellular organelles, some of which carry
their own genetic material, namely the mitochondria and chloroplasts.  

It is not presently known how the three different domains came to be, and
there are a number of conflicting theories regarding these distant occurrences
(Bapteste & Walsh 2005, Doolittle 1999, Martin & Embley 2004, Rivera &
Lake 2004).  Also unclear is how the three domains are related, a problems
that extends to deeper branches in the domains themselves and indeed might
go back to actual events that gave rise to cellular life as we know it (Poole et
al. 1998).
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1.5.2 The origin of the eukaryotes
The origin of the eukaryotic cell lies in the distant past, in the time period
known as the Proterozoic eon (2500 to 542 million years ago). Estimates of
the age of the oldest eukaryotes vary between 1 to 2.1 billion years ago (Ber-
ney & Pawlowski 2006, Javaux 2007, Knoll  et al.  2006), the older time-
point slightly after the first great rise of athmospheric oxygen, although the
earliest  fossils  that  are  clearly  related  to  modern  groups  start  appearing
roughly 800 million years ago, with possibly older fossils of red algae (But-
terfield 1990). By this time, life had already existed on the earth for a very
long time, as previously discussed. 

There are several theories concerning how eukaryotes came into exist-
ence. Most of these theories postulate that they arose as a fusion between a
number of  “simpler” organisms (Horiike et al. 2004, Poole & Penny 2007,
Saruhashi et al. 2008),  often stated to be between an archaeon and a bacteri-
um, in a mutually beneficial symbiosis (Martin 2005). This would make the
eukaryotes chimeras, i.e. fusion-organisms, which is conclusive with many
features found in  eukaryotes today,  namely that their  informational  genes
seem to be of archaeal descent while their operational genes are of bacterial
descent (Lester  et al.  2005, Yutin  et al.  2008). However, trying to identify
specific present-day organisms as the closest relatives to the participating or-
ganisms is perilous as lateral gene transfer was likely prevalent in early life
(Keeling & Palmer 2008, Woese 2002), in addition to the fact that the signal
still  present  in  the  molecular  data  has  become weak over  the  long time-
frames involved.  Recent work have shown that the so-called eocyte hypo-
thesis might have stronger support than the alternatives,  meaning that the
origin of the eukaryotic nuclear components can trace their lineage to the ar-
chaea (Cox 2008), although it is not presently known if the actual event that
gave rise to the eukaryotes is separate from  the fusion event that gave rise to
mitochondria.  However,  it  seems  likely  that  eukaryotes,  in  their  modern
form, arose with the incorporation of mitochondria. 

An alternative view is that the first organisms equipped with a “modern”
information processing machinery, i.e. the  genetic information was encoded
in DNA and the metabolism was based on proteins,  were eukaryotic-like in
their genome organisation and that the prokaryotes arose later as an adapta-
tion to high temperature or rapid reproduction (Poole et al. 1998). This the-
ory is more or less the opposite of how we usually see life, with the more
complex  eukaryotes  evolving from the  “simpler”  prokaryotes.  A problem
with this theory, that it shares with other theories stating that the first life-
forms were complex, is that it explains little with regard to the complex cel-
lular structure of the eukaryotes, as these structures must have arisen from
something in the first place. 

As we shall see in the next section, the origin of the eukaryotic nucleus
might be correlated with the incorporation of endosymbiotic bacteria as pro-
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posed in various theories (Esser et al. 2004, Hedges et al. 2001, Karlin et al.
1999, Martin 2005, Pisani et al. 2007, Poole et al. 1998, Rotte et al. 2000).
The archezoa, or mitochondria-less eukaryotes, were originally believed to
be ancestrally amitochondriate, but are now most commonly believed to be
organisms that  have lost  their mitochondria, and all  living eukaryotes are
therefore descendants of cells that at one time harboured mitochondria (Em-
bley 2006, Hrdy 2004). 

1.5.3 The eukaryotic nucleus
Central to the question of eukaryotic origin is the origin of the nucleus, and
the nuclear envelope (Mans et al. 2004, Martin & Koonin 2006). The nuclear
envelope is a single contiguous membrane with an inner and an outer face
that meet at the nuclear pores, and is contiguous with the endoplasmatic re-
ticulum. The fact that the nuclear membrane is a single lipid bilayer is an im-
portant distinction from mitochondria and chloroplasts that are both enclosed
in a double membrane. The most widespread model for the origin of the nuc-
leus is that a prokaryote somehow lost its cell wall and evolved phagocytos-
is, the ability to engulf particulate matter. Invagination of the cell wall would
then have formed the nucleus, possibly in conjunction with phagocytosis of
an  archaeal  endosymbiont  (Martin  2005).  There  are  several  theories  that
share this basic mechanisms, with  variations in the participating organisms.
An alternative view is that the nucleus was formed by bacterial endospore
formation, but all  these theories place the progenitor of eukaryotes in the
bacteria, which is congruent with the standard rRNA tree rooted on the bac-
terial branch (Martin 2006, Ohayanagi  et al.  2008). All these endokaryotic
models have little problems accounting for the chimaeric nature of the euka-
ryotic genome since they see the eukaryotes as the product of dual inherit-
ance from two prokaryotic lineages.

The vesicle model (Jékely 2007) for the origin of the nucleus reverses the
roles of the two participating organisms in that it pictures an archaeal host
with the alpha-proteobacterial ancestor of mitochondria living as endosym-
bionts. In this model the genes for bacterial lipid synthesis are transferred to
the nucleus and expressed to form an initially simple system of lipid vesicles
that later became the more complex nucleus. The fact that intracellular bac-
terial symbionts that live in other bacteria has (Dyall  et al.  2004) been dis-
covered gives some support to this theory in that phagocytosis does not seem
to be a prerequisite for endosymbiosis as previously thought. 

Other theories try to explain the origin of the nucleus with the incorporation
of pox-viruses (Takemura 2001) or as a symbiosis between a spirochete and
a wall-less Thermoplasma-like archaeon (Margulis 1996), but both these the-
ories have problems that are not easily explained.  Thermoplasma does not
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seem to be specifically related to the eukaryotes, and the viral-origin theory
can not explain why the chromosomes would be concentrated in the incor-
porated virus rather than remaining in the cytosol.

Recent findings concerning the Planctomycetes have made these organisms a
possible role model for the origin of the nucleus. These bacteria have com-
plex endomembrane systems that contain the DNA, although it is still un-
clear if it is possible to draw direct parallels between these structures and the
nuclear envelope of eukaryotes (Fuerst 2005).

Finally, an intriguing theory by Koonin and Martin (Martin & Koonin 2006)
tries to explain the formation of the nucleus by postulating that the archaeal
host  was introduced to introns released from an alpha-proteobacterial  en-
dosymbiont that underwent lysis. This would have posed a problem to the
organism since the ribosomes would tend to work faster than the spliceo-
somes,  something that  could  be  circumvented  by  separating  transcription
from translation. By forming a nuclear envelope the transcription would take
place in the nucleus and translation in the cytosol. This envelope could start
as a single  bacterial lipid bilayer, and later evolve into the structures we see
today.

1.6 Mitochondrial origins - theories and speculation
Even though the nature of the proto-eukaryote is unknown, it is recognised
that the mitochondria (Figure 2), and the chloroplasts, arose through incor-
poration of previously free-living bacteria (Douglas & Raven 2003, Dyall et
al.  2004, Lang  et al.  1999). This theory was first proposed as early as the
the end of the nineteenth century, but it was only with developments in mo-
lecular biology in the 1970's that the theory gained experimental support, as
popularised by Lynn Margulis (Margulis 1981).
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Figure 2. Scanning election micrograph showing yeast cells (left) and isolated mito-
chondria (right). Observe that mitochondria are an order of magnitude smaller than
their eukaryotic hosts. Inset are two optical micrographs showing the same yeast
cells in visible light and marked with a mitochondria-specific dye causing the mito-
chondria to flouresce, showing that mitochondria tend to congreate in the perifery of
the cell.

1.6.1 Mitochondrial characteristics and theories about their origin
In the case of mitochondria, molecular evidence points to the alpha-proteo-
bacteria as the closest now living relative of the mitochondrial progenitor
(Esser 2004;2007, Kurland & Andersson 2000, Pisani 2007, Williams et al.
2007), while the chloroplasts in all likelihood are derived from cyanobac-
teria. However, even though the molecular evidence points to the alpha-pro-
teobacteria as the closest relative to the mitochondrial ancestor, the majority
of  the  proteins in  the mitochondrion trace  their  descent  to  the  host  (An-
dersson et al. 2003, Esser et al. 2004, Karlberg et al. 2000), as they are euka-
ryotic in nature. In addition to the host derived proteins,  key components of
the mitochondrial transcription and replication machiney seem to be derived
from the T-odd lineage of phages (Shutt & Gray 2006), further accentuating
the unclear origins of the mitochondrial proteome. There are a number of
theories that try to explain what benefits were given to the symbionts, some
of these theories only deal with the incorporation of mitochondria into the
proto-eukaryote, while others try to explain both the origin of eukaryotes and
mitochondria by postulating that they arose at the same time (Kurland  &
Andersson 2000).
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The mitochondrion provides energy convertion to the cell through two in-
terconnected pathways (Dyall et al. 2004), the tricarboxylic-acid cycle and the
respiratory chain. Compared to anaerobic fermentation these processes gener-
ate much more energy. One of the secondary functions of the mitochondria,
but potentially just as important, is the lowering of the concentration of intra-
cellular oxygen, a function crucial to prevent oxidative stress for organisms
living in a oxygen-rich environment. Different theories regarding the origin of
mitochondria put different emphasis on these functions in regard to the role
that the mitochondrial partner fulfilled in the symbiosis event (Bhattacharrya
et al. 2007, Boussau et al. 2004, Dyall et al. 2004, Gabaldón & Huynen 2003).

1.6.1.1 The syntrophic hypothesis
The main actors in this hypothesis are a methanogenic archaeon and a delta-
proteobacteria. Postulated in 1998 by Moreira & Lopez-Garcia (Moreira &
López-García 1998) this theory explains the origin of the nucleated euka-
ryote, with association of a third player, an alpha-proteobacteria, while also
explaining the origin of the mitochondria. The metabolic basis for the theory
is that the bacterial  partner ferments organic compounds to hydrogen and
more oxidised compounds while the methanogen uses the hydrogen with at-
mospheric carbon dioxide to form methane. 

This arrangement would be beneficial for both partners, as the consump-
tion of hydrogen by the methanogen speeds up the removal of hydrogen for
the bacteria, while the methanogen gets a steady source of hydrogen. Since
hydrogen is a volatile gas, the partners would tend to be in close contact,
something that is seen as a natural step on the way to endosymbiosis. Associ-
ations of this kind has actually been observed in nature, something which in-
dicates plausibility of this scenario.  The theory also tries to involve the pro-
genitors of the mitochondria in the syntrophic consortium. There are alpha-
proteobacteria capable of oxidising methane under both aerobic and anaer-
obic conditions, meaning that the mitochondria would have been acquired
for their methanotrophic metabolism and only secondary for the possibility
to utilise oxygen. 

1.6.1.2 The hydrogen hypothesis
This theory is in many ways similar to the syntrophic hypothesis, with the
main difference being that instead of a delta-proteobacteria as the bacterial
partner, it suggest an alpha-proteobacteria, thereby circumventing the need
for a third partner in the consortium. 

However,  since  contemporary  methanotrophy  is  mainly  aerobic  and
methanogenesis is anaerobic and can be presumed to have operated under
the same premises when the association took place, the theory states that the
alpha-proteobacteria did not gain anything from the association, but rather
that the host used the byproducts of the alpha-proteobacteria without giving
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anything in return. Over time the methanogen developed a larger cell surface
to more effectively utilise the waste from the alpha-proteobacteria, presum-
ably leading to complete enclosure and establishment of the bacteria as an
endosymbiont. Since the endosymbiont would still need organic substrates,
its import proteins were transferred to the host by horisontal gene transfer
and the endosymbioses was thereby irrevocably established. In this scenario,
the  respiratory  capabilities  of  the  endosymbiont  were  only  utilised  later
when the host colonised aerobic habitats (Martin & Müller 1998).

1.6.1.3 The Ox-Tox hypothesis
An inherent problem in both the above theories is that they claim that the en-
dosymbiont that gave rise to the mitochondria was selected for an anaerobic
metabolism that is not found in the present-day mitochondria, and that the
aerobic metabolism found in mitochondria today was retained during the
whole association process. This seems unlikely considering what is left of
the original endosymbiont today, and also in light of the fact that characters
not under selective pressure tend to be rapidly lost. 

The Ox-Tox hypothesis tries to sidestep these problems by claiming that
the basis for the symbioses was the alpha-proteobacterial ability to reduce
oxygen and thereby detoxify the environment for its anaerobic partner. By
incorporating the symbiont into the intracellular space the detoxification was
made more efficient. The theory also states that the ability to utilise the large
amounts of ATP produced by the symbiont evolved at a later stage, which is
consistent  with  the fact  that  the  mitochondrial  ATP/ADP translocases  are
evolutionary unrelated to the bacterial versions (Vellai et al. 2001).

1.6.2 The mitochondrial genome and proteome
Due to the fact that genes are continually being transferred from the mito-
chondrial genome to the nuclear genome, the size of the mitochondrial gen-
ome in contemporary organisms vary considerably. This process still takes
place today, although it was almost certainly faster in the early days of mito-
chondriate eukaryotes. Genome size of mitochondria vary between 5.9 kb
for the apicomplexan Theileria parva to sizes of 1-2 Mb for plants in the cu-
cumber family. 

However, this wide range of genome sizes does not reflect actual gene
content, which tends to be fairly constant in different species. In animals the
mitochondrial DNA is about 16 kb in length and contains more or less the
same 37 genes, comprised of two rRNA, 22 tRNA and 13 protein encoding
genes. This could be contrasted to the  Arabidopsis thaliana mitochondrial
genome that only contains 32 genes despite being 22-fold larger in size. Al-
though the transfer of genes from the mitochondria to the nucleus seems to
be an ongoing affair, there appears to be a non-random set of genes retained.
In all mitochondrial genomes sequenced so far three protein coding genes
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are retained; COB, COX1 and COX3. There is also a strong bias towards re-
taining ribosomal proteins and protein subunits in the oxidative phosphoryla-
tion pathway, such as NADH dehydrogenase, succinate dehydrogenase and
ATP synthetase. This indicates that these genes are unlikely to be success-
fully transferred to the nucleus for some reason, possibly that they are used
for a fast regulatory response in the mitochondria and are therefore unable to
be successfully expressed in the nucleus (Lister et al. 2005). 

Apart from the few proteins still encoded on the mitochondrial genome,
there  is an additional number of proteins encoded in the nuclear genome. In
the most studied eukaryotic model organism, Sacharomyces cerevisiae (bakers
yeast), they number a minimum of 400 which have been characterized and are
targeted for import into the mitochondrion by an amino-terminal targeting se-
quence on the precursor protein. For proteins destined to be inserted into the
mitochondrial membrane, the targeting and sorting information is contained in
the mature protein. (Canbäck et al.  2002, Woese 2002). The number of pro-
teins present in the mitochondrial proteome is highly variable, ranging from a
few hundred in Plasmodium falciparum to over 3000 in some vertebrates, al-
though a large part of the variation represents lineage specific adaptions.

1.6.3 Alpha-proteobacterial characteristics
As we have seen previously, it is not presently known if the endosymbiont giv-
ing rise to the eukaryotes was indeed an alpha-proteobacterium, but phylogen-
etic analysis seems to indicate that a portion of the genes involved in basal mi-
tochondrial  metabolism  can  trace  their  descent  to  this  bacterial  group
(Fitzpatrick et al. 2006). Apart from being the presumed progenitors of mito-
chondria, alpha-proteobacteria are interesting in themselves. The alpha-proteo-
bacterial group includes many pathogens, and they are of great ecological sig-
nificance both due to their function in nitrogen-fixation and their ubiquitous-
ness in both terrestrial and perhaps even more important in  marine environ-
ments, where recent metagenomical studies confirms earlier work indicating
that they are the most common organisms in these environments.

The proteobacteria are a large and diverse group of  gram-negative bac-
teria. Apart from the alpha subdivision, the proteobacteria are divided into
beta,delta,gamma and epsilon-proteobacteria.  There is about 140 genera and
425 known species in the subdivision as determined by analysis of 16s RNA.
Most members of the class are rod-shaped, but there is also other morpholo-
gical  shapes.  The alpha-proteo group displays a  wide range of metabolic
capabilities,  ranging from classical  chemoorganotrophs to acidophiles and
methylotrophs. A great number of members of the class live in association
with eukaryotes, as symbionts or parasites (Boussau 2004, Sällström & An-
dersson 2005).

The  ancestral  alpha-proteobacterium has  been  inferred  to  have  been  a
free-living motile bacterium carrying full systems for aerobic respiration and
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glycolysis. Analyses showed that this ancestor contained several thousand
genes (Boussau 2004), although their contribution to modern mitochondria is
substantially smaller.

1.6.3.1 Genome size and reduction
As of spring 2009, 104 alpha-proteobacterial genomes have been sequenced,
and more are in the pipeline.. They range in size from 1.1 to 9.1 Mb with a
number of genomic topologies, with everything from a single circular replic-
on to a linear chromosome plus a circular one and several plasmids.  The
smallest genomes can be found among the Rickettsias and the Wolbachias
while the largest is Bradyrhizobium japonicum. B. japonicum is a soil bac-
terium that performs nitrogen fixation for plants, while the Rickettsias and
the Wolbachias are intra-cellular parasites that are undergoing genome re-
duction,  something that  is  common in parasites and probably mimics the
situation the early mitochondrion faced (Andersson et al. 2003).

1.6.3.3 Alpha-proteobacterial bacterial intracellular parasites
Bdellovibrio and its relatives are a group of small highly motile bacteria be-
longing to the gamma-proteobacteria, but recently a few similar species have
been found that are associated with the alpha-proteobacteria (Davidovet al.
2006). The Bdellovibrio-group is peculiar in that they typically live by in-
vading the periplasm of other bacteria. If this mode of parasitism is ancestral
to the proteobacteria, it raises interesting possibilities regarding both the es-
tablishment of mitochondria in a prokaryote unable to perform phagocytosis,
and as an alternative way to explain the alpha-proteobacterial genes present
in mitochondria, further supported by the recent discovery of an alpha-pro-
teobacteria that colonises the mitochondria of its host  (Epis et al. 2008).  

1.6.4 Alpha-proteobacterial contributions to the mitochondria
As discussed in the previous section, one might expect the majority of mito-
chondrial proteins to show a clear affiliation to alpha-proteobacteria, as this
would be expected from the endo-symbiont theory. However, previous work
(Karlberg et al. 2000) have shown a more complex picture. Of 393 proteins
encoded in the nucleus and utilised in the mitochondrion, approximately half
have homologes in prokaryotes. Out of these 204 proteins, 147 can not be
traced back to an alpha-proteobacterial origin with any certainty. The reason
for this could be due to loss of homologes genes in the present day alpha-
proteobacteria, horisontal gene transfer, a combination of these factors, or
possibly that they represent remnants of another large-scale horisontal gene
transfer. Although further efforts to sequence more species might shed some
light on this intriguing fact, it raises questions about the prevalence of lateral
gene transfer and the origins of many of the mitochondrial genes (Saccone et
al. 2000).
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2. Considerations on the available methods
and data

2.1 Inferring phylogenetic trees
There are several problems one has to face when trying to reconstruct the re-
lationships between larger groups of organisms. These organisms split into
different species a very long time ago, and during the time that has passed
since then much of the informational content in the genome sequences might
have been lost due to back-mutations. This fact leads to a number of method-
ological problems in that the methods we have to work with might give false
or unclear results. 

As the theoretical framework dealing with reconstructing phylogenies has
evolved, and the amount of computational power available to implement the
methods developed has increased, a number of different methods have come
into, and gone out of fashion (Felsenstein 2004). 

The first method discussed below has the advantage, or disadvantage de-
pending on your view, that it does not require a model of evolution (although
one can be used), as opposed to the two latter methods discussed.

2.1.1 Neighbour joining
When computers were less powerful than today, neighbour-joining was often
used to infer phylogenies.  In neighbour joining, a distance matrix is con-
structed of the sequences under analysis, and a clustering procedure is used
to infer a phylogenetic tree. While still used for preliminary analysis to some
extent today, this method has been largely made obsolete. 

In the works presented here, neighbour-joining was used mainly for some
very large scale analyses dealing with metagenomic data, as it was not feas-
ible to perform more computationally intense analyses. Implementations of
neighbour-joining used were Phylowin (Galtier  et al.  1996) and ClearCut
(Sheneman et al. 2006).
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2.1.2 Maximum likelihood
At its core,  maximum likelihood is a statistical method used for fitting a
mathematical model to the available data. In the context of phylogeny, this
means that we fit the available data in the form of sequences to the model in
the form of a given tree and a model of substitution, followed by evaluation
of likelihood. In short, we ask: What is the probability of seeing the observed
data given a model/theory?

Maximum  likelihood  is  much  more  computationally  intense  than  the
method mentioned above, and larger datasets can take a long time to analyse,
especially since you need many replicates to be able to draw statistically sig-
nificant conclusions.

Maximum likelihood was used in all phylogenetic analyses presented in
this thesis, mainly in cases om which the time required for Bayesian infer-
ence was  prohibitive. For paper I, maximum likelihood as implemented in
PHYML (Guindon & Gascuel 2003) was used, while later papers utilised
RaxML (Stamatakis et al. 2005).

2.1.3 Bayesian inference
Bayesian inference can be used to construct phylogenetic trees, in what can
be described as the opposite order to how it is done in maximum likelihood.
That is, what is the probability that the model/theory is correct given ob-
served data? While the details of Bayesian statistics falls outside the scope of
this thesis, in recent years Bayesian inference has come to be regarded as the
most powerful method available as developments in algorithms have made it
feasible to implement this method. 

At least according to some theories, Bayesian inference should be faster
than for example maximum likelihood, but in practice an analysis often has
to be run for a long time to get sufficient sampling for statistically relevant
results,  meaning that this methods more often than not demands the most
computational time of all methods discussed here.

Bayesian inference was used in paper III, dealing with detailed study of
metagenomic data. In all cases in which Bayesian inference was used, the
program PhyloBayes (Lartillot & Phillipe 2004) was utilised.

2.1.4 Models
As mentioned, the problem that a given position differing between two se-
quences  differs  must  be  modeled  somehow,  as  the  observed  number  of
changes between them represents the minimal number of changes. A number
of models have been proposed over the years, each one more complex and
taking more details into account. 
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Usually the parameters of the models are based on empirical observations
from  large  datasets.  The  so  called  "WAG"  model  of  protein  evolution
(Whelan & Goldman 2001) has for the last decade been one of the most used
models,  but  recently  the  "CAT"  model  of  evolution  (Lartillot  & Phillipe
2004) has seen more wide-spread use. The CAT model, a mixture model al-
lowing across-site heterogeneity for amino-acid replacements, has the bene-
fit that it is better at dealing with problems such as long-branch attraction. 

Both these model of protein substitution were used in the papers presented
here,  with the CAT model preferentially used as implementations became
available.

2.1.5 The problem with long branches
"Long branch attraction" is an artefact present in phylogenetic inference in
which unrelated sequences tend to cluster together, common when analysing
rapidly evolving lineages (Li et al. 2007). There are several ways of dealing
with this  problem,  some dealing with  the data under analysis  and some
methodological. Most central for the work presented here is the fact that in-
creasing the sampling, i.e. the number of included sequences in the analysis,
can "break-up" the long branches that cluster together, as this was part of the
rationale behind the analysis in paper II.

2.2 Dating ancient events from molecular data
By using the informational content of sequences themselves, it is possible to
determine  the  time  that  has  passed  since  two  given  sequences  diverged,
much in the same way as one can construct a phylogenetic tree describing
their relation. However,  evolutionary rates vary across a tree,  so ways of
dealing with this to avoid incorrect dates for nodes in the tree had to be de-
veloped. A multitude of methods have been developed to try and correct for
these problems, in that the evolutionary rates in different parts of the tree can
be adjusted and allowed to vary. 

Even though more complex methods that can adjust for discrepancies in
the mutational rate have been developed and shown to give reasonable res-
ults for select datasets, molecular dating is still dependent on calibration to
yield good results. These calibrations must come from an outside source, and
most often fossil evidence from the geological record is used, so that known
splits in the tree correspond to actual physical evidence. Since prokaryotes
by their very nature do not tend to leave fossils, most calibration points used
are in the form of eukaryotic fossils. The few geological calibration points
that can be used for prokaryotes are usually in the form of indirect fossils,
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such as metabolic bio-markers and the rise of oxygen which must post-date
the first oxygenic photosynthetic organisms, i. e, the cyanobacteria.

A further complication is that fossils by their very nature represents mim-
imal time-points for the existence of the species in question. The fact that a
fossil is found in a particular geological stratum, corresponding to a certain
time, does not say anything about how long the organism creating the fossil
already  had existed  at  that  time-point.  Several  ways of  dealing  with  this
problem have been proposed, but they all rest on assumptions to varying de-
gree, accentuating the uncertainties present in dating-analyses.

2.2.1 How to put dates on a tree?
While in the process of inferring phylogenies, in which the goal is to determ-
ine the relationship of sequences, in dating the relationship is most often giv-
en and the goal is instead to attempt to put dates on the nodes in the tree.
Since the rates of evolution in the different parts of the tree can vary, the
branch-lengths in the tree can not be taken directly as times. Instead, a way
of adjusting the branch-lengths to properly reflect time must be found, such
that the amount of change along the branch multiplied by the rate of change
will equal the time that has passed. A number of methods to "smooth" the
length  of  the  branches  have  been  developed,  utilising  much of  the  same
framework as is used to infer the phylogenies themselves. Often, Bayesian
methods give the best results here as well,  but as is the case in inferring
phylogeny, the analyses can be very time-consuming.

In paper III, three different methods were utilised,  a non-parametric auto-
correlation method as implemented in PATHd8 (Britton et al. 2007),  a para-
metric or model-based maximum likelihood implementation using Penalized
Likelihood, inplemented in r8s (Sanderson 2003), and a Bayesian method
using a relaxed molecular clock, inplemented in BEAST (Drummond 2007).

Of these three methods, BEAST was found to give the best results, but
proved to be very computationally demanding.

2.3 The available data - what exists and what is best to
use?
To properly reflect the true relationship between organisms when constructing
a phylogenetic tree, it is important to choose sequences that fulfill certain cri-
teria. The sequences must be ubiquitous, conserved and have high specificity
and defined interactions.  In addition, it is advantageous that they have a key
role in the process they participate in since this means that they are under high
selective pressure and therefore subject to less change over time.
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Even more basic than the actual nature of the sequences under analysis, is
of course their source organisms. In order to correctly infer the position of,
for example, mitochondrial sequences in relation to a number of bacterial
species, it is necessary to have a full sampling of the bacterial sequences
present in the natural world as inferred from analysis of 16s RNA sequences.
However, the vast diversity and richness of bacterial variation, means that so
far only a very small selection of the total bacterial diversity has been se-
quenced, and the species that have been sequenced do not a represent an un-
biased selection (Peregrin-Alvarez & Parkinson 2007, Rusch  et al. 2007).  

In addition to only having been performed on species that can be cultured
in the lab, sequencing efforts have focused on medically and agriculturally
important organisms, leading to these species being over-represented in se-
quence databases. The fact that the datasets one construct from the available
data might be highly biased can lead to erroneous reconstructions (such as
the mentioned long-branch attraction problem) when making phylogenetic
trees, although this might not be immediately obvious.

2.3.1 The tRNA-synthetases 
The aminoacyl tRNA-synthetases (aaRS) are enzymes responsible for char-
ging the tRNAses with the correct amino acid, and as such fulfill a central
role in the information processing of the cell. By hydrolysing ATP the aaRS
binds the amino acid to the 3' end of the tRNA. In addition, it also mediates a
proofreading reaction to ensure fidely of the charging, as if tRNA should be
improperly charged the aa-tRNA bond is hydrolyzed.  There are two classes
of aaRS , class  I  that aminoacylates at the 2'-OH group and class II  that
aminoacylates at the 3'-OH group. The exception to this is PheRS, a class II
enzyme that attaches phenylalanine to the 2'-OH group of the cognate tRNA.

All aaRS in the eukaryotic genomes sequenced so far are encoded in the
nuclear genome, this holds true both for proteins destined for the cytosol and
proteins targeted for import into the mitochondrion. There are three possible
cases of aaRS in eukaryotes with respect to the origin of the gene. In the pro-
totype case there are two genes, one of bacterial origin encoding the protein
destined for the mitochondrion and the other of eukaryotic origin functioning
in the cytoplasm. The other two cases are that the cytoplasmic and mitochon-
drial proteins are encoded either by duplicate genes or by a single gene, in
both these cases the genes can be of either bacterial  of eukaryotic origin
(Brindefalk et al. 2007).

 The aaRS fulfill the criteria needed for a good marker gene discussed
above, and have been the subject of several studies (Diaz-Lazcoz et al. 1998,
Woese  et al. 2000, Wolf et al. 1999). However, the fact that the aaRS inter-
act primarily with one substrate also means that they might function more
easily in a novel cellular environment compared to other genes with more
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complex interactions, which means that they might be candidates for lateral
gene transfer (Wolf et al. 1999). 

In addition to fulfilling the criteria outlined above, the aaRS are also in-
herently suitable as markers due to the very basal role they fulfill. One can
not be certain about the characteristics of the last common ancestor of life
today (if indeed there was one!), regarding the metabolic capabilities, cellu-
lar organization, the way it interacted with its environment and so on. What
we can be certain of is that it must have been capable of replication of its
genome and, at least as long as we are talking about a “protein-world” com-
mon ancestor (Forterre 2006), it must have had a translational machinery.
This means that the aaRS are particularly suitable for analysis, and indeed
they have been the subject of a number of previous works.

2.3.2 Proteins in the oxidative phosphorylation path-way
The proteins in the oxidative phosphorylation path-way are responsible for
aerobic respiration in eukaryotes, and are the main source for the energy car-
rying molecule in cells, ATP. No matter the exact details concerning mito-
chondrial  origin, it  seems likely that it  involved oxygen, either as an un-
wanted byproduct, or in the function it has in modern eukaryotic cells. The
oxidative phosphorylation proteins are ubiquitously found among the alpha-
proteobacteria, but only sporadically in other bacteria. In addition, the alpha-
proteobacterial ancestor has been inferred to have had the full compliment of
proteins active in this path-way (Boussau et al. 2004). 

Furthermore,  many  of  the  proteins  still  encoded  on  the  mitochondrial
genome belong to this pathway, making them excellent candidates for evalu-
ating mitochondrial origins. Historically, many of these proteins have been
used in phylogenetic analysis incorporating both mitochondria and alpha-
proteobacteria, and in many cases a signal linking them have been found.
Another point of interest concerning these proteins is that the alpha-proteo-
bacteria, the group of bacteria where they are primarily found, is the domin-
ant group of bacteria in the ocean surface waters (Rusch et al. 2007), a likely
candidate for the location where mitochondria originated.

2.4 Phylogenomic considerations - is more data useful?
While the amount of sequenced genomes available for analysis has increased
at an almost exponential rate, and continues to increase, it has been estim-
ated that the presently known bacteria only represents less than one percent
of the total diversity present on the earth today. Furthermore, the species that
has been sequenced are in no way a representative sample of what is out
there,  in  that  sequencing  efforts  have  concentrated  on  economically  and
medically important species. More data would almost certainly be beneficial
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for the questions I have attempted to answer in this thesis, both in the sense
that the increase of sequenced genomes might actually lead to a discovery of
previously unknown bacterial species that shows a higher degree of related-
ness to mitochondria in phylogenetic analysis, but also due to the fact that
more data tends to increase the quality of phylogenetic analyses, as inad-
equate taxon sampling, i.e. the amount of sequences represented in the data-
sets  under  analysis  does  not  reflect  the  true  diversity  present,  has  been
viewed as a problem when correctly inferring phylogenies (Zickl & Hillis
2002).

Metagenomic projects are a fairly recent development, as sequencing ef-
forts in the past have mainly focused on cultivated species that can be grown
in  the  lab.  Traditionally,  researchers  have  been  focused  on  obtaining  the
complete genome sequence of a specific species,  something that can take
years and much effort to achieve. Metagenomics on the other hand, take a
different approach. Rather than focusing on the individual species, an envir-
onment is considered as a whole, and the total genomic content of a sample
is analysed, hence the name "metagenome". Due to technical reasons, the
data that one get from a metagenomic analysis consists of individual genes,
or perhaps a few genes on the same scaffold. This means that the way of ana-
lysing the data must be modified, as there is no way to correlate one gene
from the sample to another.

While it may be expected that the individual genes would be less useful,
the amount  of data obtained from metagenomic analysis opens up new av-
enues of research. The widely publicised Ocean Metagenome Project (Venter
et al. 2004), where the goal was to sequence the total content of the surface
of the worlds oceans, increased the amount of available data by several or-
ders of magnitude. This huge increase in the amount of data gives us new
ways to deal with problems such as insufficient taxon sampling, and with an
increasing number of metagenome sequencing projects in the pipe-line the
situation can only improve.

2.5 Inferring gene loss and their importance
As discussed previously, a large part of the mitochondrial genome has been
transfered to the nucleus, with only a small subset of genes still present in
the mitochondrial genome itself. The reason for why certain genes are re-
tained and other genes are transfered is a complex problem, with explana-
tions that vary from one gene to an other (Gray et al. 1999). The tRNAs and
their respective synthetases represent a very central part of the information
processing machinery of all cells, and the interaction between loss of tRNAs
and the evolutionary history of their synthetases pose an interesting example
of this complex problem.While it might be expected that there are simple ex-
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planations for why a gene is transfered to the nuclear genome from the mito-
chondria, or that a specific gene has been lost and its function taken over by
the corresponding protein encoded by the gene from the other partner in the
endosymbiosis, the situation is often more complex than it appears.

It is common that the picture does not become clear until one analyses
large numbers of genomes, as even if an event does appear to be universal,
or almost universal, it is often the exceptions that can provide insight into
why seemingly unrelated events took place. It is instrumental when review-
ing the organisation of modern day organisms to always keep an evolution-
ary context in mind, as events that might have taken place early in the evolu-
tion of the organisms under study can be very important when interpreting
the patterns we see today.
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3. Aims

The overall aim that forms the backbone of the original research underlying
this thesis was to attempt to evaluate and analyse the nature of the mitochon-
drial  precursor  by  using  molecular  methods.  The  various  approaches  to
achieving this goals are detailed in the four manuscripts present, and a rough
outline  of  the  questions  that  each  manuscript  attempts  to  answer  can  be
found below.

3.1 What was the nature of the mitochondrial ancestor?
Paper I attempts to answer the question of what the nature of the mitochon-
drial ancestor was by analysing the amino-acyl tRNA synthetases (aaRS), a
set of proteins that are central to the information processing machinery of all
cells. Previous studies have shown that the aaRS does not show a specific al-
pha-proteobacterial affinity, although these analyses were based on a very
small  number of sequenced genomes present at  the time (Karlberg  et  al.
2000). The aim of the study was to reinvestigate this lack of affiliation with a
larger set of alpha-proteobacterial species. By inferring phylogenies for these
proteins, the positions of the mitochondrial sequences in the resulting trees
can give clues to how the mitochondria relates to the alpha-proteobacteria,
and which (if any) of the present day alpha-proteobacteria can be identified
as the closest relative to mitochondria. While many proteins active in aerobic
respiration have shown signals linking mitochondria to the alpha-proteobac-
teria, this has not been seen for the aaRS, and by careful study of these pro-
teins it was our aim to be able to achieve a clearer picture of mitochondrial
evolution and what the contributions from the alpha-proteobacteria actually
were.

3.2 Can increased sampling give the answer?
Paper II approaches the question of mitochondrial affiliation, as investigated
in paper I, from another direction by investigating if the uncertain results of
mitochondrial  affiliation  obtained  might  be  due  to  insufficient  sampling,
both in the sense that phylogenetic methods can have problems resolving the
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correct position of a sequence if the dataset is to small, and in the sense that
we might not yet have found the closest living mitochondrial relative. 

Mitochondrially encoded genes have shown an alpha-proteobacterial af-
finity in previous analyses, but an exact placement has been elusive.

Sequences from the  ocean metagenome was included in phylogenetic re-
constructions  for  a  selection  of  proteins  functioning  in  oxydative  phos-
phorylation, with the aim that the many-fold larger dataset could resolve the
mitochondrial position.  Since the amount of data present in the databases
constructed from the ocean metagenome is vastly greater than what is avail-
able  strictly  from  sequenced  genomes,  our  aim  was  that  the  increased
amount of data could further resolve the specific position of mitochondria as
they relate to the alpha-proteobacteria. Additionally, a search was performed
to attempt to find sequences exhibiting mitochondrial affiliation in the ocean
metagenome, with the aim of finding something more closely resembling the
mitochondrial ancestor than any species known to date.

3.3 When did the mitochondrial ancestor become an
endo-symbiont?
Central to the question of mitochondrial establishment in the proto-eukaryot-
ic cell is the actual time-point when this event took place. In paper III, an at-
tempt is made to answer this question by analysing a diverse set of genes by
molecular dating and putting the findings into perspective to the geological
and evolutionary events that are can be independently confirmed from the
geological record. Since the attempts to place mitochondria with a specific
alpha-proteobacterial sub-order have yielded contradictory results, the spe-
cific time-point that mitochondrial establishment took place, in relation to
when the extant alpha-proteobacteria radiated, is important when evaluating
the relative merit of phylogenetic inference including mitochondrial and al-
pha-proteobacterial species.

Of course, these two questions are inter-related, in that the topology of the
tree used for a dating analysis will effect the time-points obtained, but the re-
lative time-points are still interesting as they can give clues to how likely
conflicting hypotheses are.

3.4 What happened to the mitochondrial tRNAs and
their synthetases?
In paper IV I investigated a particular case of gene-deletions and replace-
ments concerning the mitochondrial tRNAs and their charging synthetases.
The occurrences of the tRNA deletions on the mitochondrial genome are cor-
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related to the organisation of their respective synthetases and their evolution-
ary history. However, previous work analysing this was done under assump-
tions that does not hold up when taking the evolutionary history and organ-
isation of the aaRSs under consideration. The aim of this paper was to in-
vestigate if the percieved correlation was still  significant when the organ-
isaton of the aaRSs was accounted for.  Furthermore, I investigated if there
exists a correlation between how often the mitochondrial tRNAs are lost and
the size of the mitochondrial genome.  
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4. Results and discussion

4.1 Mitochondrial proteins; alpha-proteobacterial, or
just bacterial?
While a significant proportion of eukaryotic genes coding for proteins in the
mitochondria can indeed trace their descent to the alpha-proteobacteria, es-
pecially for the genes whose corresponding proteins function in aerobic res-
piration, our analysis indicates that for other proteins, some of which have a
very central position in the information processing machinery of the cell, this
is not the case. 

Of the full set of aaRS analysed in paper one, none showed a clear affili-
ation with the alpha-proteobacteria, while still displaying a general bacterial
affinity (Figure 3). A number of tests were performed to validate this find,
and at least for these genes, it seems that the conclusion that they are not of
alpha-proteobacterial origin is well supported, although it can not be ruled
out as the more basal nodes are weakly supported. It is striking is that there
exist a large number of genes broadly present in eukaryotes with well re-
solved phylogenies in many cases where an alpha-proteobacterial origin is
not supported. This is unlikely to be due to loss of signal since the individual
sub-orders of alpha-proteobacteria are well supported (as in the case of the
aaRSs), as it would be expected that if a specific extant alpha-proteobacteria
was  most  closely  related  to  the  mitochondrial  progenitor  enough  signal
should still be present to reveal this as well. 

Of course, the possibility exists that the mitochondrion was established
prior  to  radiation  of  extant  alpha-proteobacteria,  something  which  would
preclude  identification  of  a  specific  alpha-proteobacterial  clade  as  most
closely related to mitochondria. However, in the case of the aaRSs it appears
that a signal indicating alpha-proteobacterial ancestry is completely missing
(Figure 3), indicating that the source of the bacterial genes present in the eu-
karyotic genome (for proteins functioning in the mitochondria and elsewhere
in the cell) can not be solely inferred to have their origin with the incorpora-
tion of the mitochondrion, if we assume that the mitochondrial ancestor was
related to the alpha-proteobacteria.   
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Figure 3. Phylogenetic tree of Phenylalanine aminoacyl-tRNA synthetase, illustrat-
ing the fact that these proteins appears to be of general bacterial ancestry, rather than
of specific alpha-proteobacterial affinity. Alpha-proteobacteria are shaded red, mito-
chondria yellow and nuclear eukaryotic sequences blue. See paper I for details.

Our analysis concerning the specific case of aaRSs suggests that the origin
of  these  genes  could  be  distinct  from the origin  of  the  eukaryotic  genes
which show a clear affiliation with the alpha-proteobacteria, and would thus
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have an origin separate from the proteins gained by incorporation of the mi-
tochondrion. Several scenarios can be postulated to attempt to explain this
find. 

First, and perhaps most likely, it is possible that the genes not showing an
alpha-proteobacterial affinity were present prior to the establishment of mi-
tochondria, in the un-defined "proto-eukaryote". In this case, the origin of
the eukaryotes can not be explained by the incorporation of mitochondria, as
the large number of bacterially affiliated genes from parsimonous reasoning
are unlikely to all have been lateraly transfered. Rather, it seems more likely
that at some point in eukaryotic evolution, predating the establishment of mi-
tochondria, some other large-scale gene-transfer took place. As to the exact
nature of this event, it is hard to say anything specific. Several theories con-
cerning the origin of eukaryotes have postulated associations between proka-
ryotes of varying nature (as reviewed in section 1.6 about theories on mito-
chondrial origin), but it seems likely that these theories must be evaluated
more from how likely they are from a metabolic perspective, rather than by
attempting to use molecular phylogenetic methods as the signal still present
in the molecular sequences precludes any meaningful conclusions.   

Second, the possibility exist that the genes displaying a clear affinity to
the alpha-proteobacteria were lateraly transfered at a later date than the ones
that don't. This possibility seems more unlikely than the alternative outlined
above, as recent developments seems to indicate that the rasion d'étre for the
establishment of the organelles known as mitochondria was aerobic respira-
tion, and the genes encoding these functions are almost universally present
amongst  the  alpha-proteobacteria  (and  has  been  inferred  to  have  been
present in the alpha-proteobacterial ancestor (Boussau et al. 2004)), but only
sporadically found elsewhere. Thus, at present it seems unlikely that mito-
chondria fulfilled some other function in the eukaryotic cell prior the the
transfer of genes for aerobic respiration, and the most likely candidate for the
endosymbiont appears to be some alpha-proteobacteria-like organism.

4.2 Can mitochondria be placed with more data?
Since the oceans represent a large untapped reservoir of sequences, and since
the alpha-proteobacteria form a significant portion of the bacteria present
there,  it  might  have been expected that  analysing the ocean metagenome
could have made the picture of mitochondrial ancestry clearer.

We included the full diversity of genetic variation present in the oceans
today in our analysis of a selection of proteins active in aerobic respiration in
order to attempt to further shed light on the alpha-proteobacterial contribu-
tion of these genes. We had two aims with this analysis; First, our aim was
that the greatly increased amount of data could further resolve the placement
of mitochondria in the alpha-proteobacterial tree, i.e. we hoped that greater

34



sampling would enable us to more exactly pin-point the closest living relat-
ive to the organism that would become the mitochondrion. Second, we had
the expectation that an extensive search for sequences that clustered with the
mitochondria themselves might enable us to actually point to a new, hitherto
un-identified, organism as something more closely related to the mitochon-
drial ancestor than any species having had its genome sequenced so far.

As for the first line of inquiry, the results were contradictory to what we
had  expected.  An  analysis  of  aerobic  respiratory  proteins  with  increased
sampling from the oceans, rather than resolving the phylogeny of alpha-pro-
teobacteria and placing the mitochondria at a specific place with greater sup-
port, seemed to achieve the opposite. The earlier splits in the alpha-proteo-
bacterial tree tended to become less, rather than more, well supported upon
inclusion of environmental sequences and in many cases the trees became
unresolved. 

These facts seem to indicate that even though there might be a definite al-
pha-proteobacterial  phylogeny,  as  recent  works  have suggested  (Williams
2007), trying to infer this phylogeny from single genes might not be the best
idea, and making phylogenetic inferences from concatenated gene-sets,  or
employing other ways to form a coherent picture from many genes with dis-
parate separate phylogenies, brings their own set of problems (Cox  et al.
2008). A thorough discussion of the technical reasons for this falls outside
the scope of this thesis, but a reasonable observation seems to be that the
well-supported placement of mitochondria in previous analyses might be due
to technical artefacts, rather than a true signal linking mitochondria with a
specific alpha-proteobacterial sub-order. 

In our analysis, it was observed that the position of the mitochondria was
highly dependent both on the data-set (i.e. the specific gene or set of concat-
enated genes) under analysis, and that inclusion of environmental sequences
rather than increasing the support for a specific grouping tended to weaken
the support, or even push the mitochondria towards a more basal position in
the alpha-proteobacterial tree. Furthermore, we showed that different well-
supported placements  of  mitochondria with  different  sets  of  concatenated
genes  is  possible,  exemplified  by  the  NAD7-NAD8-RPL16  concatenated
dataset placing mitochondria with Rickettsiales and NAD10-NAD1 placing
mitochondria  with  the  rest  of  the  alpha-proteobacteria  (Figure  4).  These
finds  indicates  that  one  must  be  very  careful  when  drawing  conclusions
about mitochondrial ancestry, since different data when reviewed independ-
ently will give contradictory results.
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Figure 4. Topology of the alpha-proteobacteria based on a concatenated dataset of 42
proteins inferred using Bayesian methods. The Rickettisales, commonly stated to be
the closest living relative to the mitochondrial ancestor are indicated in red.  The
small simplified trees on the right indicate placement of mitochondria inferred using
various concatenated datasets and the same methods, indicating that placement of
mitochondria in relation to alpha-proteobacteria is highly dependent on the data-set
analysed.

Taken together, these results seems to indicate that the nature of the mito-
chondrial progenitor was more of a general alpha-proteobacteria, and it was
not specifically affiliated with any of the present-day alpha-proteobacteria.
The reasons for this might of course still be that the signal linking mitochon-
dria to a specific group has been lost during the course of the billions of
years that has passed since mitochondrial establishment, but there is an al-
ternative explanation further discussed in section 4.3 dealing with the time-
point of mitochondrial and alpha-proteobacterial radiation.

Our second line of inquiry in the analysis was an attempt to identify,
amongst the vast diversity present in the oceans of today, an organisms more
closely related to the mitochondrial progenitor than any of the presently se-
quenced alpha-proteobacteria.  However, extensive analysis failed to identify
a closer relative to the mitochondria (with a caveat that un-identified deeply
diverging alpha-proteobacterial  clades were tentatively found),  although it
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would be premature to completely dismiss the presence of such an organism
in the oceans. Due to the nature of metagenomic data, it is in most cases only
possible to analyse a single gene (although in some cases more than one
gene is present on the same scaffold, enabling analysis of concatenated gene-
sets), limiting the resolving power of phylogenetic analysis due to the small
amount of data present in one gene. It is conceivable that with increasing
amounts of sequenced genomes, some of which will hopefully be from the
oceans, an organism more like the mitochondrial progenitor than anything
known today will be found.

4.3 When did the endosymbiosis take place?
Attempting to date evolutionary events at the very distant times of mitochon-
drial establishment, and divergence of major groups of bacteria, is an en-
deavour not often undertaken. The lack of thrust-worthy fossil data for calib-
ration, suitable genes present in all organisms under analysis, and different
evolutionary rates for the organisms in the analysis means that any time-
points obtained must be treated with extreme caution and be seen more as
clues to the relative times of divergence rather than firm evidence for a spe-
cific time or order of divergence.  With that said, it is my belief that as long
as one is careful to interpret the obtained results in conjunction with other
analyses,  the  dating  analysis  of  mitochondrial,  and  alpha-proteobacterial,
time of radiation can give important clues about the nature of the mitochon-
drial ancestor.

Most studies attempting to time the splits in bacterial phylogeny dealing
with more basal phylogenetic units have achieved a date for divergence of
alpha-proteobacteria from the other proteobacteria at  a time point slightly
older than 2 billion years, and the actual radiation of alpha-proteobacteria a
relatively short time after, on the order of a few hundred million years (Bat-
tustuzzi 2004;2009, Sheridan 2003).

Even fewer attempts have been made to date the time of mitochondrial ra-
diation, although this time-point should coincide with the actual time of radi-
ation of eukaryotes, under the assumption that mitochondria was only estab-
lished once, and that all mitochondria thus share a common ancestor. Since
the  mitochondrial phylogeny thus mirrors that of their hosts, the time-point
for mitochondrial radiation is the same as the time-point of eukaryotic radi-
ation. Dating analyses using molecular sequences to put time-points on early
events  in  eukaryotic  evolution  have  come  to  wildly  different  results,
however. Most analyses seems to converge on a date of 2-1.5 billion years
ago (Javaux 2007, Knoll et al. 2006, or slightly younger, for radiation of ex-
tant eukaryotes, but some recent works have reported a much younger date,
at about 1 billion years ago (Berney & Pawlowski 2006).
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The attempts to date mitochondrial establishment, on the other hand, have
more often than not taken their basis in metabolic reasoning, in that since
mitochondria (presumably) came into existence as an answer to the  meta-
bolic stress caused by increasing amount of oxygen present, it seems likely
that the origin of mitochondria should be placed at some time after the first
great rise of athmospheric oxygen at approx. 2.3 billion years ago.

In the analysis presented here, I found that using the best available meth-
ods for doing molecular dating, both the date for eukaryotic and mitochon-
drial radiation converged on approx. 1.7-1.6 billion years ago, while the date
for alpha-proteobacterial radiation was significantly younger, yielding a date
younger than 1 billion years under the assumtion that mitochondria are a sis-
ter-clade to alphaproteobacteria (Figure 5).
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Figure 5. Chronograms showing the times of radiation for alpha-proteobacteria (yel-
low),  mitochondria (green)  and eukaryotes  (blue),  for  three different  datasets in-
ferred with Bayesian methods. Observe that the time-points for mitochondrial and
eukaryotic  radiation  are  approx.  the  same,  indicating  robustness  of  the  analysis.
Scale is in billion years ago.
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My results for the time-point of mitochondrial radiation (not divergence, as
the analysis can say very little about the time that passed between the split
between the alpha-proteobacteria and the mitochondrial ancestor) indicates
that the radiation of mitochondria predates the radiation of extant alpha-pro-
teobacteria with a significant amount of time. 

While the date for mitochondrial, and as an extension the eukaryotic, radi-
ation were in line with previous analysis (although different works as men-
tioned report wildly divergent dates for this occurrence), my result for the
date of alpha-proteobacterial  radiation is  significantly  younger  than those
previously reported. There could be several reasons for this discrepancy, as it
was seen that selection of the dataset, the method used for the analysis, and
presence of fossil constraint was highly influential on the results of the dat-
ing analysis. 

Furthermore, the topology of the tree naturally influences the results from
a dating analysis, and an alternative topology where the mitochondria were
placed as a member of the alpha-proteobacteria, rather than as a sister-group,
gave a different result, with an older date for alpha-proteobacterial radiation
approaching those previously reported, and more or less concurrent with the
radiation of eukaryotes.

While one should be careful when drawing firm conclusions from molecu-
lar dating analyses, as the results as mentioned are sensitive to a number of
factors, my results raise the possibility that the inability to firmly place mito-
chondria with a specific  alpha-proteobacteria group could have a simple ex-
planation, since if the mitochondrial ancestor is indeed more of a "sister-tax-
on" to the alpha-proteobacteria as a whole, rather than more closely related
to any of the extant (presently known and sequenced) alpha-proteobacteria,
then the fact that different genes used for making phylogenies gives different
results  is  far  from surprising.  Since  all  alpha-proteobacteria  in  this  case
would be equally related to the mitochondrial progenitor, attempting to pin-
point  a  specific  alpha-proteobacteria  as  most  related to  the mitochondrial
progenitor would not only be very difficult, but fundamentally wrong.

4.4 Lessons from the example of tRNA and their
synthetases
While previous work attempting to analyse the relationship between dele-
tions of tRNA from the mitochondrial genome and sequence identity of the
mitochondrial  and cytosolic synthetases indicated that  when the sequence
identity  of  the  synthetases  were  greater,  deletions  were  likely  to  occur
(Schneider 2001),  my analysis failed to display this correlation.  It  might
seem intuitive to expect  that  in cases where two synthetases are retained
(with one active in each cellular compartment), the more alike these two pro-
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teins are to each other, the easier it would be for imported tRNAs to replace
the deleted mitochondrial ones. Upon closer inspection, however, this does
not seem to be case, as we could not observe any correlation between se-
quence similarity of the aaRSs and losses of their corresponding tRNAs. We
did find a correlation between the organisation of aaRSs, in that in the cases
where two proteins are retained, losses of tRNA from the mitochondrial gen-
ome is less common, a result that is fairly obvious when considering that the
single synthetase still present must obviously be able to charge tRNAs both
in the cytosol and in the mitochondria.

However, the fact that there is a difference in how often deletions take
place when grouping the tRNAs according the the evolutionary history of
their synthetases serves to highlight the fact that the present situation of bio-
logical system must always be interpreted in an evolutionary frame-work to
minimize spurious results. In previous studies the difference in organization
and evolutionary history of the synthetases were not accounted for, leading
to results that on first inspection might seem to be what one would expect,
but none-the-less wrong in that the analysis was based on a faulty premise.

The danger of harbouring preconcieved notions about the forces driving
changes in genomes is further illustrated by the fact that although it might be
expected that smaller mitochondrial genomes would have lost more of their
tRNA genes compared to larger ones, this is not the case. No correlation was
found between number of losses of tRNA and mitochondrial genome size,
neither when looking at total genome size, or coding genome size.

Furthermore, this study illuminates the pit-falls present in trying to form
hypothesis from limited amounts of data. Evolutionary patterns might not be
easily explained, or might even be explained wrongly, if the data forming the
basis for the conclusions is not of a sufficiently large scale. Many patterns
only become apparent when analysing many genomes, and a smaller selec-
tion  of  genomes  might  easily  provide  a  picture  that  changes  completely
when the study is expanded.
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5. Conclusions and perspectives

5.1 What can be said with certainty about the
mitochondrial ancestor?
So, what can then be said about the mitochondrial ancestor, if we evaluate
the evidence  summarised previously? In all likelihood, it was a bacterium,
more closely related to the present-day alpha-proteobacteria than anything
else identified to date. However, attempts to identify a closest living relative
among the alpha-proteobacteria could be a futile endeavour, since if the split
separating the alpha-proteobacterial clade from the mitochondrial ancestor
pre-dates the radiation of the modern alpha-proteobacteria, a closest living
ancestor does not exist. Or,  to account for another possibility, it has not yet
been found.

If  we accept  this  premise,  the mitochondria  should be seen as  a  sister
clade to alphaproteobacteria, rather than situated  inside  that clade. This is
consistent with the fact that different analyses, using different genes and dif-
ferent methods, have identified a number of different alpha-proteobacteria as
being closest to the mitochondria. 

If the mitochondria is a sister-clade to alphaproteobacteria, it is not sur-
prising that different genes give a different signal, either by chance or be-
cause the evolutionary constraints put on mitochondria and their alpha-pro-
teobacterial counter-parts might have made them more similar, making this a
possible example of convergent evolution on the molecular scale. Also of in-
terest is the fact that many mitochondrial proteins do not seem to originate
with the alpha-proteobacteria, but rather appear to be more generally "bac-
terial" in nature. This fact cast doubt on the theories about eukaryotic origin
that attempts to put it in conjunction with mitochondrial establishment, as
there seems to be remnants from earlier endo-symbiotic events, or at least
gene transfer on a massive scale, present in the eukaryotic genome.

Of course, the fact that many proteins, especially those functioning in aer-
obic respiration, do display a clear affiliation to alpha-proteobacteria, seems
to indicate that  a transfer of genetic information did take place from this
source,  although  the  exact  circumstances  may  remain  unclear.  The  most
likely scenario is that the proto-eukaryote, whatever its nature, incorporated
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an alpha-proteobacteria-like organism sometime between the great oxidation
event at 2.3 billion years ago, and before the radiation of extant eukaryotes at
1.7-1.6 billion years ago. Potentially, several hundred million years passed
between  mitochondrial  establishment  and  the  radiation  of  the  eukaryotes
known today, but if this was the case, the other lineages of mitochondriate
eukaryotes do not seem to have left any descendants. Still, the possibility re-
mains that they are out there, yet to be found, just as the possibility also re-
mains that we will one day discover true ancestrally amitochondriate euka-
ryotes. 

5.2 Will future advances give a better answer?
What are then the chances of being able to give a better answer to the ques-
tion of mitochondrial ancestry? One can imagine that future advances could
clear up the contradictory signals seen so far, in that more data from sequen-
cing projects might actually identify a more closely mitochondrially related
organisms than anything found so far, and it is also possible that future ad-
vances in methodological development might allow us to perform better ana-
lysis. 

As already mentioned, the scope of the genomes sequenced today is far
from satisfactory, and future efforts to give a better coverage of the diversity
present in nature might well shed more light on the question of mitochondri-
al origins. The possible advances here are, at least in theory, two-fold. More
coverage of the diversity might give us the opportunity to better reconstruct
phylogenies just due to the fact that more data should enable us to make
more robust trees. In addition, the possibility exist that we might actually
find a species of bacteria displaying more relatedness to mitochondria than
anything known today.

The coverage of sequenced bacterial species available today are heavily
biased towards agriculturally and medically important species, but with the
rapid development of sequencing technology and the information systems
that accompany them, sequencing of whole genomes should become increas-
ingly affordable and common as time goes by, even for more obscure and
today lesser known groups of bacteria. As has been seen during the latest
decade, the amount of information available in the databases has literally ex-
ploded, and there in no reason to believe that this process will slow down in
the future. From a pure amount-of-information stand-point, the future looks
bright when it comes to our ability to answer fundamental questions in bio-
logy. As to if those increases in the amount of data will better allow us to an-
swer the questions discussed here, it is an open question, but it seems likely.

Methodological  improvements are  also likely to  at  least  somewhat  im-
prove our ability to answer fundamental questions in biology. As with the
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case of the amount of information, our ability to actually analyse the huge
amount of data has drastically improved over the latest decades. The rapid
increase in processing power due to increased speed and reduced price of
computers have enabled us to use more and more complex methods and ana-
lyse bigger datasets. Concurrent with the purely technical developments aid-
ing computational biological analysis, the methods  utilized have also seen
rapid development, as new ways to analyse the collection of divergent sig-
nals present in the genomes of organisms have become available.

Thus, while it is conceivable that the increasing amount of information
and the development of new ways to analyse the information will make it
possible to say more about the questions discussed in this thesis, it is also
possible that that we have hit the limit of what is actually possible to say
about these distant events. While it is not a certainty, the possibility exist that
the amount of signal still present in the genomes is not enough to give a firm
answer to the questions posed here. No matter how much additional data we
gather, and how much we refine our methods, there is a possibility that the
answers we seek will remain out of our grasp.

5.3 The perils of discourse about distant events with
limited data
The process of doing science is often believed to be one of a defined pro-
gression of steps, with a clear question that one attempts to answer from the
outset, and a well formulated plan that is adhered to. However, in real life,
the situation is often far more chaotic and less well ordered. One might set
out to attempt answering a certain question, but along the way new discover-
ies leads in entirely unforeseen and different directions.  Often, these new
discoveries are more interesting than the original questions, and they might
also lead to new insights into unrelated problems. 

How then would one formulate a plan to attempt to answer the questions
discussed in this thesis? As outlined in the previous section, new develop-
ments might help us to give better answers, but this is not a certainty. We
might never exactly know what actually transpired to bring eukaryotes into
the world, and we might never be able precisely identify the mitochondrial
ancestor. But people still try to formulate hypotheses about these things, no
matter how little evidence they have to build from. The problem comes when
one tries to actually test the hypotheses, as the small amount of data avail-
able makes this next to impossible, invalidating the foundation of actually
describing  these  ideas  as  hypothesis.  In  the  classical  sense,  a  hypothesis
must be testable, otherwise it is no more than an idea. Of course, to people
working in the field, these distinction are, or at least should be, clear, but
much to often these ideas are considered as more than simple ideas and pos-
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sible scenarios by laymen and also by scientists working in other related
fields. This unfortunate tendency to view ideas, especially those formulated
by well-respected and famous scientists (even though they might have done
their best work a long time ago), as more than possible scenarios to be con-
sidered, is a dangerous tendency that is detrimental to the way science is
supposed to work.

Instead of trying to make a name for oneself, something that is way to
common in todays grant-based and highly competitive research community,
scientist would do well to remember that doing science is a privilege, and
that attempting to describe the world to the best of our ability must always
be our first priority.

“Whoever undertakes to set himself up as a judge of Truth and Knowledge is
shipwrecked by the laughter of the gods.”

 - Albert Einstein
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6. Summary in Swedish - Svensk
sammanfattning

Allt liv på jorden kan placeras i en av tre domäner, bakterier, arkéer och euk-
aryoter. De två första grupperna saknar cell-kärna och har en enklare inre
uppbyggnad än eukaryoterna, som vi själva tillhör. I (de flesta) eukaryota
celler finns det "cell-organ", eller organeller, som utför specifika uppgifter i
cellen, ett exempel på dessa organeller är mitokondrierna. Mitokondrierna är
cellens kraftverk, och tros ha uppkommit genom en så kallad endosymbiot-
isk händelse, då "proto-eukaryoten" tog upp en frilevande bakterie som så
småningom etablerade sig och blev en del av den eukaryota cellen, även om
de fortfarande har kvar en egen arvsmassa som replikeras oberoende av cell-
kärnan. Fylogenetiska analyser (byggandet av släktträd hos organismer) har
visat att mitokondrierna är närmast släkt med en nutida grupp av bakterier
som går under namnet alfa-proteobakterier, även om den exakta identiteten
på mitokondrieförfadern är okänd.

I den här avhandlingen presenterar jag resultatet av en undersökning sy-
ftandes till att undersöka identiteten på mitokondrieförfadern, genom fylo-
genetiska och andra metoder. Genom att analysera den evolutionära historien
hos utvalda protein, de överföringar av gener som skett från mitokondriens
egen arvsmassa till cell-kärnans arvsmassa, förekomsten av eventuella mi-
tokondrie-förfadersläktingar i dagens hav, och den tidpunkt som etablerandet
av mitokondrien skedde, försöker jag svara på vad vi kan, och vad vi inte
kan, säga om hur mitokondrien uppstod.

Tidigare analyser har visat att en stor del av de protein som förekommer i
mitokondrien kan spåra sin härkomst till alfa-proteobakterierna, men jag vis-
ar att amino-acyl tRNA-syntetaserna, en uppsättning protein som fyller en
central funktion i cellens informations-maskineri, uppvisar en mer allmänt
bakterie-lik natur, snarare än en specifikt alfa-proteobakterielik sådan. Detta
skulle kunna tyda på att dessa protein är rester från en tidigare endosymbiot-
isk händelse, kanske den som gav upphov till själva proto-eukaryoten.

Medan de ovan nämnda amino-acyl tRNA-syntetaserna i alla kända fall
kodas  i  kärnans  arvsmassa  och  sedan  importeras  till  mitokondrien,  så  är
fallet ett annat med tRNA-generna själva. Dessa gener finns fortfarande kvar
i mitokondrie-genomet i de flesta fall. I de fall där tRNA-genen förlorats från
mitokondrie-genomet,  så  observerades  en korrelation mellan hur  ofta  den
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förlorats, och hur det amino-acyl tRNA-syntetas som "laddar" tRNA:t är or-
ganiserat. 

Den sammanlagda arvmassan hos alla organismer i havet, det så kallade
"meta-genomet", sekvenserades nyligen och representerar en storleksordning
mer sekvens-data  än vad som tidigare varit tillgängligt. Detta öppnar nya
möjligheter för att analysera vilken bakterie-grupp som är närmast släkt med
mitokondrie-förfadern, då mer  sekvens-data oftast  leder till  bättre  resultat
när man gör fylogenetiska analyser. Denna stora mängd data användes för att
bygga släktträd där mitokondrierna ingick, och visade att tidigare analyser
som placerat mitokondrierna med en specifik grupp av alfa-proteobakterier
kan ha lidit av felaktigheter som givit mer stöd för denna placering än vad
som egentligen är fallet.

Slutligen gjordes också en analys av tidpunkten för när mitokondrierna
splittrades upp från sin gemensamma anfader.  Genom att  utnyttja den in-
formation som finns i gen-sekvenserna kan man inte endast bygga släktträd.
Eftersom sekvenserna förändras i en viss hastighet, kan man också beräkna
den tidpunkt när två släktlinjer skiljdes åt, även om osäkerheten i dessa ana-
lyser är stor. Resultaten visade på att att mitokondrierna (och deras eukaryota
värdar) antagligen är lika gamla, eller äldre, än vad alfa-proteobakterierna är.
Detta resultat tyder på att det inte är möjligt att peka ut en specifik alfa-pro-
teobakteriegrupp som den närmsta släktingen till mitokondrieförfadern.
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