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Introduction 

Understanding how life on earth has emerged and changed over millions of 
years is one of the greatest quests of our time. As all good science, it chal-
lenges the way we view ourselves and the way we look at the world. Just as 
astronomy once changed our perspectives on where we are, biology is now 
changing our perspectives on what we are. This thesis is not about human 
life, yet it aims at helping humans relate to what life is, and how it changes 
over time. Hopefully, these small glimpses into evolutionary processes will 
provide small steps into the void, and for a split second letting us sense the 
mind-blowing complexity of the world we live in.  

Most people have at some point been fascinated over the remarkable dif-
ferences in shape and lifestyle of large organisms such as animals, plants and 
fungi. Nevertheless, the vast majority of the biological diversity will never 
be seen by the naked eye, but is found among single-cell organisms. Cur-
rently, biology classifies life into three domains; eukaryotes, archaea and 
bacteria, reflecting their historical relationships. These domains do not live 
in isolation from each other, but coexist, compete and cooperate. This thesis 
focuses on bacteria that live in close association with mammals and insects, 
and is trying to explain how and why changes in these bacteria occur over 
time. In particular, we are interested in processes involved in host-
adaptation. To study these processes, we have used the blood-pathogen Bar-
tonella as the main model system, with a couple of sidesteps into the insect 
endosymbionts Buchnera and Blochmannia, as well as the human gut spe-
cialist Helicobacter pylori. In general, we are trying to understand evolution 
from a genomic perspective, acknowledging the genome as a dynamic entity 
defining the features and capabilities of the individual bacterium. Since mo-
lecular knowledge and sequence information on the eukaryotic hosts are still 
very limited, our methods of study are mainly complete genome sequencing 
and computational comparisons of bacterial genomes.  
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Intracellular Bacteria and Their Hosts 
Bacteria are a large and diverse group of unicellular organisms, and they are 
found at almost all places and environments on the planet. In particular, 
some bacteria are found inside the cells of larger host organisms such as 
plants and animals. Most people associate bacterial infections with diseases 
of different kinds, but that is far from being the general rule. Although some 
of these bacteria are indeed pathogenic, other bacteria are living of the host's 
nutrients without causing much harm. There are also many cases where the 
bacteria provide the host with important nutrients, thus being necessary for 
the host to remain healthy. To further complicate matters, bacteria that are 
harmless in one host species might cause disease in another host. Intracellu-
lar bacteria are not unusual, and their effects can sometimes be surprising. 
For example, it is estimated that more than half of all insect species are in-
fected with bacteria of the genus Wolbachia (Hilgenboecker et al. 2008). 
Wolbachia is unable to grow outside of the host cells, but are passed on di-
rectly from female insects to their offspring via the egg cells. Curiously, 
these infections can cause a strongly increased ratio of females in the host 
population, leading to a higher probability of long-term survival of the bacte-
ria.  

Since first described by Theodor Escherich in 1885, we have gained a 
fantastic amount of knowledge about the bacterium Escherichia coli, which 
can be isolated from the human gut. For many decades, E. coli has been the 
dominating model organism for studying gene functions in bacteria. How-
ever, bacteria are extremely diverse in function and behavior, and using 
E. coli as a representative of all bacteria is obviously misleading. This thesis 
is trying to extend our knowledge about the evolution of bacteria that are 
well adapted to live inside an animal host. The bacteria used as model sys-
tems in this thesis have been chosen for their specific properties, making 
them suitable for studying specific evolutionary phenomena. Bartonella has 
recently experienced a shift in life-style from being a free-living soil bacte-
rium to becoming an insect-transmitted intracellular pathogen of mammals, 
and we use this genus to investigate evolutionary processes and systems 
required for host adaptation. Buchnera and Blochmannia are strongly host-
dependent endosymbionts of insects, and the small and AT-rich genomes of 
these bacteria make them suitable for studies of gene degradations and ge-
nome reduction. Helicobacter pylori is a well-studied human specialist, 
which low codon bias allowed us to investigate certain properties of protein 
evolutionary rates. Below, I will further introduce these bacteria and their 
associations with animal hosts.  
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Bartonella – Silent Blood Invaders 
Bacteria of the genus Bartonella are host-dependent pathogens of mammals, 
transmitted via bloodsucking insects. Bartonella is a gram-negative alpha-
Proteobacteria and have evolved to its current life-style from a free-living 
soil bacterium. This dramatic change in niche appear to have been associated 
with massive gene loss, and the acquisition of several host-interaction sys-
tems. Hence, Bartonella is a good model for studying the effects of niche 
changes and host-adaptation.   

Bartonella infections and life cycle 
Bartonella are facultative intracellular bacteria with a complex life-style, 
entering the mammalian host by an insect bite. During the first stage of in-
fection, the bacteria are thought to colonize the endothelial cells that are 
building up the inner walls of the blood vessels. During this time, the bacte-
ria are not detectable by immuno-assays. With recurrent cycles of about 2-5 
days, the bacteria are released into the blood stream, where they adhere to 
and enter into the red blood cells (the erythrocytes). Once inside the cells, 
the bacteria are unreachable by the host immune system. Although the bacte-
ria multiply to large numbers within the erythrocytes, infected erythrocytes 
do not appear to loose their function (Schulein et al. 2001). In healthy host 
individuals, Bartonella infections are normally cleared from the body after 
approximately 6-8 weeks, which corresponds to the expected life-span of 
both infected and uninfected erythrocytes (Schulein et al. 2001). Within this 
time, the bacteria need to be transmitted to a new host via a blood-sucking 
insect. The survival and the activity of the bacteria within the insect is so far 
little explored, but there are indications that Bartonella multiply inside the 
insect (Dehio, Sauder, and Hiestand 2004), and it has also been shown that 
Bartonella can establish intracellular infections of tic cells in vitro (Billeter 
et al. 2009).  

Prevalence and host specificity 
Animals infected with Bartonella have been found in all continents except 
Antarctica, and it is clear that these bacteria have been spread over the globe 
multiple times independently. In the last ten years, it has become obvious 
that Bartonella can infect a wide variety of mammals, including humans, 
cats, dogs, rodents, ruminants, whales, and marsupials (Relman et al. 1992; 
Breitschwerdt et al. 1995; Chang et al. 2000; Bermond et al. 2002; Holmberg 
et al. 2003; Dehio, Sauder, and Hiestand 2004; Fournier et al. 2007; Harms 
et al. 2008; Maggi et al. 2008). Isolates have also been obtained from turtles 
(Valentine et al. 2007), but there are no reports of Bartonella in birds, fish, 
or any other eukaryotes. The prevalence of Bartonella in healthy cats has 
been reported to be around 25-45% (Breitschwerdt 2008), with lower fre-
quencies in areas where the amount of blood-sucking cat flies are limited 
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due to cold climates. In general, the prevalence of Bartonella is likely to be 
strongly dependent on the density and migration patterns of both hosts and 
transmitting insects, and the frequency of infected animals have been re-
ported to range from 0% - 90% in wild ruminant populations in North Amer-
ica (Chang et al. 2000). Some Bartonella isolates appear to be restricted to 
infect a limited set of mammalian host species, but in general, our knowl-
edge about host-specificity is still very limited. It is trivial to conclude that a 
bacterium can infect the host species from which it was isolated, but it is 
very difficult to know what other species this bacterium is capable of infect-
ing. Given the screening studies conducted so far, some trends can however 
be noted. Isolates similar to B. quintana and B. bacilliformis are exclusively 
found in humans, and isolates from cats are almost exclusively similar to the 
type strain of B. henselae. Bartonella isolated from wild ruminants, such as 
deer, elk and moose, tend to fall into a monophyletic group, including the 
type strains of B. schoenbuchensis and B. bovis. Isolates from rodents are 
often similar to the type strains of B. grahamii and B. tribocorum, and it is 
known that near-identical isolates of B. grahamii can infect multiple rodent 
species. Bartonella host-specificity in general and vector transmission proc-
esses in particular are both important areas for future research to better un-
derstand host-range limitations and the risk for novel emerging pathogens.  

Bartonella and human disease 
Bacteria of the family Bartonella were first noticed for their ability of caus-
ing human disease, but it is now clear that the vast majority of infections do 
not cause any apparent harm to the host. Two Bartonella species deviate 
from this pattern; B. bacilliformis and B. quintana. Both of these species are 
restricted to humans as their only host. B. bacilliformis is transmitted via the 
sand fly, Lutzomyia verrucarum, and is so far only found in a limited area in 
South America. Based on an outbreak of B. bacilliformis among railroad 
construction workers in 1871, untreated infections have been estimated to 
have a staggering 40%-80% mortality rate (Karem, Paddock, and Regnery 
2000).  The acute phase of the disease (Oroya fever) can sometimes be fol-
lowed by a chronic infection (verruga peruana). The mechanisms behind 
both of these disease stages are unknown, but the acute phase is thought to 
involve unrestricted growth of bacteria, resulting in bursting of the red blood 
cells and death from anemia. B. quintana is transmitted via the human body 
louse, and can cause Trench Fever, a disease that affected an estimated 
1 million soldiers during World War I (Koehler 1996). During the last two 
decades, the prevalence of B. quintana has increased among homeless peo-
ple in urban areas. Apart from these human specialists, B. henselae can also 
cause disease in humans, and has been classified as an emerging human 
pathogen by the National Institute of Allergy and Infectious Diseases 
(www3.niaid.nih.gov). B. henselae is normally found in cats, but can be 
accidentally transmitted directly to humans by a cat scratch or bite, resulting 
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in the so-called cat-scratch disease. In immunocompromised individuals, 
B. henselae can also establish a chronic infection followed by proliferation 
of endothelial cells, leading to tumor-like formations (bacillary angiomato-
sis) (Dehio 2005).  

Buchnera and Blochmannia – Insect Endosymbionts 
Endosymbionts are bacteria that live in the bodies or cells of another organ-
ism. Some of the most extreme relationships among bacteria and animals are 
endosymbiotic bacteria of insects. One such example is Buchnera, the pri-
mary endosymbiont of aphids. As all other animals, aphids lack the ability to 
produce 9 of the 20 amino acids needed for protein synthesis. In most ani-
mals, essential amino acids must therefore be provided directly via the food. 
Aphids, however, feed almost exclusively on phloem sap from plants, which 
is extremely poor in essential amino acids. This seemingly paradoxical situa-
tion is explained by Buchnera bacteria living inside the aphid. Buchnera has 
the metabolic capacity to synthesize essential amino acids from basic com-
pounds like sucrose and aspartate, which are then provided to the insect host. 
Aphids treated with antibiotics loose their bacterial endosymbionts and show 
a strongly reduced growth and reproductive capability (Douglas 1998), prov-
ing the importance of the relationship for the aphid. Likewise, Buchnera is 
unable to survive and reproduce outside of the insect host. The bacteria are 
mainly found in specialized host cells, bacteriocytes, and are transmitted 
from the insect females to their offspring via the egg cells. Hence, the bacte-
ria can remain in the insect population without ever leaving the host. In fact, 
the evolutionary history of Buchnera perfectly matches the evolutionary 
history of the aphid species, demonstrating that this bacterium has remained 
within its hosts for at least 150 million years (Clark, Moran, and Baumann 
1999).  

The situation for Blochmannia strongly resembles that of Buchnera, al-
though Blochmannia is found in ants rather than in aphids. Blochmannia is 
also an obligate endosymbiont, residing in specialized bacteriocyte cells and 
providing its host with essential amino acids. Blochmannia-deficient worker 
ants show strongly reduced capabilities in raising pupae, and the bacteria 
likely also play a role in the developmental stages of the insect (Zientz et al. 
2006; Feldhaar et al. 2007). Like Buchnera, Blochmannia also share a long 
evolutionary history with its host, indicating a strong symbiotic interdepend-
ence.  

Both Buchnera and Blochmannia are on the borderline of being distinct 
organisms of their own, and can almost be viewed as integrated organs of 
their insect hosts. Such integrations are not unique, and both the mitochon-
drion and the chloroplast are organs of eukaryotic cells that are remnants of 
integrated bacteria conferring beneficial metabolic capabilities to their hosts.  
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Helicobacter pylori – Specialist of the Human Stomach 
Helicobacter pylori are spiral-shaped, gram-negative epsilon-Proteobacteria 
infecting the gastrointestinal tract of humans. The bacteria are transmitted 
between individuals mainly via oral ingestion, typically within families in 
early childhood, via saliva, vomiting or fecal traces, and it has been esti-
mated that about half of all humans are infected (Suerbaum and Michetti 
2002; Rothenbacher and Brenner 2003). H. pylori is well adapted to the ex-
tremely acid environment in the stomach, and has several systems to modu-
late the host tissue and to avoid clearance by the immune system, allowing 
for chronic and life-long infections.  

H. pylori infections can lead to gastritis and gastric ulcer (Marshall and 
Warren 1984), a discovery awarded the Nobel Prize in Medicine 2005. 
H. pylori is also the leading cause of gastric cancer and is presently the only 
bacterium classified as a definite carcinogen, being responsible for about 
5.5% of all human cancer cases (Suerbaum and Josenhans 2007). Despite 
these negative consequences, the role of H. pylori in human history is dis-
puted. Studies have shown that this bacterium has been intimately associated 
with humans for more than 100,000 years, and evolutionary studies of 
H. pylori have even been used to trace the migration patterns of humans, 
progressively populating the world from our African origin (Wirth, Meyer, 
and Achtman 2005). Related Helicobacter species have been found in the 
gastrointestinal tracts of many mammals, suggesting the possibility that 
H. pylori stem from a very early infection, and have since followed the evo-
lutionary history of mammals. There are indications that H. pylori infections 
might also be beneficial, potentially protecting against gastroesophaegal 
reflux disease and lowering the risk of developing asthma (Cover and Blaser 
2009). More importantly perhaps, H. pylori infections have been suggested 
to protect against other infectious diseases, possibly by outcompeting less 
well adapted bacteria (Blaser 2006). Several studies have indicated that H. 
pylori infections might decrease the risk of both diarrheal diseases and tu-
berculosis. Lowering the risk of these lethal infections during early child-
hood would confer a strong selective advantage to the host. In effect, 
H. pylori can potentially be seen as an evolutionary symbiont of humans 
rather than a pathogen, explaining the strong human association and adapta-
tion of this bacterium. 

Dynamics of Bacterial Genome Evolution 
Bacterial genomes range in size from about 0.3 to 10 Mb. As all organisms, 
bacteria change over time. Below, I will review the processes involved in 
these changes, and the framework used in this thesis to understand evolution 
in host-adapted bacteria.  
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Mutation, Selection and Drift 
In order to understand evolution, we need to discriminate between genotype 
and phenotype. Although originally intended for genes, I will here define 
genotype as the complete set of nucleotide sequences that make up the ge-
netic material in an individual cell. The phenotype, on the other hand, is a 
complete definition of all observable characteristics of an individual, includ-
ing physical traits (e.g. the structure of the cell wall), metabolic traits (e.g. 
the ability to process various compounds) and behavioral traits (e.g. cell 
movements).  

Selection is on the phenotype 
A mutation, in its broadest definition, is any change of the genetic material 
leading to an alteration of the nucleotide sequence. A mutation is therefore a 
change of the genotype. Depending on exactly what this change is, the con-
sequence on the phenotype level can be anything from no observable effect 
to immediate death of the individual. Mutations are chance events that occur 
for many reasons all over the genome, and a population of bacteria will 
therefore consist of individuals with slightly different genotypes. In the cases 
where the genotype differences affect the phenotype, the individuals will 
have slightly different chances of survival. The probability to survive and 
reproduce is what we refer to as fitness, and an individual with high fitness is 
more likely to survive than an individual with low fitness. Selection is the 
"force" causing these differences in fitness: We can imagine that in every 
generation some individuals are selected to survive and some to die, and that 
this selection is made depending on the phenotype. The important distinction 
here is that selection does not apply to the genotype. If a number of indi-
viduals have different genotype but look, metabolize and behave exactly 
identical, they will all have the same probability of survival. Mutations that 
do not influence the chances of survival are referred to as neutral mutations.  

Selection and drift  
Mutations are the underlying source of genetic variation in a population, and 
the genetic variation is the source of the phenotypic variation. Some pheno-
types will have a higher probability of survival than others and over time 
these phenotypes will therefore remain, and the others will disappear. As a 
consequence, individual mutations can become more and more frequent in 
the population, so that finally there exist no individuals with the non-mutated 
genotype. When this has occurred, we say that the mutation has become 
fixed in the population. One could imagine that for a certain population in a 
certain environment, there would be some sort of optimal phenotype. Per-
haps then it would seem logical that finally there would only be this single 
phenotype left in the population, and that this phenotype would remain for-
ever. This is not true, and one reason for this is what we call genetic drift.  
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One thing causing mutations to occur is imperfect replication of the 
chromosome during cell division. The replication error rate in E. coli is 10-10, 
meaning that, in a bacteria with a chromosome of 1 Mb, in every generation 
we would expect one single mutation in 1 out of 10,000 individuals (Tago et 
al. 2005). Although this might not sound like much, the important conse-
quence of this error rate is that not all individuals in a population remain 
unchanged every generation. Therefore, since the number of bacteria in a 
population can be very large, there will always exist a distribution of slightly 
different individuals. Many mutations have a very limmited effect on the 
phenotype, causing a very small reduction in the probability to survive com-
pared to an optimal phenotype. If selection is not extremely strong, some of 
these genotyopes will remain and some will disappear over time just due to 
random chance. This random process is referred to as genetic drift. If selec-
tion is weak, genotypes causing non-optimal phenotypes will sometimes also 
remain and take over the population. The process of stepwise fixation of 
mutations that decrease the fitness is referred to as Müller's Ratchet. Rather 
than being restricted to a single phenotype, a population will hence always 
change over time, even if all individuals were initially identical and optimal.  

What is natural about selection? 
'Natural selection' is a popular and generally accepted term. Strictly speak-
ing, however, selection does not have to be 'natural' at all; un-natural selec-
tion will work just as well. Rapid changes of phenotypes through animal and 
plant breeding fits perfectly within an evolutionary framework, although 
with extremely strong selection on a limited set of characters. 'Selection' is a 
useful word, and should in general not be confused by what is natural or not. 

Homology 
Two genes that can be traced back to a common ancestor gene are said to be 
homologous. To complicate matters, two kinds of homologous genes exists; 
orthologs and paralogs. Orthologous genes are genes that were separated by 
speciation, or, strictly speaking, by replication of the ancestral chromosome. 
Paralogous genes are genes that were separated for example through gene 
duplication within one genome, and the time since they separated does there-
fore not coincide with the split of one ancestral lineage into two. A set of 
orthologous genes are therefore directly comparable regarding their number 
of substitutions, since they diverged an equally long time ago, while this is 
not true for a set of paralogous genes. In general, gene duplications and dele-
tions make it hard to strictly prove that two genes are orthologous, and even 
though much effort has been put into separating orthologs and paralogs, no 
fully reliable methods exist to discriminate between these two situations.   
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Point Mutations and Substitution Frequencies 
Many genes evolve mainly by point mutations, where a single nucleotide is 
replaced by another. If these mutations are not directly lethal to the organ-
ism, there is a probability that the mutation becomes fixed in the population 
over time. The more harmful the mutation is, the lower is the probability of 
fixation. The rate at which mutations occur in a genome is called the muta-
tion rate and the rate at which mutations become fixed is called the substitu-
tion rate. According to theory, the substitution rate equals the underlying 
mutation rate if the effect of the mutations are neither negative nor positive 
for the organism.  

Since we typically do not know the time since two genes separated, we 
can rarely measure these absolute substitution rates, but instead have to rely 
on counting the number of differences between homologous genes. The sub-
stitution frequency is the estimated average number of substitutions per nu-
cleotide between two homologous genes, irrespective of the time since they 
diverged. For coding genes, two different values are usually calculated; dN is 
the average per-site nonsynonymous substitution frequency, and dS is the 
average per-site synonymous substitution frequency. dN only considers sub-
stitutions that have changed the amino acid code, while dS only considers 
substitutions that lead to a different codon for the same amino acid. In gen-
eral, since selection is only operating on the phenotype, the 'silent' synony-
mous substitutions are under little or no selection, and dS can hence be used 
as a proxy for the mutation frequency.  

The underlying mutation rate directly influences both dN and dS. On a 
genome scale, the substitution frequencies vary quite substantially between 
different genes, so that it might seem that some genes evolve faster than 
others. Interpretation of substitution frequencies should be done with much 
care, however, since there are many reasons for the observed variations. Due 
to gene duplications and horizontal gene transfer (see below), not all ho-
mologs in two genomes have been separated at the same time, and so a 
higher substitution frequency might be due to a longer time since divergence 
rather than a faster rate of change. In eukaryotes, the mutation rate some-
times differ by several orders of magnitude between different regions of the 
chromosomes (Ellegren, Smith, and Webster 2003; Gaffney and Keightley 
2005; Hodgkinson, Ladoukakis, and Eyre-Walker 2009). This effect is 
probably partly due to the complex physical packaging of the DNA, with 
some regions being more protected than others. In bacteria, the chromosomal 
packaging is much less complex, and there is no evidence so far for strong 
variations of the mutation rates along the chromosome. Point mutations are 
reasonably easy to model, and most phylogenetic inferences on how species 
are related to each other rely on point mutations being the dominating source 
of mutations. For some genes, as we shall see, these assumptions do not 
hold, calling for new evolutionary models.  
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Recombination as a Mutational Mechanism 
The word recombination is used in several different contexts and with a 
number of different meanings. In this thesis, I will use the term recombina-
tion to refer to a mutation event where one stretch of DNA is replacing an 
existing stretch of DNA (Figure 1A). In homologous recombination, the two 
replacing strands share high nucleotide identity at the two ends of the replac-
ing segments, while non-homologous (illigimate) recombination refer to 
recombination events where the two strands are strongly different. The phe-
nomenon of homologous recombination was proposed already by Holiday in 
1964, and the molecular mechanisms of the actual replacement are reasona-
bly well understood. The main enzyme catalyzing the process of homolo-
gous recombination is recA, an enzyme of crucial importance for DNA re-
pair during replication. Other replication repair enzymes like the recBCD 
complex can also mediate homologous recombination. Non-homologous 
recombination is less common and the mechanisms are generally less well 
understood.  

Recombination in bacteria 
Recombination in bacteria can appear during replication of the chromosome, 
for example between duplicated gene copies. A more discussed process of 
recombination in bacteria is, however, the incorporation of foreign DNA into 
the bacterial chromosome. In this context, recombination is a unidirectional 
transfer of DNA fragments from a donor cell to a recipient cell, and occurs 
independent of reproduction. The uptake of DNA into the recipient cell oc-
curs by three different routes: transformation (free DNA uptake from the 
surroundings), conjugation (DNA transfer by plasmids), and transduction 
(DNA transfer by phages). In transformation, the DNA in the surroundings 
might be a leftover of dead bacteria, but the mechanisms of the actual uptake 
are less well understood. In some organisms, active transporters have been 
identified. For example, in Neisseria gonorrea, membrane-spanning and 
extracellular pili are involved in the DNA import over the cell membrane 
(Hamilton and Dillard 2006), and in Helicobacter pylori, components of a 
type IV secretion system (T4SS) have been shown to facilitate DNA import 
directly from the extracellular space (Hofreuter, Odenbreit, and Haas 2001). 
Conjugative plasmids have the ability to transfer themselves between cells in 
a bacterial population. Such plasmids might act as vectors for DNA transfer, 
where DNA segments from one cell is incorporated into the plasmid, and 
later recombined into the chromosome of another cell. Chromosomal T4SSs, 
which are homologous to plasmid conjugation systems, might also be in-
volved in direct chromosomal DNA transfer between cells (Hamilton et al. 
2005). Transduction occurs by phages (viruses infecting bacteria) that some-
times accidentally package chromosomal DNA fragments into the phage 
heads, which are then infecting other cells.  
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Regardless of what the transfer route is, both homologous and non-
homologous recombination can occur in these unidirectional transfers, and 
the effects might be distinctly different. If the imported DNA share high 
identity with the recipient chromosome, homologous recombination will 
occur, typically resulting in a multi-mutation event, where the net effect is 
the replacement of one gene variant (allele) by another. If the foreign DNA 
does not share high similarity with any existing part of the chromosome, 
illigimate recombination might still occur, resulting in a completely novel 
gene being introduced into the chromosome. This will happen if the donor 
and recipient cells are from distantly related lineages, or if the bacterial 
population contains a high variability in gene content. Although homologous 
recombination is generally introducing less novelty to the cell than non-
homologous recombination, it should be noted that also the replacement of 
one allele by another can introduce substantial change, since only relatively 
short stretches of DNA at the ends of the recombination fragments that needs 
to have high identity for homologous recombination to occur.  

 

                    
 

Figure 1. The difference between recombination and gene conversion. Recombina-
tion refers to exchange of DNA segments, as for example here between a plasmid 
and a chromosome (A). Gene conversion refers to one DNA segment overwriting 
another (B). 

Gene conversion 
A special case of recombination is gene conversion. Gene conversion is a 
directed recombination event within a genome, where one stretch of DNA is 
overwriting another stretch of DNA, with the effect that the two DNA seg-
ments end up being identical (Figure 1B). The mechanism of gene conver-
sion was proposed more than 40 years ago and occur mainly during replica-
tion (Liu and West 2004). Despite sometimes being dismissed as an unusual 
process in bacteria, evidence is mounting that gene conversion is in fact a 
quite common phenomenon that occur frequently between homologous gene 
copies located in the same genome. The most notable example are the bacte-
rial ribosomal rRNA genes, where multiple rRNA operons in the same ge-
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nome almost always remain identical to each other (Liao 2000; Ganley and 
Kobayashi 2007), but gene conversion has now been reported for a large 
number of genes in many bacteria (Santoyo and Romero 2005).   

Gene Gain and Loss 
An even more dramatic form of mutation than recombination is the gain and 
loss of complete genes, or whole genomic segments. The introduction of 
new genes can instantly confer important new properties to a bacterium, 
such as for example antibiotic resistance or production of toxins. On the 
other hand, many emerging pathogens have recently shifted life-style or host 
species, and these shifts were often associated with a reduction of genome 
size, including massive gene loss.  

Horizontal gene transfer 
Bacteria multiply through cell division, where one parent cell splits up into 
two daughter cells. During cell division, the chromosome is replicated, re-
sulting in one copy of the chromosome in each of the two daughter cells. 
This is the dominating route for a cell to acquire genetic material, and we 
refer to this process as vertical inheritance. Sometimes, however, a cell can 
acquire foreign genetic material that was not present in the parental cell. The 
introduction of novel genetic material into the chromosome is referred to as 
horizontal gene transfer. Horizontal gene transfer is often mediated by vari-
ous vectors, such as conjugating plasmids and phages, which can sometimes 
move between distantly related bacteria.  

The semantics distinguishing horizontal gene transfer from bacterial re-
combination is inconsistent in the literature. Strictly speaking, all bacterial 
recombinations where DNA from a donor cell is taken up by a recipient cell 
are horizontal gene transfer events, since they do not follow vertical inheri-
tance by replication. In practice, however, horizontal gene transfer is typi-
cally used to refer to import of novel or strongly diverged sequences, 
whereas recombination mainly refers to uptake of reasonably similar se-
quences from closely related cells. The boundaries are somewhat fuzzy 
though, and the two cannot be readily separated. 

Horizontal gene transfer is a rather common phenomenon in bacteria, al-
lowing genetic exchange between otherwise distantly related lineages. It is 
therefore impossible to fully represent bacterial evolution by a strict bifurcat-
ing tree. It has even been suggested that a species tree of bacteria is not 
meaningful, and that a network representation is needed to model the evolu-
tionary history of this kingdom. For the bacteria and time-scales covered in 
this thesis, it seems that horizontal gene transfer is limited compared to ver-
tical inheritance, and I will assume that the evolutionary history of these 
bacteria can be well represented by a bifurcating tree, although the history of 
individual genes might deviate from this pattern.  
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Tandem duplications and deletions 
Genomic segments sometimes duplicate, most likely as a form of replication 
error, resulting in two adjacent copies of a chromosomal segment. These 
events are relatively rare, but the resulting tandem duplication has strikingly 
different mutational properties compared to non-repeated regions. Dupli-
cated near-identical segments can easily undergo homologous recombination 
during replication, resulting in one daughter cell with one gene copy and one 
daughter cell with three gene copies. Hence, as soon as two copies exist, 
further gain and loss of copies occur frequently. It should be noted that the 
subsequent gain and loss of copies are not restricted to occur at the exact 
same site as the original duplication; it is easy to show that these subsequent 
events can occur anywhere along the duplicated segment, essentially produc-
ing chimeras of the original copies.  

Given the low probability of the initial duplication (1 to 2 copies), it is 
also straight-forward to show that, if there is no selective advantage of hav-
ing multiple copies, a tandem duplication will rapidly be lost from a popula-
tion (Pettersson et al. 2005). On the other hand, if multiple copies are selec-
tively advantageous, massive arrays of copies can rapidly evolve, once the 
first duplication event has occurred. This process has been demonstrated by 
introducing a frameshift mutation in the lac operon in Salmonella typhi-
murium (Andersson, Slechta, and Roth 1998). Despite such a frameshift, 
about 1% functional β-galactosidase enzymes are still produced, allowing 
the bacteria to grow at a very slow rate. An accidental duplication of the lac 
gene will lead to a beneficial production of more enzymes, and as soon as 
the initial duplication event has occurred, further duplications are frequent, 
and will be selected for, since the dosage effect is increasing the growth rate. 
Eventually, bacteria in the population will carry about one hundred lac cop-
ies, approaching the limit where further duplications are too costly in terms 
of the time it takes to replicate this massive array of genes. A striking feature 
of this system is also its reverting capabilities; with a hundred gene copies on 
the chromosome, the probability of a random point mutation that will revert 
the gene to its original sequence is also hundred times larger, and thus a re-
verted gene copy will relatively quickly occur in the population. Once this 
has happened, loss of the other gene copies will no longer be selected 
against, and the tandem array will quickly collapse back into a single gene 
with the restored enzymatic function.  

These results beautifully demonstrate the dynamics of repeats, emphasiz-
ing the importance of repeat structures in bacterial genome evolution. One 
important consequence is that tandem duplications are typically very short-
lived if they are not selected for. A popular hypothesis is that new gene cop-
ies are "free to evolve" into a new function, while the old copy retains its 
original function. For tandem duplications in bacteria, this is a very unlikely 
scenario, since these copies must be almost instantly beneficial to be main-
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tained. Gene dosage effects provide a likely cause of such selective advan-
tages, providing a framework for understanding the dynamics of gene dupli-
cations and the evolution of new gene functions (Kondrashov et al. 2002; 
Kondrashov and Kondrashov 2006; Bergthorsson, Andersson, and Roth 
2007).  

Pseudogenes and gene degradations 
Just as new genes are sometimes gained, old genes are sometimes lost from 
the population. Often, gene loss is strongly disadvantageous or directly lethal 
to the organism, but if the loss has only a weak negative impact it might 
become fixed in the population. Occasionally, gene loss can even be posi-
tive, especially in the process of adaptation to a new environment. Gene loss 
sometimes occurs by complete excision of a chromosomal segment. More 
common though is that the first step in the loss is an inactivating mutation, 
introducing a premature stop codon or a frameshift. Once the function of the 
gene has been lost, there is no longer any selection to maintain the gene, and 
further substitutions will rapidly accumulate. A gene inactivated by one or 
several mutations is referred to as a pseudogene or a gene remnant. Pseu-
dogenes only rarely retain any function, and generally one will predict that 
they will eventually be completely lost from the chromosome.  

The loss of function of one gene will typically disrupt the complete func-
tion of a whole protein complex or a complete metabolic pathway. An inac-
tivating mutation in one gene will therefore lead to relaxed selection on sev-
eral other genes, which protein functions have become obsolete. It is there-
fore expected that the inactivating mutation of one gene will be rapidly fol-
lowed by inactivating mutations in functionally associated genes.  

Evolutionary Scenarios and Selective Tests 
Many scenarios have been proposed to describe and explain bacterial evolu-
tion under different constraints. Here, I will review some that are of particu-
lar interest for the studies in this thesis. 

Positive and diversifying selection 
Since bacteria are generally fairly well adapted to their environment, most 
mutations that occur in a genome have a weak or a negative impact on the 
fitness of the cell. Sometimes, however, mutations lead to a gain in fitness, 
and the new genotype will have increased chances of survival. This occurs 
frequently when a gene evolve under positive selection or under diversifying 
selection. Positive selection indicates that novel gene variants are, on aver-
age, better than old variants, and old alleles are constantly lost from the 
population and replaced by new ones. Diversifying selection is related, but 
slightly different. Here, the niche in which the bacteria live promote a large 
variation in the population, and even between gene copies in the same ge-
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nome. Positive and diversifying selection are by no means mutually exclu-
sive, and these two scenarios are often simultaneously in effect, making 
them very hard to disentangle.  

Genes involved in host-interaction in pathogenic or parasitic bacteria, can 
often be understood as evolving under positive and/or diversifying selection. 
These scenarios are often referred to as 'The Red Queen Hypothesis' and 
'The Trench Warfare Hypothesis'. The Red Queen Hypothesis correspond to 
positive selection, and describe the situation where an invading bacterium 
invokes selection for resistance in its host, which in turn invokes selection 
for novel infection alleles in the bacterium, and so on. Hence, it refers to a 
situation where continuous change is needed in order to maintain fitness 
relative to a co-evolving organism. (The name of the model comes from 
Lewis Carrol's second book about Alice in Wonderland, 'Looking Through 
the Glass', where the Red Queen says: "It takes all the running you can do, to 
keep in the same place.") The hypothesis was originally developed to explain 
the evolution of sex in animals and plants as a consequence of selective pres-
sures from invading pathogens (Jaenike 1978). However, the model can 
readily be extended to understand the evolution of infection systems in bac-
teria, where it is also known as the Arms Race model.  

The Trench Warfare model reflects diversifying selection, where the host 
and the invading bacteria are more successful the more variety of alleles they 
can use to infect/defend themselves. Classical examples of Trench Warfare 
models are the evolution of plant and animal immune systems, where large 
variations are promoted to efficiently recognize invading organism.  

Selective tests 
Substitution frequencies between homologous genes can be exploited to 
discriminate between selective scenarios of protein evolution. Since syn-
onymous substitutions are generally under no or very low selection, the level 
of selection on a certain gene can be estimated by the ratio  

omega=dN/dS 
 
Low omega values indicate slow protein evolution (negative selection), 
while omega values equal to 1 indicates that substitutions do not influence 
the fitness of the individual (neutral selection). Positive and diversifying 
selection result in omega values larger than one, indicating that changes on 
the protein level are more likely to become fixed than what would be ex-
pected by random chance. Unfortunately, using dN/dS as a measure of selec-
tion is not unproblematic. The assumption that synonymous substitution are 
under no selection has been proven false for example in lab strains of E. coli, 
where relatively strong selection against synonymous substitutions have 
been observed, especially for genes with high expression levels (Rocha and 
Danchin 2004). The assumption that changes occur mainly as point muta-
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tions is sometimes also wrong, for example in the case of recombination 
events (see below). Substitution frequencies are typically calculated as an 
average over a complete gene, and does not reveal if different parts of the 
protein evolve under different selective pressures. One way to increase the 
resolution is to calculate the substitution frequencies over sliding windows 
of a single gene, and for a larger set of homologous genes, it is possible to 
increase the resolution down to the nucleotide level (Yang 2007). 

Theories from population genetics have also been applied to test for selec-
tion in bacterial genes. In particular, Tajima's D (Tajima 1989) has been used 
to test deviations from neutral evolution, exploiting the differences between 
the total number of segregating sites among all alleles, and the average pair-
wise differences between each pair of alleles. Population genetics theories 
can be very powerful, but rely on a number of assumptions about the data, 
including a reasonably well defined population structure, short evolutionary 
timescales between samples (to comply with the infinite sites model), and 
random sampling. For many datasets of bacterial genes, it is unclear if these 
assumptions are met, and tests derived from population genetics must be 
used with care.  

The effects of recombination 
The effects of recombination between bacterial cells are debated. Depending 
on the situation, recombination can act either homogenizing or diversifying. 
Homogenizing situations are for example when a beneficial allele in one cell 
is rapidly spread to other lineages, outcompeting old alleles in many local 
populations, thus reducing the global diversity of this gene. Such effects can 
also be understood to reduce genetic drift in a population, where rare back-
mutations can rapidly spread in the population and outcompete alleles that 
have drifted away from the fitness optimum.  

In contrast, recombination is generally viewed as diversifying, since it has 
the potential to rapidly create novel genotypes by combination of old ones. 
Viewing recombination as a feature creating diversity calls for an explana-
tion why this diversity is of selective advantage (Vos 2009). Mutations 
through recombination increase the chances of drastically novel genotypes, 
which would almost never be reached by gradual point mutations. Such dras-
tic changes can be beneficial in various scenarios, either when the population 
is non-fit from the beginning (for example when a bacteria enters a new 
niche) or when the fitness landscape is in constant flux (for example in the 
Red Queen Hypothesis, where the host is evolving resistance to the infecting 
bacteria). Dramatic changes can also help a population to escape local op-
tima in the fitness landscape, in order to find a more favorable genotype.  

Recombination and evolutionary inferences 
Regardless of the mechanisms, recombination can be viewed simply as a 
mutation event that causes multiple simultaneous changes to the nucleotide 
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sequence. Although seemingly harmless, recombination has extensive impli-
cations for evolutionary inferences. For many genes, the assumption that all 
sequence changes are point mutations has proven to be a good approxima-
tion, paving the way for the development of evolutionary models with rela-
tively few parameters. These models have in turn provided the basis for very 
powerful analytical tools, including virtually all current methods for phy-
logenetic inferences and selective tests. Together with the continuous in-
crease in molecular sequence data, these models have provided a giant leap 
over the last 30 years in our understanding of how different organisms are 
related to each other and about details of their evolutionary history.  

Despite this massive success, our current evolutionary models are some-
times inadequate. For genes where recombinations, insertions and deletions 
are frequent, the approximations in the current models are too large to pro-
vide a meaningful analysis of the evolutionary history. The bad news is that 
many of the genes that we find particularly interesting are just these genes 
where the current approximations do not suffice. In particular, genes in-
volved in the interaction between bacteria and eukaryotic hosts often show 
complex evolutionary patterns with frequent recombinations, gain and loss 
of repeat elements, and varying gene copy numbers. Hence, when analyzing 
host-interaction genes one must be extremely careful in how standard mod-
els of evolution are used and interpreted. 

Evolutionary Trends in Intracellular Bacteria 
Bacteria that have the ability to survive and replicate inside the cells of a 
eukaryotic host do not form a homogenic group, but have widely different 
characteristics and lifestyles, and belong to many different evolutionary line-
ages. Despite this, some common themes have been observed in the genome 
evolution of host-adapted bacteria. 

Genome Reduction 
Many of the smallest bacterial genomes known to date are found in bacteria 
that live in very close association to eukaryotic hosts. In fact, the more 
closely associated the bacteria are to their hosts, the smaller their genomes 
appear to be (Moran 2002; Klasson and Andersson 2004). In some cases it is 
clear that the interactions between the bacteria and the host have been inten-
sified over a long evolutionary time. The most striking examples are found 
among bacteria that live as obligate intracellular endosymbionts of insects, 
such as Buchnera aphidicola. Many endosymbionts have followed the speci-
ation of their hosts for long evolutionary times (Tamas et al. 2002) and 
might be on the way to become integrated organs of their hosts.  
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Multiple reasons have been proposed for the genome downsizing in intra-
cellular bacteria. Maybe the most important reason for the small genomes in 
intracellular bacteria is the stability of the environment in which they live. 
Host cells are typically very homeostatic, with very small changes in salin-
ity, acidity and nutrients. In such a stable environment, the bacteria will need 
very little metabolic flexibility, and can therefore survive with a limited set 
of genes. Because expression of unnecessary proteins deploit energy re-
sources, and because small genomes replicate faster than large genomes, 
selection will favor individuals where superfluous genes are either inacti-
vated or completely lost.  

Another reason why endosymbiont genomes are small might be because 
of the low influx of new genetic material, and an increase in the risk of gene 
loss. The intracellular environment is typically inhabited by a very limited 
set of bacterial species. This reduces the probability of incorporation of new 
genes by horizontal gene transfer. At the same time, vertically transmitted 
bacteria typically undergo recurrent evolutionary bottlenecks, where a very 
small subset of the bacterial population in the host is transferred to the next 
host generation. This reduces the efficacy of selection, and increases the 
probability that unfavorable mutations become fixed in the population 
(Andersson and Kurland 1998). Hence, mutations causing inactivation of 
beneficial genes by frameshifts or premature stop codons are more likely to 
become fixed in endosymbiont populations than in free-living bacteria.  

Major gene loss in host-adapted bacteria is sometimes also observed in 
gene families coding for proteins that are exposed on the bacterial surface. 
Such reductions might emerge from selection for reduced complexity of the 
extracellular structures of the bacterium, in order to avoid a strong response 
from the host immune system. Extracellular structures that are beneficial in a 
free-living lifestyle for harvesting of nutrients and energy resources might be 
obsolete inside the host, or directly lethal in a host with a strong immune 
defense.  

Low GC-Content 
Apart from their small genomes, one of the most striking trends among in-
tracellular bacteria is a biased nucleotide composition towards low GC con-
tent. Obligate host-dependent endosymbionts and pathogens such as 
Buchnera, Wigglesworthia and Mycoplasma show the lowest GC-contents 
reported so far (20%-30%), whereas free-living soil bacteria tend to have 
large, GC-rich genomes. While there are several valid explanations for the 
reductions in genome size, the low GC content remains somewhat curious. 
Since GTP and CTP nucleotides are more energetically expensive than ADP 
and UTP, it has been suggested that a high AT-content can be a selective 
advantage in environments where resources are limited (Rocha and Danchin 
2002). In addition, most small genomes have lost some enzymes involved in 
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recombination and repair, increasing the replication error rate. It has been 
shown experimentally that C to T mutations are the most common mutations 
in cells. In the absence of DNA repair enzymes, these mutations can accu-
mulate, hence explaining the high AT-content of reduced genomes with 
small gene sets (Glass et al. 2000). The observed bias in nucleotide content 
is more pronounced in non-coding regions than in coding genes, and even 
slightly elevated in genes thought to be under weak selection compared to 
core genes. Synonymous sites show a higher AT-content than nonsynony-
mous sites, and AT-rich genomes also display a bias towards amino acids 
coded by more AT-rich codons. Taken together, these evidence points to-
wards inefficient replication repair mechanisms as the main cause for the 
low GC content in bacteria with reduced genomes.  

The Evolution of Host-Interaction Genes 
The transition from a free-living lifestyle to a life cycle including growth 
inside a eukaryotic cell will require proteins that directly interact with the 
host. Host-interaction proteins are of special interest in order to understand 
both positive and negative effects of bacterial infections, such as symbiosis 
and disease. Many host-interaction genes contain internal repeats, and occur 
in multiple copies in the bacterial genome. These repeat structures provide 
excellent sites for homologous recombination, resulting in frequent gain and 
loss of new repeat segment and gene copies, as well as recombination and 
gene conversion events. The consequence of these rapid and drastic mutation 
events is an unusually large variation of these genes in the population. Be-
low, I discuss why such evolutionary dynamic regions can confer a selective 
advantage to the bacteria.   

Evasion of the host immune system 
The immune system of an infected host will typically make it difficult for 
invading bacteria to establish a successful infection. Mammals in particular 
have very complex and efficient immune systems, and any protein that is 
exposed on the outside of the bacterium is a potential target for the immune 
system. Bacteria displaying novel structural variants are thus more likely to 
evade the host immune system than bacteria displaying structures that have 
been previously presented to the host. Rapid and drastic mutations of host-
exposed proteins ensure a large variation of structures in the population at 
any given time, and limit the risk that the same structure will be presented to 
the same host individual twice.  

Sophisticated systems for variations of outer membrane proteins have 
been described for example in the ruminant pathogen Anaplasma marginale 
(Brayton et al. 2005; Palmer et al. 2006). These bacteria contain so-called 
functional pseudogenes, which are essentially multiple copies of non-
expressed gene remnants. These gene remnants are frequently involved in 



 28 

gene conversion, replacing a coding region of a complete and expressed 
gene, thus creating a novel gene variant. Recurrent such recombination 
events, where different remnant copies are progressively incorporated into 
the expression site, allow for a combinatory effect explaining the massive 
diversity observed in these genes (Futse et al. 2005), and which appear to be 
crucial for immune evasion. 

Diverse binding targets 
For intracellular bacteria, binding to and entrance into host cells can be a 
crucial part of the infection process. Host tissue and host cell surfaces are 
often coated with glycoproteins and polysaccarides, providing very diverse 
binding targets for the bacteria. Having a large variety of binding structures 
might therefore greatly enhance the chances of rapid and strong binding to 
the host cells, explaining why multiple and strongly diverged gene copies 
can be beneficial. Interestingly, the effects of diverse binding targets and the 
effect of the host immune system is causing opposing selective pressures on 
the bacteria, where the binding is benefited by as many exposed structures as 
possible, while evasion of the host immune system is benefited by as few 
structures as possible. These combined effects, together with the potential 
for drastic mutational changes in repeated genes, fits nicely with the ob-
served diverse and rapidly evolving gene copies of host-interaction genes.  

Secretion systems and host modulations 
Many infectious bacteria can induce alterations of the cells and tissues of 
their hosts, thus creating a more favorable environment for infection. This 
can be done in many ways, for example by releasing effector proteins into 
the extracellular space or directly injecting them into the host cells. Hence, 
secretion systems to transport proteins over the bacterial membranes are 
often essential for a successful infection.  

To date, there are at least seven phylogenetically distinct secretion sys-
tems defined in bacteria. Two of them, type III secretion systems (T3SSs) 
and type IV secretion systems (T4SSs) consist of multiple genes, forming 
large protein complexes with extracellular pili, which are sometimes used for 
direct injection of effector proteins into the host cells. Both T3SSs and 
T4SSs are common among host-adapted bacteria, and these systems are fre-
quently subject to horizontal gene transfer (Gophna, Ron, and Graur 2003; 
Frank et al. 2005). These two systems are functionally analogous, but T3SSs 
are homologous to the export system in flagella, while T4SSs are homolo-
gous to, and phylogenetically mixed with, plasmid conjugation systems. 
Type V secretion systems (T5SS), or autotransporters, are giant proteins 
with secretion system and effector proteins included in a single gene. The 
autotransporter domain of the protein forms a pore in the membrane, through 
which the rest of the protein can be exported. The exported domain can ei-
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ther be released into the extracellular space, or kept attached to form an ex-
posed structure on outside of the bacterial membrane.  

Effector proteins secreted via T3SSs and T4SSs, as well as the exposed 
domain of T5SSs, typically evolve extremely rapidly. It is very likely that 
these secreted proteins are key players in bacterial host-adaptation and host-
specificity in many bacteria, as for example Bartonella sp., Helicobacter 
pylori, Yersinia pestis, Agrobacterium tumefaciens and Pseudomonas syrin-
gae (Henderson et al. 2004; Christie et al. 2005; Ma et al. 2006; Stavrinides, 
Ma, and Guttman 2006; Saenz et al. 2007; Hatakeyama 2008; Matsumoto 
and Young 2009). It has also been shown that the exposed pilus proteins of 
the T3SSs in Pseudomonas syringae show strong signs of diversifying selec-
tion (Guttman et al. 2006).  

Host specificity and host switching 
Host-associated bacteria can be more or less specifically adapted to one or 
several host species. Again, the most extreme cases are the obligate endo-
symbionts, which are unable to survive outside of their hosts, but also other 
bacteria can be very limited in their host-range. The reasons for these speci-
ficities can be both geographical and ecological, depending on host popula-
tion densities and infection transmission routes. To some degree, host-
specificity likely also depends on molecular interactions and structural dif-
ferences in proteins and tissues between host species. Host-exposed proteins 
and secreted effector proteins are thus general candidates of host-specificity, 
although it is typically very hard to correlate a certain allele to the specificity 
for a certain host. Other factors that might be equally important are physio-
logical and nutritional factors, such as pH tolerance and metabolic capabili-
ties.  

Host switching and adaptation to a new host is a topic of much interest. 
Emerging human pathogens are often recently transferred bacteria or viruses 
with limited or no pathogenic effect in their natural hosts (Rappuoli 2004). 
Such zoonotic infections present a major risk for serious diseases, and our 
ability to monitor and predict such disease outbreaks are essential for human 
health. Biting or sticking insects, which often feed on multiple mammalian 
species, are often important factors in host-switching and spread of infec-
tions, and deserve increased scientific attention.  

The Ongoing Sequencing Revolution 
The development of methods to amplify and sequence DNA has been the 
most important contribution to our increased understanding of biology in the 
last 30 years. Sanger sequencing has long been the single dominating tech-
nology on the market, now producing sequencing reads of about 1000 nu-
cleotides of high quality. In the last five years, no less than three new se-
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quencing platforms have reached the market, lowering the cost-per-
nucleotide by several orders of magnitude, which has initiated an explosion 
in genome sequencing.  

Read lengths and genome assembly 
Despite the increased amount of sequences, complete genome sequencing 
still remains difficult. This is mainly because assembly ambiguities arise 
whenever a genomic repeat region is longer than a single sequencing read. 
Resolving theses ambiguities is a difficult and time-consuming process, in-
volving both additional lab work and bioinformatics expertise. The limita-
tion of the new platforms are that they, so far, produce shorter reads than 
traditional Sanger sequencing, thus making the assembly problem essentially 
even harder than before. Today, sequencing a complete bacterial genome 
only takes a couple of hours, while the assembly and finishing process still 
can take several years.  

A brand new world 
The sequencing revolution is showing no signs of slowing down, and single-
molecule sequencing technologies are under strong development, promising 
ultra-long sequencing reads at a low cost (Gupta 2008). The first platforms 
are expected to reach the market in 2010, and within a few years we might 
expect read lengths of around 15-20 kb. Sequencing and complete assembly 
of bacterial genomes will hence become a standard service, much like se-
quencing of single genes are today, offering enormous possibilities for com-
parative genomics. Important developments are also made in the field of 
single-cell sequencing, enabling complete genome sequencing of bacteria 
that we are unable to grow in the lab. Together with environmental sequenc-
ing of various habitats, we will soon for the first time gain a reasonably de-
tailed and unbiased view of what bacteria inhabit various environments of 
the earth. In conclusion, technological developments of DNA sequencing are 
about to create a revolution, with radically new and enhanced possibilities to 
analyze and understand biological processes. 
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Results and Discussion 

Bartonella Genome Evolution 
Genomic Reductions in the alpha-Proteobacteria 
The alpha-Proteobacteria are a large and diverse group of bacteria, inhabit-
ing wildly different environments. Many alpha-Proteobacteria live in close 
association with plants and animals, with important implications for both 
health and disease. The Ricketsiales are intracellular bacteria with small 
genomes (1-2 Mb), infecting insects, nematodes, and mammals. The Rhizo-
biales comprise mainly free-living soil bacteria, with large genomes (up to 
10 Mb), often with multiple large replicons. The genomic stability of differ-
ent alpha-Proteobacteria varies dramatically. While the free-living soil bacte-
ria experience a large flux of genes and rapid changes in genome size, the 
intracellular bacteria typically have limited gene flux and genomes that are 
relatively constant in size over long periods of time. Some bacteria, like 
Wolbachia, show very rapid rearrangements in chromosomal gene order, 
while most other intracellular bacteria display only limited rearrangements 
(paper I).  

The various life-styles of different genera of alpha-Proteobacteria are well 
correlated to the size of their genomes. Two main genome reduction events 
have been inferred within the alpha-Proteobacteria, one during the evolution 
of the intracellular Rickettsiales, and the other during the evolution of the 
intracellular genera Bartonella and Brucella. Bartonella belongs to the 
Rhizobiales, but is thought to recently have changed life-style from free-
living in the soil to vector-transmitted intracellular infections of mammals. 
This change in life-style have resulted in a dramatic reduction in genome 
size, including the complete loss of more than 1500 protein families since 
the split from its closest sister genera, Brucella (which can also infect mam-
mals), and with an additional almost 1000 protein families lost on the branch 
leading to the Bartonella/Brucella clade (Boussau et al. 2004)(paper VI).  

Sequencing of Bartonella from Wild and Domestic Animals 
At present, there are five complete Bartonella genome sequences available 
in public databases, three of which are clinical isolates from humans. Addi-
tionally, we have sequenced, assembled and annotated five more isolates 
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from wild and domestic animals; two from moose (paper VI), one from cat-
tle (Bermond et al. 2002), one from dog (Kordick and Breitschwerdt 1998), 
and one from kangaroo (Fournier et al. 2007) (Table 1). With a few excep-
tions, Bartonella is thought to be non-symptomatic in their natural hosts, and 
none of the animals in our studies showed any signs of disease at the time of 
sampling. Together, these ten published and draft Bartonella genomes rea-
sonably well represent the known phylogenetic diversity in this genus. Al-
though the draft genomes are not yet complete, they have already allowed us 
to gain a much more detailed overview of the genome evolution in this genus 
than has ever been presented before.  
 
 

Table 1. Bartonella isolates used for comparative genomics. 
 

Organism ID Host Country Acc.No 
 

B. bacilliformis KC583T,† BB Human Peru NC_008783 

B. bovis (Bermond) 91-4T BBb Cattle France Paper VI 

B. isolate m02 m02 Moose Sweden Paper VI 

B. isolate m07a m07a Moose Sweden Paper VI 

B. grahamii as4aup BG Wood mouse Sweden NC_012846-7  

B. tribocorum IBS 325T BT Rat France NC_010160-1 

B. vinsonii berkoffii Winnie BVwin Dog U.S.A. Paper VI 

B. henselae Houston-1T,† BHH1 Human* U.S.A. NC_005956 

B. quintana Toulouse† BQ Human France NC_005955 

B. australis NH1T BAnh1 Kangaroo Australia Paper VI 

 
T Type strain 
† Human pathogen 
* Cats are the supposed natural reservoire of B. henselae 

The Bartonella Genome Architecture: Stability and Change.  
The evolutionary history of Bartonella shows typical hallmarks of a recent 
adaptation to an intracellular lifestyle, including massive gene loss and re-
duced genome size. There is also growing evidence that the lineage leading 
to the Bartonella clade have experienced a strong increase in the rate of pro-
tein evolution compared to its free-living relatives (Wattam et al. 2009). This 
rapid evolution appears to effect not only Bartonella-specific genes and 
genes involved in host-interaction, but appear to be a general feature also of 
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the most conserved core genes (paper VI). This is consistent with a history 
of re-current evolutionary bottlenecks, leading to reduced selective pressure 
and more rapid drift. At present, it is not clear whether this increased rate of 
protein evolution is still ongoing in the modern lineages of Bartonella, or if 
it was restricted to the time-period of the actual shift in life-style.   

Despite this rapid evolution, the genome architectures of Bartonella are 
relatively stable. All Bartonella isolates sequenced to date have a single 
chromosome of 1.4 - 2.6 Mb (Figure 2), and the overall gene order is con-
served over the whole genus, with a few exceptions of inversions around the 
terminus and the origin of replication. The main difference in genome size is 
due to the introduction and spread of a number of complete and partial phage 
gene clusters in the lineages leading to the rodent isolate B. tribocorum, and 
reduced genome size of the human pathogene B. bacilliformis.  

The gene transfer agent (GTA) and the high plasticity zone 
One of the most prominent features of the Bartonella genomes is the pres-
ence of a genomic region which appear to be much more evolutionary dy-
namic than the rest of the chromosome (Alsmark et al. 2004; Berglund et al. 
2009). This high-plasticity zone (HPZ) spans about 300 kb, and contains a 
large number of imported genes, gene remnants and non-coding DNA. This 
region also holds many genes and systems that play important roles in host-
interaction processes, including several kinds of secretion systems. Several 
of the sister genera to Bartonella contain multiple chromosomes, and it has 
been suggested that this region is the remnant of a second chromosome, 
which was at some point integrated into the main chromosome in the Bar-
tonella ancestor. The HPZ contains an unusually high fraction of genes with 
homologs on auxillary replicons in sister genera, which makes this a plausi-
ble explanation.  

One puzzling question is how one region of the genome can show such 
dynamic evolution, while the rest of the chromosome remains stable. A 
combination of relaxed evolutionary pressures on some genes, as well as 
positive and diversifying selection on other genes are likely part of the ex-
planation, but recent results suggest a much more surprising factor to play a 
key role in this dynamic. A few years ago, whole genome microarray DNA 
hybridizations revealed an amplification of a part of the B. henselae chromo-
some, leading to much higher levels of cellular DNA of this region than of 
other parts of the genome (Lindroos et al. 2006). These results have later 
been confirmed by 454 shotgun sequencing of two strains of B. henselae 
(paper V), and DNA microarray hybridizations in B. grahamii (Berglund et 
al. 2009). The explanation for this amplification appears to be a small phage 
remnant located at the peak centre, including a helicase, an exonuclease and 
a few more genes. The phage replication origin is still active, leading to what 
is known as a run-off replication, where replication is initiated at the same 
site all the time, but where it is randomly terminated. This creates a popula-
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tion of chromosomal DNA segments of different lengths floating in the cy-
toplasm. These DNA segments fully explain the peak seen centered at the 
phage remnant, leveling off around 150 kb at each side. Located a short bit 
upstream of the escape replication origin is a longer stretch of phage genes, 
including a capsid and other structural proteins. It has now been shown that 
this larger phage remnant is active in B. grahamii, producing phage particles 
that have been isolated and identified by mass spectroscopy. The content of 
these phage particles, however, appear not to be phage DNA, but randomly 
packaged chromosomal DNA. Hence, it is now believed that this phage rem-
nant can operate as a gene transfer agent (GTA), moving DNA from one 
individual bacteria to another (Berglund et al. 2009).  

The combination of the phage replication origin and the GTA provide a 
very intriguing scenario for the evolution of the high-plasticity zone in Bar-
tonella. Since the run-off replication specifically amplify DNA in this region 
of the chromosome, and the GTA package DNA randomly, the effect will be 
that certain pieces of the chromosome are preferentially spread and shared in 
the population via phage particles. It is thus likely that this system would 
provide much increased opportunities for mutation and recombination in this 
part of the chromosome.  

The functional importance of the GTA system in Bartonella has remained 
unclear, but is now beginning to unravel (paper VI). We reconstructed the 
gain and loss of all protein families over the Bartonella species tree, and 
identified all families that were imported into the Bartonella lineages by 
horizontal gene transfer, or that were Bartonella-specific. We then asked 
how many of these genes had been retained in all present-day Bartonella 
genomes, thus trying to identify protein families that are candidates for being 
necessary for the specific life-style of Bartonella compared to its free-living 
ancestor. To our surprise, very few genes met these criteria, and of these, 
most genes (11 of 15) comprised the GTA and the phage remnants at the 
peak of the run-off replication. These results defines the GTA system as the 
clearly most conserved innovation in the Bartonella genus, providing evi-
dence that it is under strong selection to be maintained, and indicating that 
its function is crucial for the life-style and evolutionary success of Bar-
tonella as a group.  
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Figure 2. Schematic representation of the chromosomes of the Bartonella genomes 
analyzed in paper VI. The chromosomes are grey, with host-interaction and phage 
genes colour-coded according to the boxes at the lower right. Genome ID:s are ac-
cording to Table 1, with human pathogens indicated by a cross (†), and host species 
in brackets. T4SS: Type IV Secretion System, T5SS: Type V Secretion System. 

Gain and Loss of Host-Interaction Systems 
Several protein families and systems have been previously suggested or 
demonstrated to have important host-interaction functions in Bartonella, 
including for example the type IV and type V secretions systems (T4SSs and 
T5SSs). These systems typically show large variations in sequence, gene 
lengths and gene copy number, and are rapidly gained and lost. As a conse-
quence, the gain and loss of many of these systems are difficult to trace by 
automated large-scale reconstructions of protein families. Instead it is neces-
sary to combine information on the chromosomal insertion sites of all such 
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systems and genes, and combine this with phylogenetic reconstructions of 
protein families, and information from previously published PCR screenings 
of Bartonella isolates where no genome sequences are yet available. By do-
ing so, we have provided the most comprehensive and detailed overview of 
the gain and loss of host-interaction systems in Bartonella presented so far 
(paper VI). Our results indicate that several T5SSs together with the T4SS 
trw have played a key role in the original transition of Bartonella from a 
free-living to an insect-transmitted intracellular bacterium, while the T4SS 
virB was later introduced, as previously suggested (Saenz et al. 2007), as a 
major host-interaction factor in one of the Bartonella lineages .   

The Type IV and Type V Secretion Systems 
From the manual reconstruction, we conclude that no less than four phy-
logenetically distinct T5SSs were present already in the Bartonella ancestor. 
Like the GTA system discussed above, these T5SSs were imported into the 
Bartonella ancestor, and have been retained in all genomes sequenced so far, 
and hence are primary candidates for being strictly necessary for the Bar-
tonella life-style. For two of the T5SSs experimental evidence for their func-
tion are yet completely lacking, and we propose these to be interesting can-
didates for future functional studies.  

Four phylogenetically distinct T4SSs have been found in Bartonella. Two 
of these have previously been functionally characterized in vivo for B. tribo-
corum, using a rat model. In these studies, trw was suggested necessary for 
infection of the red blood cells, while virB was suggested necessary for the 
infection of the endothelial cells during the first stage of infection (Seubert et 
al. 2003; Schulein et al. 2005). Our reconstructions suggest that T4SSs are 
not generally necessary for Bartonella infections in all lineages, but that one 
of the systems, vbh, was likely present on a plasmid already in the Bar-
tonella ancestor, and that this plasmid appear to have followed the Bar-
tonella populations in most lineages. Plasmids with the vbh systems have 
been found in B. grahamii and in one of the moose isolates (m07a), and it 
appears that parts of this plasmid have been inserted into the main chromo-
some at least three times independently. Although the virB system represents 
the sister clade to the vbh system, virB is a relatively novel feature that was 
horizontally transferred into one of the Bartonella lineages. Congruent with 
the functional data, this system appear, however, to have conferred a strong 
selective advantage to the bacterium, and has been retained in all subsequent 
lineages after its incorporation into the chromosome.   

The flagella 
The flagellum is one of the largest bacterial protein complexes known to 
date, conferring motility and, sometimes, chemotaxis to the bacteria. The 
flagellum has been implicated as a virulence system in many bacteria, not 
just for its motility properties, but also sometimes for its direct binding and 
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interaction with host cells during the infection process. We show that the 
flagellum has been vertically inherited into Bartonella from its alpha-
Proteobacterial ancestor, but that it has later been lost several times inde-
pendently. One intriguing observation was made in the moose isolate m02. 
In this genome, the genes coding for the intracellular and periplasmic secre-
tion and motor systems of the flagellum have been either completely lost or 
functionally disrupted by frameshifts and premature stop codons, while most 
of the genes coding for the extracellular hook and filament proteins are in-
tact. We speculate that the host-exposed components of the flagellum might 
still be functional, and that they are secreted by some other secretion system. 
If motility is no longer needed, but the host-exposed function of the flagel-
lum is still selectively advantageous, an alternative secretion route would be 
favor compared to the large and energetically costly flagellar secretion sys-
tem. Once secreted, these proteins could either be released into the extracel-
lular space as effector proteins, or they might have retained the ability to 
self-assemble into a filament structure anchored to the bacterial outer mem-
brane and be involved in host cell adherence. To our knowledge, this would 
be the first example where a flagellum have evolved into a pure host-
interaction system by degradation of the secretion pathway. In Brucella, 
which is generally described as non-motile, degraded flagellar gene clusters 
are also found. Curiously, the fliF gene in Brucella has been reported to be 
expressed intracellularly, and these somewhat eroded flagellar systems ap-
pear to be necessary for establishing chronic infections in mice (Fretin et al. 
2005).    

Complex Evolution of Host-Interaction Genes 
Genes involved in host-adaptation often evolve quite differently compared to 
genes involved in core cellular processes such as replication and basic me-
tabolism. Too gain a better understanding of the processes of protein evolu-
tion in host-interaction systems, we have studied the T4SS trw in Bartonella 
(paper III). This system was recruited into the Bartonella lineage from a 
conjugative plasmid (Seubert et al. 2003; Frank et al. 2005; Fernandez-
Lopez et al. 2006) and appear to have been present already in the Bartonella 
ancestor (paper VI). The function of trw in Bartonella is not completely 
verified, but there are evidence to suggest that this system is likely not se-
creting any effector proteins, but that the T4SS pilus structure is rather in-
volved in binding to the host cells (Seubert et al. 2003). In Bartonella, some 
of the genes of the trw system occur in multiple copies, which is unique 
among all describe T4SSs so far (Figure 3). Since host-adaptation systems in 
general often occur in several gene copies, we believe this system to be a 
good model to study how repeat structures behave under selective con-
straints defined by host-interactions.  
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Figure 3. Illustration of the protein complex (A) and the gene organisation (B) of the 
type IV secretion system, trw, analysed in paper III. The gene names of the trw 
genes (D-N) and the regulatory genes are depicted below each gene. Brackets indi-
cate duplicated segments, with the number of copies found in the analysed genomes 
indicated above each segment. Yellow: extracellularly exposed proteins, Blue: non-
exposed proteins, Green: regulatory proteins. Modified from (Schroder and Dehio 
2005), reproduced with permission from the publisher. 

Duplication and subfunctionalization 
The most repeated segment of the trw system in Bartonella is the multiple 
duplication of the trwL gene, resulting in 7-8 trwL gene copies in the inves-
tigated genomes (paper III). Based on homology to T4SSs in A. tumefaciens, 
the TrwL protein is thought to build up the major part of the extracellular 
pilus structure, and has also been associated with the anchoring of the pilus 
to the outer membrane. In Bartonella, the trwL gene copies form two distinct 
phylogenetic clades, one clade with the last trwL copy in each genome, and 
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one clade with all the remaining gene copies. This is a strong indication that 
the original duplication event in trwL occurred already before the earliest 
branching of the investigated Bartonella, and thus likely short after the hori-
zontal gene transfer of this system into the Bartonella lineage. The rest of 
the trwL gene copies are rather diverged, with the main tendency that gene 
copies are more similar within than between genomes. This is consistent 
with recurrent duplication/deletion events of these genes, with the gene cop-
ies in one genome sharing a last common ancestor more recent than the spe-
cies branching to another genome.  

We interpret the two distinct trwL clades as a subfunctionalization event, 
where the two clades now represent two different functions, and thus essen-
tially evolve as two different protein families. We propose that the two func-
tions are simply the previously described roles of TrwL, where the genes of 
the clade with a single gene per genome performs the pilus anchoring to the 
outer membrane, while the genes of the other clade build up the actual pilus. 
If this holds true, the multiple trwL copies in each genome of the second 
clade might perhaps reflect a beneficial gene dosage effect. Increased copy 
numbers of pilus proteins in Corynebacterium diphteriae have been shown 
to result in a longer extension of the pilus structure (Swierczynski and Ton-
That 2006). If the function of trw in Bartonella is indeed host cell adherence, 
it is not difficult to imagine a selective advantage of a somewhat elongated 
pilus, and since many of the trw genes are expressed together in operons, this 
dosage effect would hardly be achievable by gene regulation. Such a benefi-
cial dosage effect might well have been the selective advantage leading to 
the original fixation of multiple trwL gene copies, with the subfunctionaliza-
tion event following as a secondary process.  

Recombination 
The four B. henselae strains used in the study of trwL revealed other impor-
tant feature of trw evolution. By comparing these generally highly similar 
strains over the complete array of trwL genes, we were able to identify a 
recombination event, pinpointing almost the exact location of the recombina-
tion breakpoints. The recombination appears to have ranged from the end of 
the gene upstream the first trwL copy, extending all the way into the first 
part of the last trwL copy. The effect of the recombination is a very high 
identity between the B. henselae strains Houston-1 and Marseille, and a very 
high identity between the strains Cheetah and IndoCat11. Between these two 
genomic pairs, the two trwL arrays are strongly different, with low sequence 
identity of any gene copies between the pairs. Further investigations of other 
parts of trw showed strong recombination signals also at the end of the trwL 
array and in the trwK gene. This indicates that recombinations occur fre-
quently in trw, although recombination is generally rare in Bartonella (Vos 
and Didelot 2009) (paper V). One reason that recombination might occur 
more frequently at T4SSs than in other parts of the chromosome is that 
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T4SS-carrying plasmids appear to be frequently present in the Bartonella 
population (paper VI). These plasmids might both incorporate plasmid-
specific T4SS segments into the chromosome and act as recombination vec-
tors, mediating sharing of chromosomal T4SS segments between strains. The 
trw system is also located within the peak of the escape-replication, suggest-
ing a potential role for recombination mediated by the gene transfer agent, as 
discussed above.  

Diversification and homogenization 
The second repeated segment in trw comprise three genes; trwJ, trwI and 
trwH. Since the trwH gene is rather short, I will here focus the discussion on 
trwJ and trwI. In the six genomes used in this study, the trwJIH segment is 
present in 2-5 copies (paper III), with copy-number variations also between 
very closely related strains of B. henselae. The trwJ and the trwI genes are 
located at strikingly different parts in the T4SS protein complex, with trwI 
hidden in the anchoring structure spanning the inner membrane, while trwJ 
is located at the extracellular pilus where it is thought to be directly involved 
in the binding to the host cells (Figure 3). Although located at the same du-
plicated fragment, we show that the evolutionary processes shaping the fate 
of these two genes are strikingly different. The trwJ genes showed clear 
signals of vertical descent, providing evidence that all duplications were not 
genome specific, but that duplicated segments had remained between iso-
lates. In sharp contrast, the trwI genes showed no signal of vertical descent, 
but instead displayed almost complete nucleotide identity between all gene 
copies in each genome. The trwJ genes also displayed large variation in gene 
lengths and signs of extremely rapid evolution, mainly by short inser-
tions/deletions, while the trwI genes were perfectly conserved in gene 
length, and showed no signs of increased rates of protein evolution between 
isolates.  

These conflicting findings can be explained by selection favoring radi-
cally different evolutionary processes (Figure 4). The trwJ genes are suppos-
edly involved in binding to complex structures on the host cell surfaces. 
Given that the binding targets are likely to display a large variation between 
individuals and between host species, trwJ is likely evolving under strong 
diversifying selection, promoting multiple divergent gene copies in each 
genome as well as a large variation of trwJ variants in the population. We 
have not been able to trace the source of the trwJ insertions/deletions, but we 
speculate that trwJ mutate partly by recombination between individuals and 
strains, possibly mediated by conjugating T4SS plasmids present in the Bar-
tonella populations. The TrwI proteins on the other hand must fit into a 
tightly packed, self-assembling protein complex. Structural variations can 
here be directly detrimental in that they might interfere with the pilus assem-
bly of the T4SS and only very limited structure variations will readily fit into 
the complex. Hence, trwI is under strong selection for gene conversion 
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events, causing all trwI copies in each genome to harmonize rather that di-
verge. The trw complex as a whole will however slowly evolve according to 
normal rules of mutation and drift, and so the trwI copies will continue to 
change at a normal rate, when compared between genomes.  

 

 
 
Figure 4. Strikingly different evolution within a duplicated segment containing 
genes coding for exposed (trwJ) and non-exposed (trwI) proteins. Initially, both 
genes have identical copies (i). Over time, the trwJ genes rapidly accumulate substi-
tutions, insertions, deletions and short repeats so that the two copies become 
strongly different in both length and sequence (ii). The trwI copies evolve at normal 
rates, but remain identical to each other due to frequent fixations of gene conversion 
events (ii). 

The puzzling question here is why the trwI genes are at all copied. We do 
not know the answer to this, but we note that the system as it is set up is 
capable of allowing almost unlimited sequence divergence in trwJ, while the 
homogenized trwI copies provide excellent sites for further gain and loss of 
segment copies by homologous recombination during replication. Given that 
gain and loss of segments are thus assumed to occur frequently, it is striking 
that we have so far not observed a Bartonella trw system with only a single 
trwJIH segment, which would have been the most likely outcome in the 
absence of selection (Pettersson et al. 2005; Kondrashov and Kondrashov 
2006; Bergthorsson, Andersson, and Roth 2007). We interpret this lack of 
collapsed arrays as evidence that the variation in trwJ is under strong selec-
tion to be maintained, and that the function of the trw system as a whole 
confers a strong selective advantage to the bacterium.  

Some of the properties of the trwJIH duplicated segments are also found 
in the T5SSs. Here, the domains within a single gene resemble the situation 
of the trwJ and the trwI genes combined. The T5SSs consist of two main 
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parts, with the first part of the protein coding for the part to be passed over 
the membrane to the outside, while the last part of the gene is coding for the 
actual secretion system that is forming the channel through the membrane. 
Analogous to trwJ/trwI, the first part of the T5SS peptide is hence thought to 
directly engage in host-interactions, while the last part of the peptide is en-
gaged in the transport mechanism, and is not directly exposed to the host. 
Accordingly, the different selective constraints seen in trw are also seen in 
the T5SS genes. As for trwJ, phylogenies based on the host-exposed part of 
the protein show clear signals of vertical descent of gene copies between 
isolates, indicating that these gene copies do indeed fulfill different func-
tions, and that theses functions are under selection to be maintained over 
time (paper VI). In contrast, phylogenies based on the transporting part of 
the protein show a closer relationship between copies in the same genome, 
than between positional homologs in other genomes, which were the same 
tendencies as was observed in trwI. In the T5SSs, the homogenization is 
generally weaker than in trwI. This is expected, since the T5SS transport 
domains do not need to fit in a protein complex, and so there is no obvious 
selective advantage in homogenization of these domains. Instead, we hy-
pothesize that gene conversion among the T5SS genes is a neutral event, that 
occur at a moderate rate between closely located gene copies on the chromo-
some even in the absence of selection for homogenization. 

Identification of Novel Host-Adaptability Gene Candidates 
The identification of the complete set of genes involved in host-adaptation is 
an important step towards a comprehensive understanding of the infection 
process of a bacterium. Comparative genomics and evolutionary patterns can 
be used to perform in silico screenings for novel host-interaction gene candi-
dates.  

Multi-copy protein families retained over long periods of time 
Of the approximately 2000 protein families identified among ten Bartonella 
genomes, about half were identified as vertically inherited. The remaining 
families (including almost 500 single-protein families) represent genes im-
ported to Bartonella, and genes that arose for the first time in this lineage or 
at least have diverged too rapidly to be detected as homologous to other al-
pha-Proteobacteria. Many of the imported, novel and strongly diverged 
genes are known host-interaction factors and have been discussed exten-
sively above, and many of the orphan genes specific to only one genome 
might represent transient imports contributing no or only weak selective 
advantages. In contrast, among the imported and Bartonella-specific gene 
families that have remained over a significant evolutionary time, we might 
expect to find some proteins with important contributions to host-adaptation. 
Of all such protein families, two stand out as bearing hallmarks of genes 
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being engaged directly in host-interaction. Both of these families appear to 
have remained in the Bartonella genomes over a significant evolutionary 
time, comprise multiple tandem gene duplications, and are found at several 
locations on the chromosomes.  

The first protein family is shared by B. australis and B. bacilliformis, and 
is inferred to have been present in the Bartonella ancestor (paper VI). This 
family shares clear homology to a large family of proteins of unknown func-
tion in Leptospira, as well as a single gene in the carcinogenic strain Helico-
bacter hepaticus ATCC 51449. The genus Leptospira is a family of spiral-
shaped spirochete bacteria, comprising a number of severe human and ani-
mal pathogens. Similar to Bartonella, mammalian-adapted species of Lepto-
spira are thought to have recently evolved from a free-living ancestor. Of 
three sequenced Leptospira species, this protein family was only found in 
the two intracellular pathogens (L. interrogans and L. borgpetersenii), and 
not in their free-living relative (L. biflexa). Although this gene family is only 
found in two of the Bartonella genomes, the size of this gene family in B. 
australis and B. bacilliformis, and the restricted homology to other mammal-
ian-adapted species makes this a strong candidate for host-interaction. 

A second candidate host-interaction protein family appears to be specific 
to the ruminant lineage, and is found at 2-3 locations in the chromosomes of 
B. bovis, m02 and m07a. After its introduction, these genes appear to have 
undergone massive duplications, creating tandem duplication arrays span-
ning an estimated 50-150 kb in each genome. Due to both the complex re-
peat structures and sequencing difficulties, these chromosomal regions are 
yet poorly assembled. Analyses of preliminary protein sequences revealed 
the presence of multiple repeats of short PbH1 (parallel beta-helix repeat) 
domains. PbH1 domains are usually found in polysaccharide degrading en-
zymes, and are also present in the secreted part of some T5SSs in Bartonella 
and other bacteria. Apart from the PbH1 domains, no homology to any other 
known proteins were detected, and the family is for now considered Bar-
tonella-specific. The function and significance of these proteins in Bar-
tonella ruminant isolates are not known, but they are highly interesting for 
future functional studies.  

Rapidly evolving proteins 
Not all proteins that have played an important role for the switch in life-style 
and for host-adaptation must be novel or imported. One can also envision 
vertically inherited single-copy genes to evolve new functions as a step in 
the host-adaptation process. Such genes might still be under special selective 
constraints, and we might thus be able to identify them by screening for pro-
teins with high evolutionary rates compared to other genes.  

In order to identify single-copy genes with unusually high evolutionary 
rates, we compared two early draft genomes of the B. henselae strains 
UGA10 and IndoCat11 to the completed genome of strain Houston-1 (pa-
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per V). By computing the pairwise substitution frequencies for all orthologs, 
we identified the gene with the highest rates of protein evolution among all 
single-copy genes that were not part of any previously known host-
interaction system. Further investigations of this hypothetical protein 
(BH14680) revealed a couple of transmembrane domains located in the later 
half of the protein, with the first half of the protein predicted to be exposed 
extracellularly. The increased evolutionary rates were restricted to the first 
part of the gene, and signals of positive selection were detected on several 
sites in this region by comparisons within the complete Bartonella genus. 
Homology searches clearly demonstrated that the complete gene is indeed 
vertically inherited into the Bartonella lineage, but that the first part of the 
gene is shorter and extensively diverged compared to orthologs in other al-
pha-Proteobacteria. By sequencing this gene in a number of B. henselae 
strains we also show that this gene has been subject to recombination, where 
almost all the sequenced genes fall into three allele types.  

Our screening thus identifies a potential host-interaction gene candidate, 
which has undergone a dramatic sequence change along the phylogenetic 
branch leading to Bartonella. In general, however, our screening demon-
strates that very few single-copy genes in B. henselae evolve at elevated 
evolutionary rates or under positive selection. This reinforces the importance 
of repeat structures and multiple gene copies in genes involved in host-
adaptation and host immune system evasion. 

Why Bartonella host-interaction genes evolve rapidly 
The strong diversification seen in host-interaction proteins can be explained 
in several ways. The most classical explanation for rapidly evolving genes is 
that secreted and surface proteins are targeted by the host immune system, 
and therefore, novel structural variants are favored over structures already 
presented to the host. This process most likely explains some of the variation 
seen in host-exposed Bartonella proteins. A less discussed reason for varia-
tion is binding to complex structures on the host cell surface. Once inside the 
host cells, Bartonella is no longer targeted by the host immune system, and 
rapid adherence and entrance into the host cells can therefore be more im-
portant than evasion of the immune system by variations in host-exposed 
proteins. Several of the known virulence systems that are expected to be 
important for successful Bartonella infections are likely directly involved in 
binding to the target host cells, including trw, iba, and badA. It is known that 
the red blood cells of mammals have very complex and variable surface 
structures (Gagneux and Varki 1999), that might differ both between cells, 
individual hosts and host species. These diverse target structures will most 
likely favor large structural variations in binding proteins in the bacterial 
population, and might also explain why many of these genes appear at high 
copy numbers in each genome. We also speculate that some of these varia-
tions are important for host-specificity, partly explaining the preferences for 
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some isolates to infect a limited range of hosts. This might be particularly 
true for the virB effector proteins that are directly injected into the host cell, 
and thus are neither directly targeted by the immune system, nor involved in 
host cell adherence, but have been shown to induce important structural 
changes in the host cells (Schulein et al. 2005; Schmid et al. 2006; Rhom-
berg et al. 2009). Rapid evolution of these effector proteins, however, has 
been observed also between B. henselae isolates thought to be adapted to the 
same host species (paper V), and more studies are needed to better under-
stand the effects and evolution of these proteins.  

Poly(A) Tracts in Obligate Endosymbionts: A Slippery 
Slope Towards the Minimal Genome  
Bacteria adapted to an intracellular lifestyle typically undergo a process of 
genome erosion by progressive gene loss. In the most extreme cases, also 
essential genes can be lost from the bacteria, and the function of these genes 
can be taken over by analogous genes in the host genome, leaving the bacte-
ria unable to survive outside of its host. The accumulation of deleterious 
mutations are also enhanced by weak selection as an effect of recurrent evo-
lutionary bottlenecks, where only a small part of the bacterial population 
survive between each insect generation. Obligate endosymbionts have in-
spired discussions on how much bacterial genomes can be reduced and what 
a theoretically 'minimal genome' would look like. These discussions are of 
interest for example in efforts to design and synthesize new bacteria with 
desired properties (Moya et al. 2009).  

Short insertions/deletions leading to frameshifts in the genetic code are 
the most common sources of inactivating mutations, and homopolymeric 
tracts, especially of nine or more As or Ts, are especially prone to such er-
rors, due to slippage of the replication enzymes (Wagner et al. 1990; Gur-
vich et al. 2003; Koch 2004). Slippage at homopolymeric tracts is also a 
common source of transcription and translation errors, causing non-
functional, misfolded and even toxic proteins. Limiting the number of ho-
mopolymers would therefore be expected be important to reduce error rates 
in the transfer of genetic information. Indeed, homopolymeric tracts are un-
derrepresented in coding compared to non-coding regions, and this trend is 
especially strong in highly expressed genes, indicating a strong selection 
against homopolymeric tracts in bacteria (Baranov et al. 2005).  

Frameshifted Genes in Buchnera Can Remain Functional 
The process of genome reduction has been extensively studied in long-term 
endosymbionts of insects. These bacteria typically have undergone extreme 
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reductive evolution, and have small genomes with a high AT-content 
(Andersson and Kurland 1998; Moran 2002; Moya et al. 2008). One notable 
feature of these genomes are the unusually high numbers of homopolymeric 
tracts, leading to the suggestion that transcriptional slippage might not occur 
in these species (Baranov et al. 2005). 

Curiously, some of the frameshifted genes in Buchnera appear not to be 
in the process of gene degradation (paper IV). For example, several genes in 
the division/cell wall (dcw) gene cluster contain frameshifts at poly(A) 
tracts. When comparing the frameshifts between six different Buchnera spe-
cies, it appears as if some of the frameshifts have been retained over more 
than 50 million years. Despite this time frame, we observed no accumulation 
of further detrimental substitutions, and all other genes in the gene cluster 
appeared intact, although the function of the dcw gene cluster can only be 
performed when all proteins are expressed together. For each of the 
frameshifted genes, we calculated all pairwise substitution frequencies (after 
manual frameshift corrections) between the six Buchnera species, without 
detecting any increase in protein evolution that would support a relaxed se-
lection on the protein sequence. Similar observations were done in Bloch-
mannia pennsylvanicus, where the hisH, ubiF, ybiS and ytfM genes are 
frameshifted, without any apparent increase in accumulation of deleterious 
substitutions. These results suggest that these genes are still functional, de-
spite the presence of frameshifts that are normally considered inactivating.  

We gathered further evidence for the functionality of the dcw genes by 
testing if frameshifted genes could produce full-length proteins in Buchnera. 
Antibodies against the 3' end of the full-length MurF protein in Buchnera 
where used to stain both isolated Buchnera cells and infected embryos of the 
host aphid species R. padi. Both stainings confirmed that full-length, in-
frame MurF proteins are indeed produced, despite the murF gene being 
frameshifted in the genome.  

Transcriptional Slippage Produce a Heterogeneous mRNA Pool  
To explain retained function in frameshifted genes, we investigated the role 
of DNA polymerase slippage at the transcriptional level. If slippage occurs 
extensively during transcription, frameshifted genes would still produce a 
variable pool of mRNA:s, some of which would be in-frame and could serve 
as templates for translation of full-length proteins. We isolated total RNA 
from Buchnera and Blochmannia hosts (R. padi aphids and C. pennsylvani-
cus ants, respectively), synthesized cDNA, PCR amplified some of the 
frameshifted genes, and sequenced many cDNA clones from each gene. The 
results showed a strong heterogeneity in lengths at the poly(A) tracts at the 
frameshift sites, resulting in 29-48% in-frame mRNA:s of the Buchnera 
genes, and 12-33% in-frame mRNA:s of the Blochmannia genes. 



 47

 The murC gene was also cloned into E. coli, where the same strategy was 
employed to sequence cDNA clones. In this experiment, the slippage was 
notably lower, and only about 7% in-frame clones were detected, indicating 
that transcriptional slippage is lower in E. coli than in Buchnera. Several 
control experiments using synthetic oligos with poly(A) tracts confirmed that 
the results are not due to PCR or RT-PCR artifacts, and we conclude that the 
mRNA variations are due to extensive polymerase slippage in the endosym-
bionts.  

Prevalence and Implications of Endosymbiont Poly(A) Tracts 
The implications of transcriptional slippage at poly(A) tracts in Buchnera are 
twofold. Firstly, these results provide important new insights into the process 
of gene degradations and genome reduction, and, secondly, they raise impor-
tant questions about the general physiology of these organisms.  

The process of gradual gene loss in endosymbiotic bacteria has been ex-
plained by the weak selection in these organisms due to small effective 
population sizes and bottleneck effects, allowing fixation of inactivating 
mutations in beneficial genes. Transcriptional slippage provides an interme-
diate stage in the functional loss of a protein, where a frameshift mutation is 
not completely inactivating, but allows for a substantial amount of functional 
proteins to be produced. This intermediate stage can act to lower the selec-
tive disadvantage of the initial frameshift mutation, allowing a loss to occur 
by stepwise fixation of disadvantageous mutations rather than in a single, 
dramatic step, essentially catalyzing the process of gene loss by lowering the 
selective barrier (Figure 5). 

Our results show that transcriptional slippage occur also to a large extent 
at poly(A) tracts also for in-frame genes, producing about 15%-30% 
frameshifted mRNAs. This is surprising, since poly(A) tracts are common in 
several of the AT-rich endosymbiont genomes, with poly(A) tracts of 10 
nucleotides or more in about 15%-50% of all coding genes (paper IV). The 
prediction would therefore be that a massive amount of truncated proteins 
would be produced by these organisms, making their protein synthesis ex-
tremely inefficient and energetically costly. Incorrect peptide sequences 
typically lead to incorrect protein folds that are useless or even directly toxic 
to the cell, and must therefore be readily degraded. In line with these predic-
tions, the chaperon GroEL, which is thought to be involved in protein degra-
dation, is present in extremely large amounts in Buchnera, constituting up to 
10% of all proteins of the cell (Baumann, Baumann, and Clark 1996). 
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Figure 5. A simplified model explaining why slippage at poly(A) tracts can increase 
the rate of gene loss. Without slippage, a frameshift mutation is causing almost 
complete gene inactivation, which might be directly lethal, and the mutation will be 
instantly lost from the population (dashed line). Slippage can rescue the gene func-
tion to some extent, allowing for fixation of the frameshift mutation in endosymbi-
onts evolving under reduced selection (solid line). Adaptation to this new situation 
can then occur in the bacterium or in the host, increasing fitness under limited gene 
function. Finally, complete gene inactivation might no longer be directly lethal, 
resulting in an overall increased probability of gene loss. 

Protein Evolutionary Rates Revisited 
All genes change over time, but not all genes change at the same rate. The 
specific function of the gene is of course an important factor for the evolu-
tionary rate, and, as we have seen in the case of Bartonella, host-interaction 
genes typically evolve extremely fast. However, much research has also 
been focused on finding other general factors that can explain why genes 
evolve at different rates. As usual, much of this work has been based on 
model organisms such as lab strains of E. coli.  

Highly expressed genes evolve slowly  
Synonymous substitutions are nucleotide changes in protein-coding genes 
that do not cause any alteration to the protein sequences. Since the proteins 
are the molecules that perform the actual function of a gene, one would typi-
cally assume that synonymous substitutions are not under any selection. 
Despite this, it has been shown that many genes in organisms such as E. coli 
and B. subtilis evolve slower than expected also on silent sites. This has been 
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explained by a streamlining of the translation process: If only one of several 
possible codons is used in an organism to code for a particular amino acid, 
only one tRNA for this amino acid is needed and the translation of genes 
into proteins is quicker (Lobry and Gautier 1994). The uneven use of codons 
that code for the same amino acid is called 'codon bias'. Codon bias is often 
measured by the calculation of the Codon Adaptation Index (CAI), where a 
high value (strong codon bias) indicates that only a small subset of all 
codons are used in that gene. According to the streamlining hypothesis, indi-
viduals with strong codon bias can grow and multiply faster than individuals 
lacking codon bias, provided that there is unlimited energy and nutrient re-
sources. The effect is that potentially all point mutations in coding genes will 
have a negative impact on the individual's maximal growth rate. 

Following the streamlining hypothesis, one would predict that codon bias 
would be stronger in genes that are expressed at high levels than in genes 
that are expressed at low levels. This prediction has been confirmed in labo-
ratory experiments with organisms like E. coli, where codon bias correlates 
very well with expression mRNA levels (Goetz and Fuglsang 2005). As 
expected, comparisons between orthologous genes in E. coli and S. typhi-
murium also shows that mRNA levels have a strong negative correlation to 
the frequency of synonymous substitutions (dS) (Rocha and Danchin 2004). 

The same mechanism that favors codon bias will also give an effect on 
non-synonymous substitutions (dN), where fewer amino acids will stream-
line the translation process. Hence in E. coli, expression levels, dN and dS 
are all correlated. For example, using CAI as a predictor of expression levels 
and a set of orthologs between E. coli and S. typhimurium, the Pearson's 
correlation coefficients have been estimated to -0.54 (CAI vs. log(dN)), 
-0.60 (CAI vs. log(dS)) and 0.57 (dN vs. dS) (Rocha and Danchin 2004). 
Similar results have been obtained in e.g. B. subtilis and S. sereviciae (bak-
ers yeast) (Pal, Papp, and Hurst 2001). Hence, translational streamlining and 
differences in expression levels can explain a fairly large part of the ob-
served variation in evolutionary rates in these organisms. 

Several other general factors have been proposed to influence the evolu-
tionary rates, including essentiality, chromosomal neighborhood, metabolic 
cost and protein interaction properties. Essential genes have been proposed 
to evolve slower than non-essential genes (Hirsh and Fraser 2001), but this 
finding was later opposed (Pal, Papp, and Hurst 2003). In for example the 
human genome, different parts of the chromosomes appear to evolve at very 
different rates, which is likely due differences in chromosomal packaging, 
leading to different mutation rates. For bacteria, where the structure and 
packaging of the chromosome is much simpler, there are no evidence for 
strongly different mutation rates along the chromosome. The metabolic cost 
of making a protein has also been suggested to be under selection, with 
highly expressed genes using less expensive amino acids (Akashi and Go-
jobori 2002). However, the correlation between metabolic cost and evolu-
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tionary rates has been shown to be weak (Rocha and Danchin 2004). A more 
sophisticated suggestion is that genes where the corresponding proteins have 
many interaction partners would evolve more slowly than genes where the 
proteins have few interactions with other proteins (Fraser et al. 2002; 
Teichmann 2002), a hypothesis that will need to be reassessed when more 
realistic protein interaction networks have been constructed.  

Taken together, expression levels seem to be the strongest predictor of 
evolutionary rates in the organisms investigated so far, even though other 
general factors also contribute to some extent.  

Protein Evolution in H. pylori 
In striking contrast to many investigated model organisms, H. pylori does 
not have a strong codon bias (Lafay, Atherton, and Sharp 2000). This is not 
unique, but has been seen in other intracellular bacteria such as the insect 
endosymbionts Wigglesworthia glossinidia and Buchnera aphidicola. The 
lack of codon bias indicates that selection on synonymous mutations is 
weaker in these organisms than in the investigated model organisms, perhaps 
because growth rate under unlimited resources is not the major competition 
factor under natural conditions. Rather, competition may be mainly on effi-
cacy to invade and survive inside the host. In the case of H. pylori, this in-
cludes rapid colonization of new hosts, modulation of host tissue, and eva-
sion of the host immune system.  

The lack of codon bias in H. pylori provides an opportunity to investigate 
if expression levels correlate with protein evolution only by translational 
streamlining, or whether there are other reasons for the correlation as well 
(paper II). From a protein expression study (Pleissner et al. 2004), we in-
ferred a group of genes with high expression levels (HEG) and a group of 
genes with low expression levels (LEG). We also calculated the substitution 
frequencies between orthologs in the two sequenced strains of H. pylori (st. 
26995 and st. J99). As comparison, we did the same division of HEG and 
LEG in E. coli, where we calculated the substitution frequencies for 
orthologs in S. typhimurium.  

If the lack of codon bias were an indication of lack of selection on syn-
onymous mutations, there would be no difference in synonymous substitu-
tions between the HEG group and the LEG group in H. pylori, while there 
would be a strong difference in E. coli. Our study confirmed this prediction, 
showing only a very small difference between the HEG and LEG groups in 
H. pylori, but a pronounced difference in E. coli (paper II). If translational 
streamlining was the only reason for the correlation between expression lev-
els and evolutionary rates, we would expect the exact same pattern for non-
synonymous substitutions. On the contrary, our results showed that the HEG 
group in H. pylori evolves slower on the protein level compared to the LEG 
group. The difference in dN between the groups was small, but distinctly 



 51

larger than what was seen for dS. In E. coli, the difference was seen both in 
dN and dS, but here the difference was stronger in dS than in dN.  

We conclude that genes that are expressed at high levels evolve slower on 
the protein level, even when there is no effect of translational streamlining. 
This provides for the first time the insight that the correlation between ex-
pression levels and substitution rates can be decoupled for synonymous and 
non-synonymous substitutions. The implication is that expression levels 
correlate to evolutionary rates for at least two different reasons. In fast-
growing bacteria such as lab strains of E. coli, the effect of translational 
streamlining is generally strong, and the evolutionary rate of highly ex-
pressed genes appear to be more reduced for synonymous than for non-
synonymous substitutions. The strong effect of translational streamlining in 
E. coli might be an effect of the artificial conditions of many years of growth 
in the lab, where selection is mainly on the maximal growth rate under opti-
mal conditions. This streamlining effect might therefore obscure other fac-
tors that are more important determinants of evolutionary rates under natural 
conditions, and we believe that lab strains of E. coli might therefore not be 
well suited as a model system for studies of protein evolutionary rates.  

Why do highly expressed genes evolve slowly? 
The fact that expression levels correlate to evolutionary rates does not di-
rectly tell what the cause of this correlation is. As discussed above, transla-
tional streamlining has been put forward as one reason for the correlation 
(Lobry and Gautier 1994). Another hypothesis is that the fitness loss caused 
by a mutation is roughly proportional to how often the protein is used, and 
proteins expressed at high levels are generally used more often than proteins 
expressed at low levels (Rocha and Danchin 2004). A third hypothesis has 
also been suggested, where the reason is to be found not at the mRNA or 
protein level, but that the main cost is due to protein misfolding (Drummond 
et al. 2005). Misfolded proteins are costly both because of the invested en-
ergy in producing a nonfunctional protein, but also because misfolded pro-
teins may cause direct damage to the cell if they are not broken down rapidly 
enough. Therefore, the number of the translations would be the most relevant 
factor to predict evolutionary rates in bacteria. Which one of these three 
hypotheses can better explain the observed effects are difficult to determine, 
and there is still no consensus on this matter (Rocha 2006). 
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Conclusions and perspectives 

What have we learned?  
This thesis concerns genomes of bacteria that live mainly or exclusively 
inside animal hosts. In particular, the focus is to understand what genes are 
important for host-adaptation and how these genes evolve. We also present 
studies on why genes change at different rates, and investigate the process of 
gene degradation in AT-rich endosymbionts.  

By the investigations in Bartonella, we have provided the so far most 
comprehensive overview of gain and loss of secretion systems and other 
host-adaptation factors in this genus. This study identifies four T5SSs, one 
T4SS and a phage-derived gene transfer agent (GTA), as primary candidates 
for having facilitated the shift in life-style, from a free-living soil bacterium 
to an insect-transmitted intracellular mammalian pathogen. Several of these 
systems are thought to be involved in host cell adherence, underlining the 
importance of this feature for successful infection. We suggest that the GTA 
and the associated run-off replication is playing a crucial role in host-
adaptation by facilitating recombination only at a specific part of the chro-
mosome. In a detailed study of a T4SS, trw, we reveal a very complex evolu-
tionary dynamics of repeated genes and segments. This study emphasizes the 
importance of recombinations and gene conversions, and how selective con-
straints can result in widely different outcomes of these mutation events.  

In the obligate intracellular endosymbionts Buchnera and Blochmannia, 
we show that long runs of As, poly(A) tracts, inside genes can lead to tran-
scriptional slippage. The surprising effects are that frameshifted genes can 
remain partly functional and that in-frame genes are transcribed very ineffi-
ciently. We discuss how this process can increase the rate of gene loss in 
obligate intracellular bacteria evolving under weak selection pressures. Us-
ing Helicobacter pylori as a model system, we also extend our general un-
derstanding of protein evolutionary rates, to show that highly expressed 
genes tend to evolve slower than lowly expressed genes, also in the absence 
of translational streamlining by codon adaptation.   
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Why do we bother? 
Bacteria inhabit almost all environments on the planet, including numerous 
cases of intimate association with plants and animals. The understanding of 
how these bacteria evolve is thus a fundamental scientific endeavor, provid-
ing insights into an amazing world that we have just begun to explore. The 
importance and complexity of repeat structures in evolution and adaptation 
has so far been largely ignored in comparative genomics of plants and 
mammals, and bacterial genomics can therefore guide future research of 
eukaryotic genomes. For those, whose curiosity does not suffice to defend 
the spending of time and tax money, there is comfort too. Multiresistent bac-
teria occur more and more frequently, and is becoming one of the greatest 
threats to global health, in developing countries as well as in the industrial-
ized world. We are approaching a situation where there is good reason to 
keep away from health care institutions as long as possible; chances are that 
you get your broken arm fixed, but get a life-threatening bacterial infection 
in exchange. Efforts to limit the overuse of antibiotics is crucial to reduce 
this problem, but in the long term, new drugs must be developed. Here, a 
profound understanding of the processes of bacterial evolution is fundamen-
tal, and efforts to increase our knowledge in this area are needed to combat 
future emerging diseases.  

What lurks behind the corner? 
Since the first published bacterial genome in 1995, we have gained impor-
tant new insights into fundamental biological processes in general, and bac-
terial evolution in particular. Nevertheless, comparative genomics is still in 
its infancy, and we have only started to scratch the surface of this scientific 
field. While describing evolutionary processes, this thesis also expose the 
lack of models, datasets and test statistics needed to investigate genome evo-
lution in a satisfying way.  

The technical possibilities for genome sequencing is currently developing 
at an amazing speed, and in the next few years ultra-long sequence reads will 
take comparative genomics into a more mature era. Soon, complete bacterial 
genome sequencing will be routinely performed as a standard tool also at 
small research labs, and thousands of complete human genomes will be pub-
licly available. A combination of bioinformatics skills and biological under-
standing will be key components to fully benefit from the new, exciting pos-
sibilities offered in the coming years.  
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Svensk sammanfattning 

Det finns en ofattbar mängd olika bakterier på jorden, och de lever på många 
olika sätt och i nästan alla typer av miljöer. Den här avhandlingen handlar 
om bakterier som är anpassade att leva inne i en större värd-organism, och 
som till och med kan infektera och växa inuti i värdorganismens celler. Till 
skillnad mot vad man kanske kan tro är det inte självklart att de här bakteri-
erna är skadliga för värden, utan infektionerna kan ofta vara knappt märkba-
ra, fördelaktiga eller till och med nödvändiga för värddjurets hälsa.  

Hur livet på jorden uppkom är fortfarande en olöst utmaning att ta reda 
på. Däremot vet vi en hel del om vad som har hänt sedan dess, och evolution 
är den vetenskap som försöker ta reda på hur levande organismer förändras. 
Det är inte en helt lätt utmaning, eftersom det enda vi direkt kan veta är hur 
något ser ut nu, inte hur det såg ut förut. Lyckligvis har det visat sig att om 
man jämför hur olika organismer ser ut nu kan vi göra rimliga uppskattning-
ar av hur de såg ut för länge sedan, och på vilket sätt de har förändrats sedan 
dess.  

Det finns många olika sätt att jämföra organismer. I den här avhandlingen 
har jag valt att jämföra deras arvsmassa, deras 'genom'. Ibland har jag jäm-
fört utvalda delar av arvsmassan, 'gener', med varandra, men så ofta som 
möjligt har jag försökt att jämföra hela genom med varandra. Ett genom kan 
sägas vara en manual för att bygga upp och driva bakterier, där varje ord är 
en gen. Mitt arbete kan beskrivas ungefär som att jämföra olika varianter av 
en instruktionsbok, skrivna på olika språk, låt säga svenska, danska och is-
ländska. När man jämför böckerna kan man se tydliga likheter, lättast mellan 
svenska och danska, och lite svårare om man jämför med isländska. Vi kan 
studera olika processer; vissa ord har ändrat enstaka bokstäver, vissa ord har 
bytts ut mot andra ord, vissa meningar skrivs i omvänd ordning, och ibland 
dyker det upp ett låneord från ett annat språk. Dessutom ser vi också mer 
oväntade skillnader; långa stycken betyder ingenting alls, delar av instruk-
tionerna har ändrats eller tagits bort helt och en del ord upprepas många 
gånger efter varandra. Vi försöker förstå de här förändringarna, och vilken 
inverkan de har på den konstruktion som man skulle kunna bygga med hjälp 
av instruktionsboken. Skulle konstruktionen som byggts från den svenska 
boken fungera bättre i svensk granskog än den som byggts med den danska 
instruktionen? Och i så fall varför? Och vilka förändringar har egentligen 
varit viktiga för skillnaden? 
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 Den här avhandlingen undersöker och beskriver processer som påverkar 
hur genom hos bakterier förändras över tid. I tre studier beskrivs evolutionen 
av Bartonella, en grupp huvudsakligen ofarliga bakterier som kan infektera 
de röda blodkropparna hos många däggdjur. Vi presenterar den mest omfat-
tande studien hittills av den här gruppen bakterier, och försöker identifiera 
och beskriva förändringar som har varit viktiga för att anpassa Bartonella till 
just den miljö den lever i, jämfört med närbesläktade bakterier som lever fritt 
i jorden. En grupp gener tros till exempel vara viktiga för att bakterien ska 
kunna binda till de röda blodkropparna, och vi beskriver i detalj hur de här 
generna har förändrats. Våra resultat visar att vissa gener finns i många olika 
varianter, och vi pekar på vilka fördelar det kan ha för att kunna binda till 
olika cellytor.  

Vi har även undersökt bakterierna Buchnera och Blochmannia som lever 
inuti insekter, och som är nödvändiga för insekternas hälsa. Vi visar att en 
del gener som tidigare antagits vara ur funktion i de här bakterierna faktiskt 
fungerar, och att det beror på en särskild typ av "misstag" när generna avko-
das. Vi diskuterar också vilka konsekvenser det har för övriga gener i bakte-
rien, och hur det delvis kan förklara att många vanliga gener helt saknas från 
arvsmassan. I en studie använder vi även tarmbakterien Helicobacter pylori 
för att undersöka varför vissa gener verkar förändras snabbare än andra, och 
visar att det delvis beror på hur mycket generna används: Gener som an-
vänds sällan förändras generellt sett snabbare än de som används ofta.  

Avhandlingen understryker att vissa delar av bakteriernas arvsmassa för-
ändras på ett mycket komplext sätt, och att det ofta är just dessa förändringar 
som är mest intressanta för att förstå skillnader i livsstil mellan olika bakteri-
er. Avhandlingen försöker i möjligaste mån beskriva dessa processer, men 
pekar också på ett stor behov av nya metoder och modeller för att bättre för-
stå dessa förändringar. En ökad insikt i hur bakterier evolverar är nödvän-
digt, till exempel för att förstå hur antibiotika-resistens hos skadliga bakterier 
uppstår, och därmed för att utveckla nya strategier för att bota livshotande 
infektioner.  
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