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Introduction 

There are three main domains of life: bacteria, eukarya and archaea (Woese 
and Fox 1977). Bacteria are most abundant of the three, with an estimated 
number of 1030 cells. They exhibit a tremendous range of different lifestyles 
and inhabit virtually all environments on Earth, ranging from soil and water 
to extreme environments like deep in the Antarctic ice, kilometers below the 
surface of Earth and in nearly saturated salt brines (Horner-Devine et al. 
2004).  

Many bacteria live inside another larger organism, and sometimes even 
within the cells of the host. Obligate intracellular bacteria are strictly de-
pendent on their host to be able to survive and reproduce, while facultative 
intracellular bacteria can multiply also outside the host cell. The relationship 
between a bacterium and its host ranges from mutualism that both parts 
profit from, to parasitism where the bacterium causes disease or even kill the 
host.  

Infectious diseases are mostly caused by bacteria or viruses, and kill mil-
lions of people annually. One of the most important infectious diseases is 
tuberculosis, which affects one third of the world’s population (Gordon et al. 
2009) and is caused by the bacterium Mycobacterium tuberculosis. While 
tuberculosis has affected mankind for a very long time, every now and then a 
new infectious disease appears and spreads in the world, such as most re-
cently the swine flue. Such disease is called an emerging infectious disease, 
and a majority of these are caused by bacteria (Jones et al. 2008). Many bac-
terial infectious agents are zoonotic, which means that they normally live in 
another host, a reservoir host, in which they do not cause disease. The major 
reservoirs of infectious diseases are ungulates, carnivores and rodents 
(Woolhouse and Gowtage-Sequeria 2005).  

The subject of this thesis, Bartonella, is a genus of host-adapted bacteria 
that infect the red blood cells of mammals and are transmitted between hosts 
by blood-sucking insects, e.g. fleas and lice. Bartonella species exhibit a 
wide range of different host and vector preferences and virulence properties, 
including human-specific pathogens, zoonotic pathogens and species that 
have never been associated with human disease. Because Bartonella has 
evolved from a free-living soil bacterium to an intracellular mammalian spe-
cialist, with many different lifestyles, this genus represents a good model 
system for studies of host adaptation and host shifts. The aim of this work 
was to increase the understanding of host adaptation, from a genomic per-
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spective, with special focus on genes involved in interactions with the host 
cell. Where do these genes come from and how do they evolve? What ge-
nomic features underlie the differences in lifestyle of different species? Or is 
the situation perhaps the contrary, that the difference in lifestyle governs 
genome evolution?  

 

Bacterial genomes  
Since all properties of a bacterium are encoded in its genome, analysis of 
bacterial genomes is invaluable in trying to decipher the secret behind the 
great variety of lifestyles that these organisms exhibit. Only in the last dec-
ade has the progress in technologies for genome sequencing made it possible 
to perform such analyses on a large scale. The first bacterial genome, that of 
Haemophilus influenzae was sequenced in 1995 (Fleischmann et al. 1995). 
Today, more than 1000 complete genomes are available in public databases, 
more than 80% of which are bacterial (www.genomesonline.org).  

Bacterial genomes display great variation in size, from 144 kb in Hodg-
kinia cicadicola, endosymbiont of cicadas (McCutcheon et al. 2009) to more 
than 13 Mb in the Delta-proteobacterium Sorangium cellulosum (Schneiker 
et al. 2007). Most bacteria have one single circular chromosome, although 
multiple chromosomes occur frequently and linear chromosomes occasion-
ally. Many bacteria also have additional replicons, plasmids. It is not always 
obvious how to distinguish a chromosome from a plasmid, but plasmids are 
generally smaller and do not contain as many essential genes. Each plasmid 
has its own replication system, and to ensure their persistence in the bacte-
rium they sometimes encode an unstable anti-toxin together with a stable 
toxin that will kill bacteria that lose the plasmid during cell division. Some-
times plasmids integrate into a bacterial chromosome, after which they are 
replicated along with the chromosome and automatically inherited to the 
next generation. 

Many plasmids can transfer themselves between different bacteria, a 
process called conjugation. Because plasmids often encode functions only 
needed occasionally, e.g. antibiotics resistance, rapid spread of a plasmid in 
a bacterial population can sometimes be very useful. Acquisition of a plas-
mid can sometimes allow a bacterium to change lifestyle. One example is 
Yersinia pestis, the agent of plague, which became capable of flea-borne 
transmission between rodents by acquisition of two plasmids (Achtman et al. 
1999; Wren 2003). 

Bacteria multiply by cell division, before which each chromosome is rep-
licated. Unless something goes wrong during replication, each daughter cell 
will therefore be an exact copy of the parent cell. Replication errors do oc-
cur, however, causing bacterial genomes to be under a constant process of 
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evolution. As we have seen, other events e.g. the acquisition of a new plas-
mid, also influence genome evolution. The major processes that take part in 
the shaping of a bacterial genome are described in more detail below. 

Genes and gene families 
Approximately 90% of a bacterial genome consists of coding sequences, i.e. 
genes. Comparison of different genomes shows that the same genes, al-
though in slightly different versions, are often present in different organisms. 
It is also common that there are several copies of the same gene within one 
genome. A group of genes that have the same ancestor and retain similarity 
in sequence and function belong to the same gene family, and are called 
homologous genes.  

Homologous genes can be either orthologs, which means that their most 
recent common ancestor was before a speciation event, or paralogs, which 
means that the gene was duplicated within a single individual, independent 
of speciation. With a set of orthologous genes one can e.g. compare if some 
genes accumulate more mutations than other genes and infer a family tree, a 
phylogeny, of a number of different species. Orthologs and paralogs are best 
differentiated by phylogenetic methods, however, if several duplications and 
losses have occurred it may be difficult to recognize true orthologs.  

Some genes, called orphans, appear to be unique to a single species. 
Naturally, the number of seemingly orphans depends on the availability of 
complete genome sequences from closely related species. Without experi-
mental evidence, it is also difficult to say for sure that an orphan is a true 
gene rather than a false prediction. Even considering these limitations, it 
appears that novel genes emerge every now and then. How can this happen?  

The major source of novel genes is believed to be duplication events 
within a single genome. Immediately after duplication, the two genes are 
identical, but with time they may achieve different functions and evolve in 
different directions. After quite some time, one of the genes may have 
evolved so far that it is not anymore possible to recognize the ancestor. At 
that time, we have seen the birth of a new gene family. 

Bacteriophages 
Bacteriophages, or simply phages, are viruses that infect bacteria, and they 
are believed to be the most abundant organisms on Earth. While all bacteria 
have a common set of orthologous genes that can be used to study their evo-
lution, there is not a single gene that is present in all phages. Evolutionary 
studies of phages are therefore difficult, and classification of phages is typi-
cally based on morphology and lifestyle. Considering lifestyle, there are 
essentially two kinds of phages, virulent and temperate. Upon infection of a 
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novel host, a virulent phage starts to replicate its DNA and build new phage 
particles that are released by lysis of the bacterium. In contrast, a temperate 
phage persists within the host without killing it, usually by integration into 
the bacterial chromosome, and is inherited from generation to generation. A 
temperate phage may eventually excise, replicate and lyse the host, typically 
under stressed conditions or when resources are scarce. 

A phage that has integrated into a bacterial chromosome is called a pro-
phage. Analysis of bacterial genomes has suggested that they contain on 
average three prophages (Casjens 2003). Bacterial genomes also often con-
tain clusters of phage genes, which appear to be degraded remnants of a pro-
phage. Such clusters are typically referred to as cryptic phages, and have 
been assumed to be nonfunctional. However, some of these phages have 
been shown to retain a function, such as in the case of bacteriocins (devices 
that resembles phage tails and that kill other bacteria) and gene transfer 
agents (further described below).  

Importance of phages for bacterial evolution 
Phages are not only selfish elements that kill and exploit their hosts; they 
also have a great influence on bacterial evolution and diversity (Weinbauer 
and Rassoulzadegan 2004). One way in which phages may promote bacterial 
diversity is by killing bacteria that are very dominant in a certain environ-
ment, and thus allowing for less successful species to survive. When a phage 
lyses a bacterium, metabolites and DNA are released into the environment 
and can provide an energy source for other bacteria. The free DNA can also 
be used for gene exchange in a process called transformation (further de-
scribed below).  

In order to survive (i.e. be able to undertake additional infectious cycles), 
a phage needs to package its own DNA into a phage particle that can subse-
quently infect a new host. However, a temperate phage sometimes excises 
imperfectly from the bacterial chromosome, and/or accidentally package a 
piece of bacterial DNA in addition to or instead of its own. When this DNA 
is released into a new host, the additional genes can be incorporated into the 
host chromosome, a process known as transduction.  

Comparative genomics of phages has shown that their genomes range in 
size from a few kb to several hundred kb (Casjens 2005). Phage genomes 
often have a mosaic nature, suggesting that they frequently recombine (ex-
change DNA) with each other, probably when infecting the same host. Thus, 
phages appear to have access to a large gene pool that also includes bacterial 
genes, and can therefore provide a source of innovation that brings new 
functionality to the bacterial host. One example is found in the human 
pathogen Vibrio cholerae, which causes cholera only if infected with a 
phage that carries the cholera toxin (Waldor and Mekalanos 1996).  



 13

Gene transfer agents 
While most bacteriophages normally package their own DNA, and occasionally 
package bacterial DNA, a certain group of phage-like particles seem to always 
package bacterial DNA. These particles have been called gene transfer agents 
(GTAs), typically resemble small tailed bacteriophages and package random 
bacterial DNA in 4-14 kb pieces (Anderson and Bott 1985; Bertani 1999; Lang 
and Beatty 2000; Matson et al. 2005; Rapp and Wall 1987). The genes that en-
code the GTA typically make up circa 15-20 kb (their genomes are thus larger 
than the amount of DNA that they package), and at least some of the genes nor-
mally resemble those of other bacteriophages. However, when the structural 
genes of the VSH-1 GTA of Brachyspira hyodysenteriae were identified, no 
homologs were available in public databases (Matson et al. 2005). 

One of the most well studied gene transfer agents is RcGTA of Rhodobac-
ter capsulatus, which packages 4.5 kb DNA and is encoded by a gene cluster 
of 14.1 kb (Lang and Beatty 2007). RcGTA is believed to be a remnant of a 
complete functional prophage, the regulation of which is now under bacterial 
control. It is not known how RcGTA is released from the host cell, however 
the accumulation of RcGTA is not associated with a reduction in the number 
of bacterial cells, arguing against lysis. The RcGTA gene cluster is conserved 
in many species in the Alpha-proteobacteria, and is believed to have been 
present in the ancestor of this group (Lang and Beatty 2007). Since a GTA 
cannot propagate once it has entered a new host, it is likely to disappear from 
bacterial genomes unless it is somehow beneficial for the host. The high con-
servation of RcGTA-like clusters across the Alpha-proteobacteria thus sug-
gests that this GTA does provide a selective advantage to the bacterial host.  

Run-off replication 
In addition to replicating their own DNA, prophages occasionally replicate 
large amounts (several hundred kb) of adjacent bacterial DNA. This phe-
nomenon has been observed in Salmonella enterica and Escherichia coli 
(Asadulghani et al. 2009; Frye et al. 2005), and is called escape replication 
or run-off replication. Microarray comparisons of genomic DNA from these 
species suggested bi-directional replication from an origin located within the 
phage and random termination, resulting in very high copy numbers of the 
genes located close to the phage and a gradual decrease in both directions 
(Figure 1). The DNA content of one of the phages that induced escape repli-
cation in S. enterica was determined, and found to consist of only phage 
DNA (Frye et al. 2005). Thus, despite the abnormal replication, this phage is 
functional and capable of additional life cycles. It was shown that escape 
replication could be induced in the laboratory by inactivation of the integrase 
and/or excisionase genes in a phage that normally only replicated its own 
DNA (Frye et al. 2005).  
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Figure 1. Schematic representation of the expected results when hybridizing ge-
nomic DNA from a bacterial strain with an active prophage against the same strain 
but without prophage activity. If the prophage replicates only its own DNA, a well 
defined peak over the prophage region is expected (left), whereas if it induces run-
off replication, the signal will be strongest in the center and gradually decrease in 
both directions (right). The grey box indicates the location of the prophage in the 
genome. 

Amplification of large amounts of genomic DNA, resulting in a microarray 
pattern very similar to that caused by phage-induced escape replication has 
also observed in several strains of Bartonella henselae (Lindroos et al. 
2006). In contrast to the observations in S. enterica and E. coli, however, 
only a short cluster of phage genes was identified at the peak of the amplifi-
cation in B. henselae.  

Bacterial genome evolution 
Many different processes influence a bacterial genome, keeping every ge-
nome in a continuous state of evolution. Some, e.g. DNA replication errors, 
take place within a single genome in a single individual. Others, e.g. the 
integration of a phage, require the acquisition of foreign DNA. However, the 
majority of changes that happen in a genome will disappear from the popula-
tion before we get a chance to observe them. Below is an outline of the dif-
ferent processes that make a genome change, as well as the evolutionary 
forces that rule which of all changes that will disappear and which will sur-
vive to tell the tale.  

Replication errors and genome rearrangements 
Replication errors include substitutions, insertions and deletions. Substitu-
tions that occur within a gene are typically divided into synonymous and 
non-synonymous, depending on whether they change the amino acid code. 
Insertions and deletions are commonly called indels, because when compar-
ing two sequences one usually cannot tell whether there was an insertion in 
one or a deletion in the other. An indel of a number of bases that is not a 
multiple of three in a coding region will cause part of the gene to be out of 
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frame, and is therefore called a frameshift mutation. A frameshift mutation 
usually makes the gene nonfunctional; it becomes a pseudogene. A substitu-
tion that creates a stop codon within the gene also gives rise to a pseudogene. 

A genome rearrangement is a change of gene order, while still retaining 
the same set of genes. A movement of a stretch of DNA to another location 
in the genome without changing the direction (e.g. ABCDE becomes 
ABECD) is called a translocation. An inversion, on the other hand, means 
that a stretch of DNA changes direction in the genome, but remains at the 
same location (e.g. ABCDE becomes ABDCE).  

Genome rearrangements can result e.g. from incorrect repair of damaged 
DNA or replication errors, and are often caused by homologous recombina-
tion at repeated sequences. The presence of inverted repeats may result in an 
inversion of the DNA between the repeats. Rearrangements are more fre-
quent in genomes with high repeat content (Rocha 2003).  

Comparisons of relatively closely related genomes have shown that most 
genome rearrangements tend to be symmetric around the origin or terminus 
of replication. The reason for this is not known, although there are several 
hypotheses. If rearrangements mostly occur during replication, it could ex-
plain why they are symmetric around the replication axis since the two repli-
cation forks are at approximately the same distance from the origin (Tillier 
and Collins 2000). Another possible explanation is that there is selection for 
replication efficiency. A chromosome normally replicates bi-directionally 
from a single origin, and stops at the terminus, which is located approxi-
mately halfway through the chromosome (Achaz et al. 2003). This means 
that the two replichors are of equal size, and if it is favorable to keep it this 
way, then rearrangements that are symmetric will have a higher probability 
to survive.  

Homologous recombination requires relatively long stretches of homolo-
gous (repeated) DNA. However, recombination is also possible between 
DNA segments with no or very short stretches of homology; this is called 
illegitimate recombination. It has been shown that inversions around termi-
nus occurs also in the absence of repeats (Tillier and Collins 2000). Integra-
tion of a phage in a bacterial chromosome is also often a result of illegiti-
mate recombination. 

Homologous recombination between repeated genes in the same genome 
sometimes results in one copy overwriting another. This phenomenon is 
called gene conversion, and is especially frequent for genes located close to 
each other on the chromosome. Gene conversion results in a loss of genomic 
variability, while still allowing for evolution with time. 

Horizontal gene transfer 
The most common mode of gene transfer in bacteria is from parent cell to 
daughter cell, i.e. vertical inheritance. But, as we have seen, bacteria occa-
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sionally acquire novel DNA, e.g. a prophage or a plasmid. Transfer of DNA 
from one organism to another is called a horizontal gene transfer (HGT), 
and it has been shown that bacteria often carry a large amount of horizon-
tally transferred genes (Ochman et al. 2000). 

Clusters of horizontally transferred genes were first discovered in pathog-
inic strains of Escherichia coli, while absent from non-pathogens (Hacker et 
al. 1992) and were therefore called pathogenicity islands. However, subse-
quent studies showed that these gene clusters often encode other functions, 
such as symbiosis or antibiotic resistance, and genomic island is thus a more 
appropriate name (Hacker and Carniel 2001).  

There are three known mechanisms for acquisition of foreign DNA, 
transduction, conjugation and transformation. As described above, transduc-
tion is mediated by a phage, or a phage-like particle. Conjugation is typically 
mediated by a plasmid, which encodes proteins that form a pilus spanning 
the membranes of both the host cell and the recipient cell. Through this 
pilus, the plasmid, and occasionally also other DNA, is then transferred be-
tween cells.  

Transformation implies the uptake of free DNA from the environment, 
without the use of a vector. Some bacterial species appear to take up DNA 
very easily, and have therefore been called natural transformants. However, 
these species commonly have special mechanisms for DNA uptake. For ex-
ample, Neisseria gonorrhoeae, the causative agent of gonorrhea, uses type 
IV pili for DNA uptake (Hamilton and Dillard 2006; Hamilton et al. 2005), 
and Helicobacter pylori, which causes gastric ulcer, uses a type IV secretion 
system (which are related to bacterial conjugation systems and further de-
scribed below) (Hofreuter et al. 2001). 

A HGT often involves acquisition of novel genes, i.e. genes that were not 
present in the recipient genome before the transfer. However, it also happens 
that a slightly different variant of an already present gene is acquired. Ex-
change of alleles is most frequent between relatively closely related organ-
isms, and is often referred to as recombination. There is, however, no clear 
distinction between HGT and recombination in the literature, and these 
words are often used in different contexts. 

A comparison of the relative importance of recombination and point mu-
tation for genome evolution revealed large differences between species (Vos 
and Didelot 2009). Generally, recombination had lower significance in intra-
cellular bacteria compared to free-living, possibly because of limited avail-
ability of foreign DNA in the isolated intracellular niche. 

Selection and drift – the forces that rule evolution  
There are two main forces that govern which genomic changes that will sur-
vive in a population: selection and drift. The theory about natural selection, 
first proposed by Charles Darwin in 1859 (Darwin 1859), states that herita-
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ble traits that increase the probability for an organism to survive and repro-
duce will increase in frequency in a population with time. This also works 
the other way around; a trait that makes an individual less successful will 
eventually disappear from the population. 

The ability to survive and reproduce is called fitness, and measures the 
extent to which an individual is adapted to its current situation. Each muta-
tion can increase or decrease the fitness of an individual. Mutations that have 
no effect on fitness are called neutral mutations. A mutation that increases 
fitness will become more and more common in the population, and eventu-
ally all individuals may harbor this mutation. When this happens, the muta-
tion is said to be fixed. 

Fitness is usually illustrated as a three-dimensional landscape, and the 
higher you are in this landscape, the better fitness you have. For each popu-
lation in each environment it is assumed that there is an optimal set of genes, 
represented by a peak in the fitness landscape. If there were only one fitness 
peak, and selection were the only force of evolution, then every population 
would eventually reach this peak. If there is an additional smaller peak, 
however, there is a risk that the population ends up at this local optimum and 
may not be able to get away from there because all mutations reduce fitness 
in the short-term. If the environment changes, then the fitness landscape will 
also change, and an individual that used to have a high fitness may suddenly 
find itself very far from the optimum. Selection influences bacterial genome 
evolution in many different ways, some of which are discussed in more de-
tail below. 

While the outcome of selection is in principle possible to predict, given 
that you know the effect of each mutation on fitness, genetic drift represents 
the randomness of evolution, i.e. the possibility that a mutation gets fixed not 
because it increases fitness but just by chance. In every generation, some 
individuals will reproduce and some will die. Individuals with high fitness 
have a higher probability to reproduce, but this does not mean that individu-
als with low fitness have no chance to reproduce. And, once an allele has 
been lost (independently of whether it was lost because it conferred lower 
fitness or just because of back luck), it is very hard to get it back. If genetic 
drift were the only force of evolution, it would therefore also eventually 
result in fixation of one allele. However, in contrast to mutations that are 
fixed because of selection, which by definition have to be beneficial, muta-
tions that are fixed due to genetic drift can be beneficial, neutral or deleteri-
ous. The effect of genetic drift is usually larger in a small population, since 
the fewer individuals there are, the greater is the probability that one allele 
will become fixed just by chance. 

After a change in the environment, all individuals may suddenly have a 
very low fitness; and no one is really better adapted than another. In this 
situation, most of the population will die, but some may survive. Since there 
is no major difference in fitness between individuals, who will survive is not 
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governed by selection but by drift. The result will be a dramatic reduction in 
genetic variability, and many beneficial mutations may get lost. Such phe-
nomenon is called a population bottleneck. 

Because of its randomness, genetic drift is much more difficult to study 
than selection. Evolution experiments, where the adaptation of fast-growing 
microorganims to environmental changes in the laboratory is studied, have 
however shown that the outcome of adaptation differs between identical 
replicates (Buckling et al. 2009). This shows that genetic drift, although 
impossible to predict, plays a fundamental role in evolution.  

What is the mutational pattern in a genome? 
Because a typical population most of the time is well adapted to its environ-
ment, the majority of mutations are likely to reduce the fitness and will be 
selected against. Therefore, when comparing two genomes, mutations are 
more frequent in non-coding regions, which are normally not under selection.  

The overall mutational pattern of bacterial genomes has been studied by 
analysis of pseudogenes (Andersson and Andersson 1999; Mira et al. 2001). 
Pseudogenes are very useful for this kind of studies, for two reasons: i) since 
one assumes that the pseudogene was once similar to a functional gene in a 
closely related species it is possible to infer the direction of evolution and ii) 
a pseudogene is normally not under selection, and the observed changes are 
therefore likely to reflect the mutational pattern. The analysis revealed that 
deletions are much more frequent than insertions, suggesting that any gene 
that is not under selection will eventually be lost from the population.  

What is the selection on a gene? 
Mutations that abolish the function of an important gene will be removed 
from the population by selection. Therefore, synonymous substitutions 
(which do not affect gene function) usually greatly outnumber the non-
synonymous (which sometimes affect gene function) in a comparison of two 
orthologous genes, although around 75% of all possible substitutions are 
non-synonymous.  

The selective pressure of a particular gene can be estimated by calculating 
the ratio of non-synonymous substitutions over synonymous: �=Ka/Ks. For 
most genes, � is much smaller than 1, which means that changes on the 
amino acid level are selected against. This is called negative or purifying 
selection. If � is equal to 1, synonymous and non-synonymous substitutions 
occur at the same rate, and the gene is not under selection at all. Finally, if � 
is higher than 1, it means that changes on the amino acid level are selected 
for, i.e. frequent changes in that gene will increase fitness. This is called 
positive selection, and can act e.g. on a gene encoding a surface-exposed 
protein in a host-adapted bacterium. Rapid changes of the structure of this 
protein may help evading the host immune system, and thus increase sur-
vival. 
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What is the selection on a gene family? 
A change in the environment sometimes leads to an increased need of a par-
ticular gene product, which often results in up-regulation of this gene. How-
ever, increased gene dosage can also be achieved by gene amplification. This 
was demonstrated by growing Salmonella typhimurium with a frameshifted 
lac gene that despite the frameshift retained about 1% of its normal function, 
on lactose (Andersson et al. 1998). An accidental duplication of the lac gene 
will in this system lead to increased enzyme production and therefore be 
selected for. Once there are two copies, further duplications can occur easily, 
resulting in amplification up to 100 copies. This high copy number will then 
increase the probability for a mutation that restore the original function in 
one gene, followed by loss of the now redundant extra copies. 

Considering which changes that are likely to occur in the environment, it 
is no surprise that many of the large gene families in bacterial genomes con-
sist of genes involved in metabolism or interactions with the environment. In 
comparison to e.g. replication or translation, these processes are much more 
likely to be subject to adaptation and selection.  

If duplication is governed by selection for increased gene dosage, it could 
potentially be a problem that the different copies diverge with time, e.g. if 
the gene products are part of a large protein-complex, and need to fit per-
fectly with the other components. Homogenization by gene conversion is a 
way to counteract the force of mutation, and ensures that different copies 
remain similar. Gene conversion is believed to underlie the evolution of ri-
bosomal RNAs, which are usually present in multiple copies in a bacterial 
chromosome that almost always are identical (Liao 2000). Gene conversion 
probably occurs frequently between tandem repeats, but selection will de-
termine whether it persists in the genome.  

 In other situations, it may not be useful to have many identical proteins, 
but rather many proteins with slightly different function and structure, e.g. in 
the case of adhesins, where several different versions may allow binding to a 
broader range of host cells. This will result in selection for divergence be-
tween different copies, a process known as diversifying selection. 

What happens to horizontally transferred genes? 
Since the fixation of acquired genes is expected to be the limiting step of a 
HGT, it is not surprising that many genomic islands encode functions that 
improve bacterial fitness. Many genomic islands are also associated with 
tRNAs and contain integrases or other mobility factors (Hacker and Kaper 
2000). There are few examples of genomic islands that are transferred be-
tween bacteria; however, many islands are likely to represent remnants of 
phages or plasmids, which have lost their mechanisms of transfer. In these 
remnants, only the genes that actually confer a selective advantage have 
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been kept, while those that are not useful to the bacterium, e.g. structural 
phage genes, have been eliminated by purifying selection. 

What is the benefit of recombination? 
Many bacterial species exhibit a high rate of recombination, usually between 
relatively closely related strains. But is recombination merely a random 
event that takes place occasionally if there happens to be foreign DNA in the 
cell, or can recombination confer a selective advantage to the bacterium? 

The example of Neisseria, which has a special mechanism for DNA up-
take, suggests that recombination is beneficial, otherwise, why would this 
mechanism evolve and persist in the genome? Further strengthening this idea 
is that Neisseria not only has a mechanism for DNA uptake, but also for 
DNA donation (Hamilton and Dillard 2006). With the aid of a type IV secre-
tion system, DNA is secreted to the environment, and can thereafter be taken 
up by a neighboring cell. Some Neisseria cells also undergo autolysis, result-
ing in that their entire DNA content will be exposed to the environment and 
available for uptake and recombination.  

The presence of all these sophisticated mechanisms, along with a high 
risk that recombination reduces fitness by breaking up beneficial allele com-
binations, suggests that recombination must in some instances be beneficial. 
The presence of foreign DNA can be beneficial e.g. by serving as a template 
to repair damaged DNA, as precursor for novel DNA or as a source of en-
ergy (Vos 2009). There are also many scenarios for how recombination can 
speed up evolution and adaptation in a population. For example, if the popu-
lation is poorly adapted to its environment, beneficial mutations are likely to 
happen relatively frequently. But, since these mutations will occur in many 
different individuals, it will take a very long time before the fitness optimum 
is reached, and many beneficial mutations will get lost on the way. In con-
trast, if beneficial mutations in different individuals can be combined by 
recombination, the fitness of the population can increase much faster. One 
can also think of the opposite situation, where the population is starting to 
accumulate deleterious mutations. Recombination can then be a mean to get 
rid of these.  

Another situation where recombination can be beneficial is if the popula-
tion is trapped in a local peak in the fitness landscape. Most mutations that 
change fitness will now be deleterious in the short-term, and in a strictly 
clonal population it can be very difficult to reach the highest peak. However, 
if different mutations in different individuals that one by one do not have a 
high impact of fitness can be combined, maybe the result is good enough to 
allow a “jump” to the highest peak.  

Sometimes the fitness peak moves frequently, e.g. for a host-adapted bac-
terium that gets recognized by the host immune system every now and then. 
As we have seen, positive selection can act on surface-exposed proteins in 
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this situation, and by exchanging parts of genes by recombination, genes can 
evolve much faster than if only point mutations are allowed.  

Coming back to the example of Neisseria, how does this species benefit 
from having all those complex systems for recombination? Probably, recom-
bination enables both rapid evolution and diversification of surface-exposed 
proteins in Neisseria, thereby facilitating escape of the host immune system 
by antigenic variation (further discussed below). 

Features and evolution of intracellular bacteria 
Whether causing disease or not, an intracellular bacterium must possess 
mechanisms for interacting with a host cell, not needed by its free-living 
relatives. Here, some of the molecular mechanisms used for host interactions 
are described, followed by some general features of genome evolution in 
host-adapted bacteria.  

Infection strategies 
The first step in an infectious cycle is to come into contact with a host cell. 
The majority of infectious bacteria are spread by water, food, soil, air or 
insects. Next, the bacterium needs to adhere to the host cell, after which it is 
ready for invasion. In many bacteria, different kinds of secretion systems are 
required to establish a successful infection. A secretion system is an appara-
tus consisting of one or several proteins that mediate transport of a substrate 
across the bacterial membranes. This substrate can be protein or DNA, and it 
can stay attached to the surface of the bacterium, be released into the ex-
tracellular environment or be released directly into the host cell. There are at 
least six distinct secretion systems in gram-negative bacteria (designated 
type I-VI) (Filloux et al. 2008). In this work, mainly type IV and type V 
secretion systems have been studied.  

Type IV secretion systems 
A type IV secretion system (T4SS) is usually encoded by a cluster of circa 
ten genes, whose products form a pilus structure that spans both the inner 
and the outer membrane of a gram-negative bacterium, and though which 
DNA or proteins can be exported. The pilus can also span the membrane of 
the host cell or of another bacterium, allowing a direct transfer into another 
cell. There are two major functions of T4SSs: conjugation (DNA transfer 
between bacteria) and host interactions. Phylogenetic analysis suggests that 
conjugation was the ancestral function of the T4SSs and that a shift in func-
tion has occurred several times during evolution (Frank et al. 2005). As de-
scribed above, T4SSs occasionally mediate DNA uptake from the environ-
ment. 
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There are many examples of T4SSs that are crucial for the interaction of a 
bacterial infectious agent with its eukaryotic host. One of the most well 
characterized T4SSs is VirB of the plant pathogen Agrobacterium tumefa-
ciens, which translocates a piece of DNA into a plant cell (McCullen and 
Binns 2006). The translocated DNA subsequently integrates into the chro-
mosome of the recipient cell, and promotes proliferation and tumor forma-
tion when it is expressed. An example of protein translocation can be found 
in H. pylori. This species has a T4SS that injects the CagA protein, which is 
associated with severe gastric diseases and oncogenesis, into host cells, 
(Backert and Selbach 2008).    

Type V secretion systems 
The type V secretion systems (T5SSs) make up a very large family of ex-
tracellular proteins. T5SSs have a simple structure, autotransporters consist 
of only one protein, and two-partner secretion systems consist of two pro-
teins. Both types use the Sec translocation system for transportation across 
the inner membrane. T5SSs are often involved in adhesion to host cells, and 
do not translocate any substrates directly into the host cell.  

The autotransporters contain an N-terminal signal peptide, an internal 
passenger domain and a C-terminal translocator domain. During passage 
through the inner membrane, the signal peptide is cleaved. Subsequently, the 
translocator domain inserts into the outer membrane and forms a pore 
through which the passenger domain is transported. Trimeric autotransport-
ers have a shorter translocation domain than conventional autotransporters, 
and an additional linker domain (Cotter et al. 2005). In contrast to conven-
tional autotransporters, they appear to always remain linked to the transloca-
tor domain upon reaching the surface of the bacterium. A prototype of a 
trimeric autotransporter is YadA of Yersinia pestis, which promotes adher-
ence to epithelial cells.  

The two-partner secretion (TPS) systems are similar to autotransporters, 
except that the passenger domain and the pore-forming domain are encoded 
by two separate proteins, both of which contain an N-terminal signal peptide. 
The secreted protein has a highly conserved TPS domain, which contains all 
the information necessary for recognition and secretion initiation. Several 
different functions have been described for TPS systems, including adhesion, 
immunomodulation, autoaggregation and heme binding. A well studied ex-
ample is the filamentous hemagglutinin (fhaB/fhaC) in Bordetella pertussis, 
where the mature protein FHA is involed in adhesion, apoptosis and immu-
nosuppression.  

Escaping the host immune system 
An intracellular bacterium also faces the risk of getting recognized and killed 
by the host immune system. There are two strategies to avoid this: either you 
infect rapidly so that the immune system does not have time to react, and 
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well inside the host cell you are usually safe, or you manipulate the immune 
system. Since any protein exposed on the outside of a bacterium is a poten-
tial target for the host immune system, manipulation usually involves some 
kind of variation, including phase variation and antigenic variation, of sur-
face-exposed proteins (van der Woude and Baumler 2004). Phase variation 
implies to switch on or off the expression of a gene in part of the population, 
which often results in different morphology of cells. The expression state is 
inherited to the next generation, but is usually reversible. Antigenic variation 
means that only one of several equivalent but distinct proteins is expressed, 
and that different individuals in the population express different variants. 
This will facilitate survival of the population as a whole, even if some vari-
ants are recognized by the immune system. 

Genome evolution after host adaptation 
Before the genomic era, many had a simplistic view on pathogenicity; it was 
assumed that pathogens carry some extra virulence genes that are absent 
from non-pathogenic relatives. Today, however, we know that the secret 
behind pathogenicity is not as simple as that, since many of the so-called 
virulence genes are present also in strains that do not cause disease (Pallen 
and Wren 2007). While virulence genes remain hard to define, comparative 
genomics has revealed that host adaptation of a previously free-living bacte-
rium is associated with drastic changes of the genome, that often follow the 
same pattern (Moran and Plague 2004; Wren 2003).  

Host adaptation confers a reduction in population size, which as we have 
seen reduces the efficiency of purifying selection and increases the effect of 
genetic drift. This will allow many slightly deleterious mutations to be fixed 
in the population, resulting in gene inactivation and creation of pseudogenes. 
Inactivation of a gene that is part of a certain pathway may render function-
ally associated genes superfluous, resulting in rapid loss of a complete path-
way. Eventually, these pseudogenes are expected to degrade and disappear, 
but initially there can be a very high amount of pseudogenes. An extreme 
example is found in the genome of Mycobacterium leprae, where 50% of the 
genes are inactivated (Cole et al. 2001). Relaxed selection also allows prolif-
eration of “selfish elements”, e.g insertion sequence (IS) elements. This re-
sults in a higher repeat content of the genome, which in turn facilitates dele-
tions and genome rearrangements. This process was demonstrated in a com-
parison of three Bordetella genomes, where the recently host-restricted B. 
pertussis had the smallest genome and the highest number of IS elements 
(Parkhill et al. 2003). 

A switch of lifestyle may also render many genes that were needed in the 
previous environment superfluous, and subject to loss. It may also be possi-
ble to carry out some functions using proteins from the host, resulting in 
relaxed selection on the corresponding genes in the bacterium. This has hap-
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pened in the obligate intracellular endosymbionts, which have extremely 
small genomes and are completely dependent on their hosts.  

Living inside a host also reduces the opportunities for contact with other 
species, and thus the possibilities for gene acquisition by horizontal gene 
transfer. Another possible consequence of host adaptation is a reduction in 
the number of surface-exposed proteins, in order to escape the host immune 
system. This has been observed in the emerging pathogen Mycobacterium 
ulcerans, which causes skin disease (Huber et al. 2008).  

So, increased genetic drift, reduced selection to maintain genes, higher 
tendencies of deletions by proliferation of IS elements, less opportunities for 
gene acquisition and shedding of surface proteins, all these consequences of 
host adaptation point in the same direction: the genome size will decrease. 
Experimental studies of evolution in Salmonella enterica has shown that 
genome reduction can happen quickly (Nilsson et al. 2005).  

All the genomic changes described above are believed to take place rela-
tively soon after host adaptation. In bacteria with a long history of host asso-
ciation, however, a completely different pattern emerges: an extremely stable 
genomic structure and virtually no repeats, as exemplified by Buchnera, 
endosymbiont of aphids, whose genomes have been extraordinary static for 
100 million years (Tamas et al. 2002). This is because in the long run, high 
genetic drift and limited inflow of novel genes will result in deletions until 
the point where all IS elements and all repeats are gone, after which the ge-
nome will be stable. A notable exception to this trend is Wolbachia pipientis, 
which despite being anciently host-associated retains very large number of 
IS elements (Klasson et al. 2009; Wu et al. 2004). A possible explanation for 
this is that in contrast to Buchnera, which is stably inherited within a single 
host, Wolbachia switches between hosts, and several different strains often 
infect the same host where they can exchange genetic material (Klasson et 
al. 2009; Wu et al. 2004).  

Genomic diversity within a species 
Comparisons of the genomes of closely related bacteria have shown that 
some genes are always present (called core genes), while others are only 
present in one or a few lineages (called accessory or auxiliary genes). Re-
sequencing of several isolates from a species where one representative is 
already sequenced has shown that the diversity within a species is very vari-
able, and led to the definition of a pan-genome (Tettelin et al. 2005). The 
pan-genome is the sum of the core genes and all auxiliary genes, and is thus 
an estimation of the total gene pool that is accessible to a species. If every 
new isolate contains novel genes, the pan-genome is open. In contrast, if 
sequencing more strains discovers no novel genes, the pan-genome is closed. 
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It is believed that species that live in isolated environments, such as intracel-
lular bacteria, are more likely to have closed pan-genomes. 

Intra-species diversity can also be estimated by analyzing the sequence 
divergence in a population. Sequence diversity typically correlates with the 
age of the population, and many of the recently emerged human pathogens, 
including e.g. Y. pestis, Bacillus anthracis and M. tuberculosis, correspond-
ingly display very low intra-species variability. These organisms, whose age 
has been estimated to circa 10,000 – 20,000 years, are referred to as geneti-
cally monomorphic pathogens (Achtman 2008). 

What is a bacterial species? 
In the context of intra-species diversity, it is worth considering what a bacte-
rial species really is. The biological species concept states that “species are 
groups of interbreeding natural populations that are reproductively isolated 
from other such groups” (Mayr 1942). Unfortunately, this cannot be applied 
to bacteria, since they reproduce clonally rather than sexually. Because of 
this, bacterial species have traditionally been defined based on morphology, 
lifestyle and virulence properties. This resulted in that evolutionary very 
closely related isolates ended up as different species, and vice versa that 
evolutionary distant isolates were assigned to the same species. The advent 
of molecular methods resulted in DNA:DNA hybridizations becoming the 
“gold standard” for definition of a new species. Based on this experiment, 
two isolates with reciprocal pair-wise reassociation values ≥ 70% belong to 
the same species. This has been found to correspond to 98.7% identity in the 
16S rRNA gene, a criteria that is also widely used to assign novel isolates to 
a species. 

However, since the molecular methods do not take phenotypic traits into 
account, strains with completely different lifestyles may end up in the same 
species. And if two strains differ markedly in host-preference, mode of 
transmission and disease symptom, do they not deserve to be two different 
species? This question has been subject to intense debate, and no consensus 
has been reached. An alternative species definition, which circumvents the 
need for a specific method to define species, states “species are metapopula-
tion lineages […] that evolve separately from other such lineages” (de Quei-
roz 2005). While defining the species concept is probably not in the interest 
of most researchers in genomics, it is useful to be aware of the problem, and 
how it can influence comparisons of genomic diversity within and between 
species.  
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The genus Bartonella 
Members of the genus Bartonella are facultative intracellular gram-negative 
bacteria that colonize erythrocytes (red blood cells) and endothelial cells of 
mammals. They are transmitted between hosts with the aid of blood-sucking 
insect vectors, e.g. fleas and lice. Vertical transmission has been demon-
strated in rodent hosts (Kosoy et al. 1998). Bartonellae are shaped like rods, 
and many species have pili or flagella (Figure 2). The genus contains more 
than 20 described species, which infect a wide range of wild and domestic 
mammals. While bacterial infections in the blood are normally associated 
with severe disease, Bartonella infections are usually asymptomatic. Some 
species do cause disease, however, and the three major human pathogens, B. 
bacilliformis, B. quintana, and B. henselae, are unique among all known 
bacteria in that they can induce proliferation and tumor-formation in vascu-
lar endothelial cells. 

 
Figure 2. Scanning electron microscopy of Bartonella isolated from a mouse (left) 
and from a moose (right). The scale bars are 1 μm. 

All Bartonella species display a high degree of sequence similarity, with a 
median 16S identity between a species and its closest relative of 99.7%, i.e. 
well above the cutoff that is normally used for differentiation of bacterial 
species (98.7%). Because of this, a new Bartonella isolate is typically as-
signed to a species based on gltA and/or rpoB sequences (Birtles and Raoult 
1996; La Scola et al. 2003; Renesto et al. 2001). It has been proposed that a 
novel Bartonella species should display less than 96% sequence similarity in 
a 327 bp fragment of the gltA gene and less than 95.4% similarity in an 825 
bp fragment of the rpoB gene to all described species (La Scola et al. 2003).  

Phylogenetically, Bartonella belongs to the Rhizobiales in the alpha-
subdivision of Proteobacteria. The sister clade to Bartonella consists of the 
animal pathogens Brucella, which like Bartonella have a facultative intracel-
lular lifestyle and Ochrobactrum, which display an extraordinary variability 
in terms of lifestyles, including free-living, colonizing of nematodes and 
insects and an opportunistic human pathogen. This high variability is mir-
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rored in the Ochrobactrum genomes, which range in size from 4.7 to 8.3 Mb 
with different numbers of replicons (Teyssier et al. 2005). Other Rhizobiales 
include the plant pathogen Agrobacterium tumefaciens and plant symbionts 
Mesorhizobium loti and Sinorhizobium meliloti. Thus, many Rhizobiales live 
in close association with eukaryotic cells. They also often have complex 
genomes with more than one chromosome and one or several plasmids. It 
has been hypothesized that the second chromosome may have originated as a 
megaplasmid, supported by the observation that many of them have a plas-
mid-like origin of replication. 

Bartonella infection 
Each Bartonella species has a preference for one or a group of mammalian 
hosts (called reservoir host) in which they infect and multiply within eryth-
rocytes. Occasionally, they infect another host (called incidental host), in 
which they are not capable to infect the erythrocytes, but only vascular endo-
thelial cells. The infectious process has been studied in most detail in a rat-
model with B. tribocorum (Schulein et al. 2001). After infection with Bar-
tonella, bacteria are rapidly cleared from the bloodstream, which remain 
sterile for approximately four days. During this time, the bacteria are be-
lieved to replicate and become competent for erythrocyte invasion in the 
endothelial cells. Subsequently, bacteria are seeded into the bloodstream in 
five-days intervals, where they adhere to and invade mature erythrocytes. 
They replicate within membrane-bound compartments, and then persist for 
the entire life span of the erythrocytes, which is not different from that of 
uninfected cells. The infection normally lasts approximately two months, 
within this time the bacteria thus need to be transmitted to a new host. 

The infection of endothelial cells has only been studied in vitro. Experi-
mental infection of human umbilical-vein endothelial cells (HUVEC) with 
any of the vasoproliferative species (B. henselae, B. quintana or B. bacilli-
formis) resulted in inhibition of apoptosis and stimulation of endothelial cell 
proliferation, whereas B. vinsonii and B. elizabethae did not cause these ef-
fects (Kirby and Nekorchuk 2002; Schmid et al. 2004).  

Hosts and vectors 
Some Bartonella species infect only a single host, while others have been 
isolated from several different species. Phylogenetic analysis of Bartonella 
shows that to some extent, Bartonella species that are closely related also 
infect closely related hosts (Figure 3).  
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Figure 3. Maximum likelihood phylogeny of Bartonella based on concatenated 
nucleotide sequences of four house-keeping genes (gltA, rpoB, ribC and groEL). For 
each species, the mammalian host from which it is most frequently isolated is indi-
cated. Bootstrap support values over 75 are shown.  

The distantly related B. bacilliformis and B. quintana are human specialists, 
and the only Bartonella species that frequently cause disease in their reser-
voir host. The third major human pathogen, B. henselae, normally infects 
felines. Also cat-associated, but seldom associated with human infections, 
are the closely related B. koehlerae and the distantly related B. clarridgeae.  

Many Bartonella species, including B. grahamii, which is the main focus 
of this thesis and described in more detail below, are associated with rodents. 



 29

Closely related to B. grahamii are B. tribocorum and B. elizabethae, both 
mainly associated with rats. Species with a similar host range as B. grahamii 
(mainly mice and voles) include B. taylorii, B. birtlesii and B. doshiae. Fre-
quent studies of Bartonella prevalence in rodents in many countries has re-
sulted in a continuously increasing spectrum of potentially novel species; 
most recently three novel Bartonella species were isolated from Australian 
rats (Gundi et al. 2009) and one from rats in Thailand (Saisongkorh et al. 
2009).  

One clade in the Bartonella tree contains species associated with rumi-
nants, e.g. cow, deer and moose. While DNA:DNA hybridizations classified 
B. capreoli and B. chomelii as new species (Bermond et al. 2002; Maillard et 
al. 2004), both belong to B. schoenbushensis according to the most fre-
quently used criteria for Bartonella species determination (gltA and rpoB 
sequence).  

Bartonella has also been isolated from a range of other hosts, including 
dogs (B. vinsonii berkhoffi, (Kordick et al. 1996)), rabbits (B. alsatica 
(Heller et al. 1999)), kangaroo (B. australis (Fournier et al. 2007)), bats 
(Concannon et al. 2005) and dolphins (Harms et al. 2008). 

Bartonella grahamii 
Bartonella grahamii is named in honor of G.S. Graham-Smith, who ob-
served bacteria in the erythrocytes of moles in 1905 (Graham-Smith 1905), 
that were subsequently named Grahamella (Brumpt 1911). Grahamella was 
first isolated from Mongolian rodents in 1932 (Jettmar 1932), but no living 
cultures could be traced when Birtles et al proposed to unify the genera Gra-
hamella and Bartonella with the latter name retained in 1995, based on 
genotypic and phenotypic features (Birtles et al. 1995). This was also when 
B. grahamii, earlier known as Grahamella species 1, was first described and 
received its current name.  

The type strain of B. grahamii (B. grahamii V2) was isolated from a bank 
vole (Myodes glareolus, formerly known as Clethrionomys glareolus), in the 
UK woodlands (Birtles et al. 1994). B. grahamii has since then been isolated 
from many species of mice, voles and rats in different countries and conti-
nents; it is one of the most prevalent Bartonella species in wild rodents and 
may also have the broadest host range. The rodent flea Ctenophthalmus no-
bilis has been shown to transmit B. grahamii (Bown et al. 2004). B. grahamii 
does not normally cause disease in humans, but has been associated with two 
reported cases of eye disorder (Kerkhoff et al. 1999; Serratrice et al. 2003).  

Vectors 
Only a few insects have been confirmed to transmit Bartonella: the rodent 
flea for B. grahamii and B. taylorii, the cat flea Ctenocephalides felis for B. 
henselae, the human body louse Pediculus humanus corporis for B. quintana 
and the sandfly Lutzomyia verrucarum for B. bacilliformis (Billeter et al. 
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2008). There are however many more potential vectors in which Bartonella 
has been detected, including ticks, keds, mites and various kinds of fleas and 
flies (Billeter et al. 2008). Since some of these can feed on many different 
mammals, the vectors may play an important role for cross-transmission and 
host shifts.  

Bartonella as a human pathogen 
The most vicious of the Bartonella species is B. bacilliformis, which causes 
Carrión’s disease with a mortality rate of up to 80% if untreated (Bass et al. 
1997). Becasue the Lutzomyia sandfly is endemic to the Peruvian Andes, 
Carrión’s disease is only found in this region. There are two phases of Car-
rión’s disease: oroya fever and verruga peruana. The highly fatal oroya fever 
results from the invasion and rupture (hemolysis) of erythrocytes. B. bacilli-
formis is the only Bartonella species that causes hemolysis (Hendrix 2000). 
Patients surviving oroya fever suffer from the chronic verruga peruana, 
which is caused by the colonization of endothelial cells and characterized by 
vasoproliferative lesions. Occasionally, B. bacilliformis causes an asympto-
matic infection (Chamberlin et al. 2002) 

Because B. quintana is transmitted by the human body louse, it is com-
mon under conditions of bad hygiene. B. quintana is the agent of trench fe-
ver, a disease that affected millions of soldiers during World War I (Bass et 
al. 1997), and recently reemerged among homeless people in Europe and in 
the US (Raoult et al. 2001). Trench fever results from invasion of erythro-
cytes, while infection of endothelial cells results in vasoproliferative disor-
ders. B. quintana is an opportunistic pathogen, which means that it causes 
much more severe symptoms in immunocompromised individuals, such as 
HIV infected patients. Like B. bacilliformis, B. quintana can cause a chronic 
asymptomatic infection (Raoult et al. 2001). 

The majority of Bartonella infections in humans are caused by B. hense-
lae, which has been classified as an emerging human pathogen by the Na-
tional Institute of Allergy and Infectious Diseases. B. henselae is transmitted 
to humans by a cat bite or scratch or by the cat flea, and causes cat-scratch 
disease, typically manifested as regional swollen lymph nodes. In immuno-
compromised individuals, it causes symptoms similar to B. quintana.  

Several other Bartonella species have occasionally been associated with 
human disease, including B. elizabetae (endocarditis, neuroretinitis), B. 
koehlerae (endocarditis), B. clarridgeae (cat-scratch disease), B. vinsonii 
arupensis (fever, neurological symptoms) and B. vinsonii berkhoffi (endo-
carditis) (Boulouis et al. 2005). A recently described Bartonella species, B. 
rochalimae, caused symptoms similar to B. bacilliformis but is phylogeneti-
cally related to B. clarridgeae (Eremeeva et al. 2007). Another recently dis-
covered human pathogen is B. tamiae, which was isolated in Thailand and 
causes fever and anemia (Kosoy et al. 2008).  
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Host-interaction factors 
Although the molecular basis for the interactions between Bartonellae and 
their mammal hosts are far from completely understood, a number of impor-
tant genes, including two T4SSs (VirB and Trw) and a family of trimeric 
autotransporters (BadA), have been identified and characterized. A recent 
genomic survey identified many additional putative host-adaptability genes 
which were essential for bloodstream infection of B. tribocorum in rats 
(Saenz et al. 2007). Most studies of host-interaction factors have been per-
formed with B. tribocorum, B. henselae or B. quintana. B. bacilliformis has 
no T4SS, and relies on different infection strategies. 

VirB, Trw and Vbh (T4SSs) 
The VirB system is required for infection of endothelial cells (Schulein and 
Dehio 2002), and is believed to form a pilus that spans the two bacterial 
membranes and the host cell membrane. Through this pilus, Bartonella ef-
fector proteins (Beps), encoded immediately downstream of the virB genes, 
are translocated into the host cell. These proteins mediate anti-apoptotic 
activity and angiogenic reprogramming of the host cell, resulting in the for-
mation of vasoproliferative lesions (Schmid et al. 2006; Schmid et al. 2004; 
Schulein et al. 2005). Phylogenetic analysis suggests that VirB was horizon-
tally transferred to Bartonella (Frank et al. 2005).  

Trw is essential for invasion of erythrocytes (Seubert et al. 2003), and 
probably forms a structure similar to that of VirB. However, there are no 
known effector proteins for Trw, and it has been suggested that this system 
is involved in adhesion to host cells. Trw is unique among T4SSs in that the 
genes for pilus proteins are repeated, and evolutionary analysis revealed 
diversifying selection on these genes, supporting the role of this system in 
adhesion (Nystedt et al. 2008). Trw is most closely related to a conjugation 
system of Escherichia coli plasmid R388, and like VirB it is likely to have 
been horizontally transferred to Bartonella (Frank et al. 2005). 

A third T4SS, called Vbh and closely related to VirB, was identified in 
the genome of B. tribocorum (Saenz et al. 2007). The function of Vbh has 
not been studied, but it was suggested that this system was acquired on an 
early branch in Bartonella, and later replaced by VirB in one lineage.  

Autotransporters and FHA (T5SSs) 
The Bartonella adhesins (BadA) are trimeric autotransporters that were pre-
viously described as Type IV-like pili (Batterman et al. 1995). BadA is be-
lieved to be transported across the outer membrane through a self-encoded 
pore, and subsequently remain linked to the surface of the bacterium. The 
homologous proteins have been termed Vomps (variably expressed outer 
membrane proteins) in B. quintana and Brp (Bartonella repeat protein) in B. 
vinsonii arupensis.  
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In B. henselae, BadA mediates binding to endothelial cells, has a possible 
role in the induction of vasoproliferative disorders by stimulating expression 
of vascular endothelial growth factor (VEGF) (Riess et al. 2004), and is cru-
cial for autoaggregation (Kaiser et al. 2008). Multiple passage on plates can 
result in loss of badA expression by deletions or frameshifts (Riess et al. 
2004). In B. quintana, the vomp genes have essentially the same function, 
but do not mediate adherence to endothelial cells (MacKichan et al. 2008; 
Schulte et al. 2006; Zhang et al. 2004). Loss of two of the four genes during 
infection in a macaque animal model suggested that these genes undergo 
phase variation (Zhang et al. 2004).  

There are also other families of autotransporters in Bartonella, one of 
which is called Iba (inducible Bartonella autotransporter) since they are up-
regulated during infection of endothelial cells (Seubert et al. 2002). Several 
autotransporters are essential for bloodstream infection in B. tribocorum 
(Saenz et al. 2007). Characterization of one autotransporter (Arp) suggested 
a possible role in adhesion to host cells (Litwin et al. 2007). Some Bar-
tonella species also have a two-partner T5SS, consisting of the fhaB/hec 
genes. Their function in Bartonella has not been determined, but the ho-
mologous protein in B. pertussis constitutes the major adhesin in this species 
and is an important virulence factor.  

Bartonella genomes 
The first Bartonella species to have their genomes completely sequenced 
were the closely related human pathogens B. henselae and B. quintana 
(Alsmark et al. 2004). Both genomes consist of a single circular chromo-
some, of 1.9 and 1.6 Mb respectively, which appear to be reduced versions 
of chromosome I of the closely related Brucella species. A certain segment 
of the genomes display higher similarity to chromosome II of Brucella, a 
lower coding content and a lower degree of synteny. Because of its atypical 
properties, this segment is called the chromosome II-like region or the chro-
mosomal high plasticity zone. The difference in genome size is mainly ex-
plained by a prophage and several genomic islands unique to B. henselae, 
while B. quintana has virtually no unique genes. The presence of remnants 
of the prophage and the islands in B. quintana suggests that they were pre-
sent in the common ancestor of the two species, rather than acquired in B. 
henselae after the split from B. quintana.  

Also sequenced are the 1.4 Mb genome of B. bacilliformis (The Institute 
for Genomic Research, unpublished) and the 2.6 Mb genome of B. tribo-
corum (Saenz et al. 2007). The closer phylogenetic relationship of B. tribo-
corum to B. henselae and B. quintana than to B. bacilliformis is also re-
flected in its genome, which has a structure and content that is more similar 
to the former two. 
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Bartonella phages  
Long before any Bartonella genome was sequenced, scientists had observed 
bacteriophage-like particles in several species (Anderson et al. 1994; Bar-
bian and Minnick 2000; Maggi and Breitschwerdt 2005; Umemori et al. 
1992), and growth experiments suggested phage induction and lysis of B. 
henselae cells as they enter stationary phase (Chenoweth et al. 2004). The 
phage particles from B. bacilliformis and B. vinsonii berkhoffii were tailed, 
whereas those from B. henselae and B. quintana lacked tails, but all con-
tained 14 kb linear, double-stranded DNA, packaged in a round to icosahe-
dral head of 40-80 nm in size. Despite several attempts, no one has been able 
to fully characterize the 14 kb band; it has been suggested to contain random 
or heterogenous bacterial DNA. One could have hoped that sequencing of 
the Bartonella genomes would resolve the mystery, however, this was not 
the case since, since the prophage identified in B. henselae was absent from 
both B. quintana and B. bacilliformis, and was also much larger than 14 kb.  

Prevalence and distribution of Bartonella  
The prevalence of Bartonella in both wild and domestic mammals has been 
studied in many different countries. Isolates retrieved from these studies 
were typically analyzed by partial sequencing of the gltA gene. Most field 
studies of Bartonella have been carried out on rodent populations, likely 
because of their abundance in nature and importance as a reservoir of emerg-
ing infectious diseases. These studies have revealed that Bartonella is pre-
sent in most rodent populations, with an overall prevalence ranging from 6% 
in the Greater Jakarta area (Winoto et al. 2005) to 70% in the Russian far 
east (Mediannikov et al. 2005). Variations between different host animals, 
sampling sites or sampling month are frequent, and Bartonella is also more 
frequent in farm environments than in urban areas (Bajer et al. 2001; Hsieh 
et al. 2009; Inoue et al. 2008; Jardine et al. 2005; Knap et al. 2007; Kosoy et 
al. 2004; Telfer et al. 2007). Some degree of host-specificity has been ob-
served in North America, Asia and Africa (Pretorius et al. 2004), but not in 
Europe or Australia (Gundi et al. 2009).  

Isolation of Bartonella from ruminants has been carried out in Europe and 
in North America (Chang et al. 2000; Dehio et al. 2001). The results re-
vealed that ruminants harbor a variety of different Bartonella strains, with no 
obvious host-specificity, and suggested that transfer of Bartonella between 
domestic and wild ruminants occurs.  

The prevalence of B. henselae in cats has been studied in many countries, 
and varies from circa 5% to 80% (Boulouis et al. 2005). Generally, the 
prevalence is higher in warmer countries, probably due to a higher density of 
vectors in warm climates. B. henselae was also more prevalent in stray cats 
compared to domestic cats and in outdoor cats compared to indoor cats.  



 34 

Screenings for Bartonella have also been performed in many potential 
vectors, and it has been shown that the prevalence of Bartonella in insect 
populations can be very high. At least one strain of Bartonella was detected 
in close to 90% of fleas collected from rodents in the US (Abbot et al. 2007), 
26% of cat fleas in France (Rolain et al. 2003), 80% of deer keds in Ger-
many (Dehio et al. 2004) and 35% of ticks in the US (Adelson et al. 2004).  

Genomic diversity in Bartonella 
The genomic diversity within a Bartonella species has been studied in most 
detail in B. henselae. Multi locus sequence typing (MLST) of seven house-
keeping genes in more than 200 isolates has resulted in 14 distinct sequence 
types (Arvand et al. 2007; Iredell et al. 2003; Lindroos et al. 2006). The 
more discriminative multi spacer typing (MST) of nine intergenic regions 
yielded 39 types in 126 cat isolates (Li et al. 2006) and 16 types in 75 human 
isolates (Li et al. 2007). Most studies did not reveal any clear distinction 
between isolates infecting humans or cats, or between isolates from different 
parts of the world. In the MST of cat isolates, however, European and Asian 
strains clustered in two separate groups. Comparisons of the gene content in 
a global collection of 38 B. henselae strains showed that most variably pre-
sent genes were located in the genomic islands and the prophage (Lindroos 
et al. 2006). In several strains, DNA from the chromosomal high plasticity 
zone was highly amplified upon prolonged growth, putatively caused by bi-
directional run-off replication starting from a region encoding a few phage 
genes (Lindroos et al. 2006).  

The genomic diversity has also been studied by MST in B. quintana and 
MLST in B. grahamii. MST of 34 spacers identified 4 types in 71 strains of 
B. quintana (Foucault et al. 2005). This low sequence divergence was attrib-
uted to a population bottleneck associated with a recent host switch of this 
species. Analysis of three Australian B. quintana isolates yielded three novel 
types (Woolley et al. 2007). MLST of a global collection of 31 B. grahamii 
strains suggested a geographic pattern for this species (Inoue et al. 2009).  
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Methods for comparative genomics 

Typing of a collection of closely related bacterial isolates typically has three 
major aims: i) to trace the evolutionary relationship of the isolates, which 
may also give clues to how they have spread, ii) to predict virulence proper-
ties of each isolate, and iii) to infer how the genome evolves and why it 
evolves the way it does, which can help to predict what will happen in the 
future. There are many different methods at hand to for this kind of analyses, 
each with its pros and cons, and the methods that have been used in this the-
sis are described below.  

A very important issue that is often not discussed in the literature is how 
the sampling of bacterial isolates was performed, and how the samples in-
cluded in a particular study were selected from the total collection. No mat-
ter how these steps are performed, one cannot be sure to have either a repre-
sentative or a random selection, which may of course influence the interpre-
tation of the results. However, unless these steps are properly described, fair 
comparisons of the results of different studies cannot be made.  

Multi locus sequence typing  
Multi locus sequence typing (MLST) involves partial sequencing of 5-7 well 
conserved house-keeping genes (Maiden et al. 1998). This method is useful 
to infer phylogenetic relationships, and has been used to type isolates of 
many bacterial pathogens. Advantages of MLST are that it is a relatively 
simple technique, and that it is easy to compare results between different 
laboratories. A drawback is that the obtained relationships may not have any 
correlation with virulence properties, since genes involved in host interac-
tions typically evolve rapidly, and are easily gained and lost. Another prob-
lem is that if recombination between strains is frequent, such limited amount 
of sequence information may not be enough to represent the evolutionary 
history. In extreme cases, it may not make any sense to represent the strains 
with a bifurcating tree; instead a network may be more appropriate. 

If the isolates to be compared are very closely related, better resolution is 
often obtained by sequencing intergenic regions, a method called multi 
spacer typing (MST) (Fournier et al. 2004). Because intergenic regions are 
normally not under selection, they accumulate more mutations.  
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Microarray comparative genome hybridizations 
DNA microarrays, although most frequently used for expression analyses, 
also offer a quick way to compare the gene content of two closely related 
strains or species. This is called comparative genome hybridization (CGH), 
and normally involves hybridization of genomic DNA from a novel strain 
(the test strain) against a reference strain, for which the array was designed. 
Differences in gene content are then assessed by quantification of the hy-
bridization of each isolate to each probe on the array.  

With CGH one can make a whole-genome analysis of which genes are 
always present and which are only occasionally present, and can be used for 
studies of diversity and plasticity of a species, as well as correlations of gene 
content with clinical data and virulence properties (Dorrell et al. 2005). A 
major drawback is that only genes that are spotted on the array can be de-
tected. If there are novel genes in the test strain (which may well be impor-
tant for virulence properties) it is not possible to detect them. Another prob-
lem is that it can be difficult to distinguish true absence from high sequence 
divergence, and in the case of multi-copy genes, decreased hybridization can 
be due either to complete loss or a lower copy number.  

Pulsed-field gel electrophoresis 
Pulsed-field gel electrophoresis (PFGE) involves cleavage of genomic DNA 
with a restriction enzyme and subsequent visualization of the bands on a gel. 
This technique is useful to estimate the genome size of a novel isolate. It can 
also be used to trace a rapid regional outbreak of a pathogen, since genome 
rearrangements are typically more frequent than mutations in a predefined 
set of genes. For more distantly related strains, PFGE patterns are often 
completely different, and cannot be used to trace evolutionary relationships.  

Re-sequencing 
The great progress in sequencing technologies the last years has resulted in 
much increased interest for re-sequencing complete genomes of different 
strains of the same species, and subsequent mapping of reads to an already 
sequenced reference genome. This approach is useful for SNP detection and 
analyses of gene content. In contrast to CGH, novel genes that are not pre-
sent in the reference strains can be detected. However, the finishing phase is 
still time-consuming, and repeated parts of the genome, which often include 
genes involved in host interactions, are usually left unresolved.  
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Results and discussion 

As part of this thesis, we have collected sequence data from six Bartonella 
genomes, selected to represent the phylogenetic diversity of this genus. All 
isolates were collected from their natural host, and have undergone limited 
cultivation in the laboratory. The first genome sequenced, and the major 
focus of this work, was that of B. grahamii strain as4aup, isolated from a 
wood mouse close to Uppsala in Sweden (Paper I). The remaining strains 
were isolated from two mooses, one kangaroo (B. australis NH1), one dog 
(B. vinsonii berkhoffi Winnie) and one cow (B. bovis 91-4) (Paper IV).  

Additionally, we have studied the diversity and population structure 
within B. grahamii and B. henselae. We analyzed more than 50 isolates of B. 
grahamii using CGH, MLST/MST and PFGE (Paper II, Paper III), and we 
re-sequenced two strains of B. henselae (Paper V). 

Genus wide comparison of Bartonella genomes  
Features of the Bartonella genomes 
The 10 sequenced Bartonella genomes range in size from 1.4 Mb (B. bacilli-
formis) to 2.6 Mb (B. tribocorum). They are overall similar in structure, al-
beit with rearrangements over the terminus of replication in most lineages. 
The most intense genome reduction has occurred in the lineages leading to 
the human-specific pathogens B. bacilliformis and B. quintana, while the 
rodent-associated species have the largest genomes (Paper IV).  

B. grahamii strain as4aup has a single circular chromosome of 2.3 Mb 
and a plasmid of 28 kb, called pBGR3 (Paper I). Estimations based on PFGE 
of B. grahamii strains suggest that the genome size of this species ranges 
from less than 2 Mb (about the size of B. henselae) to larger than 2.5 Mb 
(almost the size of B. tribocorum) (Paper II, Paper III). No sign of gene du-
plications were observed in the large B. grahamii genomes, and they are thus 
likely to contain genes that are not present in the sequenced strain. 

Genomic islands 
We identified 16 regions in B. grahamii that were highly variable in com-
parisons to the previously published genomes (Paper I). These “genomic 
islands” (called BgGI 1-16 for B. grahamii Genomic Island) comprise a total 
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of 732 kb, and contain mainly genes for secretion systems, phage genes and 
genes of unknown function. There are e.g. six copies of the fha/hec operon, 
associated with a repeated region containing phage genes, putative virulence 
genes and hypothetical genes. This repeated region is called the fha-repeat 
and is up to 28 kb in size.  

Microarray comparative genome hybridizations showed that virtually all 
genes that are variably present in B. grahamii strains are located in the ge-
nomic islands Paper II, Paper III). Thus, these islands appear to be a good 
representation of the auxiliary gene set of B. grahamii.  

The chromosomal high plasticity zone 
Eight of the genomic islands in B. grahamii (BgGI 9-16) are located in prox-
imity of each other in a region that appear to be particularly susceptible to 
foreign DNA (Paper I). This region, which also contains the two rRNA op-
erons is called the chromosomal high plasticity zone (HPZ). 

The HPZ varies in size between the species, but the overall structure is 
similar (Paper I, Paper IV). Due to a rearrangement around the origin of 
replication in B. bacilliformis, this region is split into two parts, located on 
different sides of the origin. Many imported genes for secretion systems, 
including two T4SSs (virB and vbh) and several T5SSs (autotransporters and 
fha/hec) are located in the HPZ. This region also contains a flagellar gene 
cluster and representatives of two novel large gene families (further de-
scribed below). The large amount of integration events in the HPZ under-
lines the plasticity of this region.  

Imported genes 
We classified each Bartonella gene into one of four phylogenetic classes: i) 
vertically inherited (from the ancestor of Bartonella and Brucella or earlier), 
ii) imported (to the Bartonella ancestor or later), iii) Bartonella-specific 
(present in at least two Bartonella species but not outside the genus) or iv) 
orphans (only present in one species) (Paper I). Circa 25% of the B. gra-
hamii genes were classified as imported, and they are mainly located in the 
genomic islands and in the HPZ. The larger size of the genomes of the ro-
dent-associated species can be attributed both to a higher copy number of 
many of the imported genes, and to a larger set of genes.  

Acquisition and evolution of host-adaptability genes 
Phylogenetic analysis shows that the branch leading to Bartonella from the 
closely related Rhizobiales species is very long and has high rates of both 
gene gain and gene loss (Paper IV). This suggests that the shift in lifestyle 
that Bartonella experienced (going from a free-living soil bacterium to a 
vector-borne intracellular bacterium), was a long and extensive process as-
sociated with dramatic changes in gene content. To get a better comprehen-
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sion of host adaptation and host switches, we performed a closer examina-
tion of genes that are known or hypothesized to be involved in host interac-
tions.  

Autotransporters 
Four families of autotransporters are present in all Bartonella genomes: the 
trimeric autotransporter BadA and three families of conventional autotrans-
porters (Paper I, Paper IV). Although the genomic locations of these genes 
are relatively conserved, they display extreme diversity between species in 
terms of sequence, length and copy number, with highest copy number in the 
rodent-associated species. Duplication/deletion and pseudogenization events 
appear to have occurred independently in the different lineages.  

Phylogenetic analysis of the conserved translocator domain shows that 
copies within the same genome tend to cluster together, whereas the opposite 
is true for the remaining part of the gene (Paper IV). This suggests homog-
enization by gene conversion of the membrane-spanning domain, while 
functionally distinct orthologs are retained by selection on the secreted do-
main.  

CGH suggests that some B. grahamii strains have a higher copy number 
of badA genes than the sequenced strain (Paper II). This was surprising, 
given that the 40 kb badA region of B. grahamii as4aup is already longer 
than the counterparts in the other sequenced genomes. Other strains display a 
weak signal in the badA region; this can be due to a lower copy number or 
high sequence divergence, and emphasizes the rapid evolution of these genes 
also between closely related strains.  

Filamentous hemagglutinin 
In contrast to the autotransporters, the fha/hec operon is only present in some 
species, and the genomic locations are not conserved (Paper I, Paper IV). 
The rodent-associated species have the highest copy numbers.  

Phylogenetic analysis reveals two separate clades of FhaB in Bartonella, 
each of which with closest homologs in other genera (Paper I). This suggests 
that there were two separate acquisitions of fha/hec to Bartonella, one of 
which may have taken place solely in the rodent-associated lineage. Most 
genes cluster together with copies from the same genome, suggesting fre-
quent duplication events, or possibly homogenization by gene conversion. 

CGH suggests that about half of the Swedish B. grahamii strains had no 
or few copies of the fha-repeat, and that this was the major chromosomal 
loss in these strains (Paper II). In the global collection of B. grahamii, it 
seemed as if variants both with and without these genes were present also in 
other countries (Paper III). Variability in the fha/hec operon was also ob-
served in a previous study of B. henselae strains, however, none of these 
strains showed any sign of complete loss of these genes (Lindroos et al. 
2006).  
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Since a gene that does not confer any function is expected to be elimi-
nated by purifying selection, we still think that FHA plays a role in B. gra-
hamii. The observation that Swedish strains with and without FHA were able 
to infect the same hosts, suggests that presence or absence of FHA is not 
related to host specificity (Paper II). So, the role of FHA remains unclear, 
but we speculate that on one hand, it confers a selective advantage, but on 
the other hand, it is recognized by the host immune system. If there are both 
drawbacks and benefits of expressing a gene, both variants may circulate in 
many populations.  

VirB and Vbh  
The virB system is only present in one clade of the Bartonella tree, with 
conserved genomic location, suggesting a single integration event (Paper I, 
Paper IV). While the virB genes are very well conserved between all species, 
the effector proteins (Beps) are highly diverse. The bep genes were found to 
be variable also within B. grahamii (Paper III) and B. henselae (Paper V).  

The virB system is closely related to the vbh system, which was first iden-
tified in the chromosome of B. tribocorum (Saenz et al. 2007). Our analyses 
revealed two plasmid-borne vbh systems and three independent chromoso-
mal integrations of vbh (Paper I, Paper IV). Phylogenetic analysis shows that 
the vbh tree is congruent with the species phylogeny, suggesting that a vbh-
plasmid was present in the Bartonella ancestor, and has evolved in the dif-
ferent lineages since then and occasionally integrates (Paper IV). This hy-
pothesis is substantiated by the observation that the B. grahamii plasmid, 
although absent from many strains, was still retained in at least one isolate 
from each continent (Paper II, Paper III).  

The virB and vbh systems are related to T4SSs involved in conjugation or 
virulence in other Rhizobiales species, e.g. the avh/tra conjugation system of 
A. tumefaciens. However, despite their close relatedness, virB and vbh seem 
to have strikingly different evolution and function. The virB system has 
never been found on a plasmid in Bartonella, it has integrated only once and 
has since then been retained in all species. It is well characterized function-
ally, and translocates effector proteins into the host cell (Schmid et al. 2006; 
Schulein and Dehio 2002; Schulein et al. 2005). In contrast, vbh appears to 
circulate on plasmids in many Bartonella populations and integrate relatively 
often. However, these integrations are frequently followed by degradation 
(Saenz et al. 2007) (Paper IV). There are no functional studies of vbh, and no 
known effector proteins.  

Because of these differences, we speculate that the vbh system confers a 
weak, if any, selective advantage, and that it is primarily used for plasmid 
conjugation. The reason that this plasmid manages to stay around in so many 
populations even if not bringing any selective advantage may be that it car-
ries an addiction module with a toxin and antitoxin, and thus may be able to 
kill bacteria that lose it.  
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Flagella 
Bacterial flagella usually confer motility, however in some host-adapted 
bacteria they are involved in host interactions. The flagellum in B. bacilli-
formis has been shown to be involved in the infectious process (Scherer et al. 
1993), possibly by functioning as adhesin. We identified a flagellar gene 
cluster in B. bacilliformis, and in the ruminant isolates (Paper IV). Phyloge-
netic analysis suggests that the flagellum was vertically inherited to Bar-
tonella, and thus has been lost in the other lineages.  

In one of the moose isolates, a large part of the flagellar gene cluster has 
been lost, and many genes are inactivated by frameshifts or premature stop 
codons. It thus appears as if the flagellum is completely degraded in this 
strain, however, a closer inspection shows that the few genes that remain 
intact code for extracellular structures (Paper IV). Since one would expect 
the extracellular proteins, which may be a target for the host immune re-
sponse, to be inactivated first if the flagellum was no longer needed, we 
speculate that the hook and pilus proteins may be secreted via another sys-
tem and possibly used for interactions with the host cell.  

New host-adaptability gene candidates  
Because genes involved in host interactions often are part of large families, 
have a complex repeat structure and/or evolve under different selective pres-
sures than most other genes, it is possible to use these criteria to screen for 
novel host-adaptability gene candidates among genes with unknown func-
tion. In the Bartonella genomes, we identified two large families of hypo-
thetical proteins that are interesting candidates for host-adaptability genes 
(Paper IV).  

One of these families is present in about 15 copies in each of B. australis 
and B. bacilliformis, but with no remnants in other Bartonella genomes. 
Homologs are present only in the genera Leptospira and Helicobacter. Of 
the three sequenced species of Leptospira, this gene was present in several 
copies in the two human pathogens L. interrogans and L. borgpetersenii but 
absent from the free-living L. biflexa. The carcinogenic H. hepaticus con-
tains a single copy of this gene. Phylogenetic analysis suggests that duplica-
tions have occurred independently in different species both in Bartonella and 
in Leptospira (Paper IV). 

The other novel gene family, which is present only in the ruminant iso-
lates, lacks homologs in public databases (Paper IV). These genes cover an 
estimated 50-150 kb in each genome, however the complex structure and 
high repeat content has so far prevented any satisfying analysis. A weak 
similarity to the Bartonella autotransporters raises the possibility that this 
gene family originates from a rapidly evolving autotransporter gene. 

Although most genes discussed until now are part of large families and 
have been horizontally transferred to Bartonella, this does not have to be the 
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case for all genes involved in host adaptation. It is also possible that a single-
copy gene changes function during the process of host adaptation. When re-
sequencing the two B. henselae strains we identified a gene (BH14680) that 
has been vertically inherited to Bartonella, but differs a lot from its Alpha-
proteobacterial homologs (Paper V). BH14680 encodes an outer membrane 
protein, and at least two sites in the extracellular domain appear to be under 
positive selection. This gene, along with the adjacent spacer and possibly 
also the downstream gene appears to have undergone recombination events 
both in B. henselae and in B. grahamii. 

Can we reconstruct host adaptation in Bartonella?  
As discussed above, the established and putative host adaptation genes dis-
play highly variable patterns of presence and absence in the ten sequenced 
Bartonella genomes. Some, e.g. the different autotransporter families, were 
acquired in the Bartonella ancestor and has since been retained in all line-
ages. These genes are likely to have paved the way for a successful intracel-
lular lifestyle. Others, like the virB system, were acquired only in a particular 
clade, and probably facilitated host shifts in this clade. The enormous expan-
sion of the novel gene family in the ruminant clade is also likely to have 
been associated with major phenotypic changes. 

Thus, between the major clades in the Bartonella tree, there are also ma-
jor differences in terms of putative host-adaptability genes. However, which 
factors can govern host specificity and virulence within these clades? We 
know very little about this, but we speculate that genes that are highly di-
verse between species are good candidates for accounting for the observed 
differences in host preference patterns and virulence. Such genes include e.g. 
the different autotransporters and the virB-associated effector proteins, all of 
which vary both in copy number and sequence between species.  

 Similar to what has been observed previously in other genera (Cole et al. 
2001; Parkhill et al. 2003; Parkhill et al. 2001), we have found that the host-
restricted human pathogens have the most reduced genomes, and we have 
not been able to identify a single virulence factor that accounts for disease 
symptoms. This illustrates well the complexity of host adaptation and viru-
lence, and that the line between a deadly pathogen and a bacterium that 
causes asymptomatic infections in wild animals can be very fine.  

Prophages and the gene transfer agent  
Bartonella prophages 
Prophage I, which was first identified in B. henselae, is present in all se-
quenced Bartonella genomes except B. quintana and B. bacilliformis, with 
two copies in B. grahamii and B. tribocorum and partial duplications in sev-
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eral other species (Paper I, Paper IV). The wide distribution of this phage 
and the presence of gene remnants in B. quintana and B. bacilliformis sug-
gest that it was acquired by the Bartonella ancestor and subsequently lost in 
the human-specific pathogens. This pattern is in line with observations from 
other host-adapted bacteria; selfish mobile elements tend to proliferate 
shortly after host-restriction because of decreased population size and less 
efficient purifying selection, but after several re-current bottlenecks they are 
eliminated by genetic drift (Moran and Plague 2004).  

However, prophage I has not only been lost in B. quintana and B. bacilli-
formis, but also in some B. henselae strains (Lindroos et al. 2006). In the 
CGH of B. grahamii a few strains displayed a weak signal over the prophage 
regions (Paper III). It thus appears that prophage I is occasionally lost in 
strains of different species. Since we do not know of any selective advantage 
of having the prophage, how come that it is not lost completely? One possi-
bility is that if the phage is circulating in many populations, it may easily re-
infect strains in which it was lost. Indeed, phylogenetic analysis of some of 
the phage genes does not follow the species phylogeny, suggesting multiple 
acquisitions.  

The idea of circulating phages and multiple acquisitions is further sup-
ported by our demonstration that prophage I is active in B. grahamii, i.e. it 
replicates its own DNA and packages this into phage particles (Paper I). 
Increased microarray signal in the prophage regions of many B. grahamii 
strains suggest that the prophage is active in B. grahamii populations all over 
the world (Paper II, Paper III). 

There is also another prophage in Bartonella, which is present in several 
copies in B. tribocorum and in one copy in B. vinsonii (Paper I, Paper IV). 
The presence of remnants of this prophage in B. grahamii suggests that it 
was acquired on the branch leading to these three species, and subsequently 
lost in B. grahamii. However, one can easily imagine that the B. grahamii 
strains with a genome size that well exceeds that of the sequenced strain may 
retain several copies of this prophage (Paper III). These results further dem-
onstrate that prophages are occasionally lost in individual strains of Bar-
tonella.  

Identification of the gene transfer agent 
We identified phage particles in cultures of B. grahamii strains as4aup and 
af165up, and in B. henselae strain GreekCat-23, which has been reported to 
lack prophage I (Paper I)(Lindroos et al. 2006). Some of the particles were 
tailed, whereas others lacked tail, but overall the morphology was similar to 
the previously described Bartonella phage particles. In line with previous 
observations, we found a DNA band of 14kb in all strains (Paper I). Addi-
tionally, phage DNA from B. grahamii af165up contained a band of ap-
proximately 45 kb.  
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Microarray hybridizations showed that the 45 kb band consists of DNA 
from prophage I, indicating that this prophage is active. The 14 kb band was 
found to contain DNA from the entire chromosome, but with an increase in 
signal over the high plasticity zone and until ori, with strongest signal in the 
centre and gradually decreasing in both directions. This pattern is similar to 
what was observed in long-time cultures of genomic DNA from B. henselae 
(Lindroos et al. 2006), and in both species the peak of the amplification is 
located in a short cluster of phage genes close to the 3’ end of the HPZ. 
Thus, in contrast to observations in other genera, run-off replication in both 
B. grahamii and B. henselae is initiated from what appears to be a degraded 
prophage, with two of the few remaining genes coding for a helicase and an 
exonuclease. 

These observations suggest that we have two types of phage particles in 
B. grahamii: one that is encoded by prophage I and packages its own DNA 
and another that packages random bacterial DNA in 14 kb pieces. Because 
of the run-off replication, the part of the genome located within the amplifi-
cation (called the RR-region for run-off replication region) will be over-
represented in the 14 kb band. This observation explains the previous diffi-
culties to characterize this band, and is in agreement with descriptions of 
random or heterogeneous DNA. Random packaging of bacterial DNA in 
short pieces is one of the hallmarks of a gene transfer agent, suggesting that 
the phage that packages the 14 kb band belongs to this class of phages. 

To identify the genes that encode the GTA, we examined the protein pro-
files of the phage particles by SDS-PAGE and mass spectrometry (Paper I). 
Three proteins encoded in vicinity of each other in the HPZ were identified, 
located in a gene cluster that is well conserved in all sequenced Bartonella 
genomes and comprises circa 15 kb (Paper I, Paper IV). A few of the genes 
in this cluster encode recognized phage proteins, and the remaining are an-
notated as hypothetical proteins. There is no similarity of this gene cluster to 
any other described GTA, suggesting that it is of a novel kind. However, 
homologs exist in a number of recently sequenced Rhizobiales genomes. 
Two proteins from prophage I were also identified by mass spectrometry, 
providing further evidence that this prophage is active (Paper I). 

Are the GTA and the run-off replication beneficial? 
While both gene transfer agents and run-off replication have been observed 
previously in other species, this is the first demonstration of the association 
of these two phenomena. Can this combination be associated with a selective 
advantage for the bacterial host, or is it merely a peculiar effect resulting 
from two defect prophages ending up in the same genome? 

Already in Paper I, we observed that both the genes encoding the GTA 
and the genes located at the peak of the amplification are well conserved in 
Bartonella. In Paper IV, we extended this analysis by screening for all genes 
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that are classified as imported or Bartonella-specific and that are present in 
all Bartonella species. This set of genes was assumed to have been acquired 
by the Bartonella ancestor and, since it is retained in all lineages, to have 
been important for the evolution and success of this genus. Surprisingly, 
only 15 gene families met these criteria, and of these 8 belonged to the GTA 
and 3 were located close to the peak of the amplification. This analysis 
shows that the genes responsible for the GTA and the run-off replication 
represent extremely well conserved acquisitions of Bartonella, and as such 
they are bound to provide a selective advantage. 

What could then be the benefit of linking a GTA to run-off replication? A 
GTA, as such, is assumed to be a mechanism for increased genetic exchange 
by transduction and subsequent recombination. As discussed in the introduc-
tion, there are several potential benefits of recombination, especially if tar-
geting genes that are surface-exposed and/or involved in host interaction 
processes. There are however also drawbacks with recombination, since 
beneficial allele combinations can be disrupted. Thus, increasing the amount 
of recombination of genes involved in host interactions relative house-
keeping genes, could potentially be a key to success. A closer inspection of 
the RR-region in B. grahamii shows that it contains many genes involved in 
host interactions, including virB, trw, autotransporters and fha/hec (Figure 
4). Because of the run-off replication, these genes have higher probabilities 
of being packaged by the GTA, transferred and recombined.  

 
Figure 4. Schematic representation of the B. grahamii genome, showing the loca-
tions of secretion systems and phage genes. The positions of the genes encoding the 
GTA and the origin of the phage-derived run-off replication (peak) are indicated. 
Also shown are the high plasticity zone (HPZ), and an estimation of the region that 
is amplified by run-off replication (RR-region). Remaining genes include Bar-
tonella-specific genes, orphans, pseudogenes, and imported genes that are not part of 
a secretion system or phage-related.  

An interesting question is whether the GTA − run-off replication combina-
tion is a phenomenon that is unique to Bartonella or whether the same 
mechanisms are common for gene exchange also in other genera. GTAs 
have been identified in several bacterial species, and are likely to be present 
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in many more, since no large-scale screening for GTAs has been performed 
and it is hard to recognize a GTA just by morphology or sequence analysis. 
However, how frequent is run-off replication? 

There are only few reports of phage-derived run-off replication outside 
Bartonella (Asadulghani et al. 2009; Frye et al. 2005). In these studies, run-
off replication was observed by microarray analysis. However, an alternative 
method to discover run-off replication is to analyze alterations in read cover-
age over the genome during whole genome sequencing. Using this method, 
we observed clear signs of run-off replication in both re-sequenced B. hense-
lae strains (Paper V). We also analyzed other publicly available 454 se-
quence datasets for indications of run-off replication. In these data, we ob-
served many examples of putative duplications and phage replication, how-
ever, despite analyzing several hundred datasets we found no signs of run-
off replication (Paper V). We thus conclude that run-off replication is a rare 
phenomenon, and that the combination of run-off replication and a GTA 
presumably is even rarer. 

What are the effects of the GTA? 
So, we have identified a gene transfer agent, concluded that it is likely to 
confer a selective benefit and observed that this phenomenon is probably 
pretty unique to Bartonella. But can we see any effects of the GTA in the 
Bartonella genomes? The expectation would be more recombination events 
in the RR-region than in other parts of the genome. Possibly, more intense 
replication of this region could also result in higher substitution frequencies.  

Some of the host-adaptability genes located in the RR-region, such as the 
autotransporters, do indeed display a very high variation between genomes 
(Paper I, Paper IV). However, the same pattern is observed in the badA 
genes, which are not located in the RR-region. Thus, high variability may be 
a general feature of T5SSs, and is not necessarily caused by the GTA. 

To search more systematically for effects of the GTA, we investigated 
whether genes with an increased number of substitutions (measured by Ks 
values) between the three B. henselae strains and genes with signs of recom-
bination were preferentially located in the RR-region (Paper V). Although 
the total number of observations is low, we found a slight indication that 
genes with increased Ks or recombination frequencies were indeed over-
represented in the RR-region. Many of the genes identified in this analysis 
belonged to the virB or trw systems, possibly suggesting that there is another 
mechanism of exchange that specifically targets T4SSs, e.g. a T4SS plasmid. 
There are however as yet no reports of a plasmid in B. henselae. 

We also analyzed the recombination frequencies in B. grahamii by estim-
ating the r/m ratio, i.e. the relative probability that a nucleotide is exchanged 
as the result of a recombination compared to a substitution. If this ratio is 
above 1, recombination events have a greater influence on sequence evolu-
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tion, whereas if it below 1, point mutations are more important. Using the 
MLST dataset from (Inoue et al. 2009), r/m for B. grahamii was estimated to 
1.7 (Paper III). This value is very high in comparison to most intracellular 
bacteria, which typically have r/m well below 1 (Vos and Didelot 2009). 

High recombination frequencies in B. grahamii were evident also in our 
MLST/MST analysis (Paper III). Phylogenetic analysis of each of the se-
quenced regions showed that almost every tree had a different topology. In 
addition, recombination events within a sequenced region were detected in 
many loci. Because of the low number of genes included, and since we do 
not know the position of each gene in the different strains, we cannot say 
whether recombination events are more frequent in the RR-region. However, 
it is clear from these data that B. grahamii has high recombination frequen-
cies compared to other intracellular bacteria, and a possible explanation for 
this is that the GTA enables frequent recombination despite the isolated 
habitat. 

Intra-species diversity of B. grahamii 
In Paper II, we analyzed the genomic diversity of 27 B. grahamii strains 
from four rodent host species and three adjacent geographic regions in Swe-
den, and in Paper III, the same analyses were performed for a collection of 
26 B. grahamii strains from eleven host species and seven different countries 
in Europe, North America and Asia (Figure 5). Only a few studies of Bar-
tonella in rodents have been performed in other continents, and as far as we 
know, the presence of B. grahamii has not been reported from these studies.  

 
Figure 5. Map showing where the studied B. grahamii strains were collected, and 
the number of strains from each country. 
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Geographic variations in sequence diversity of B. grahamii 
We found no sign of host specificity in the Swedish B. grahamii populations 
(Paper II). Since each host species in the global collection was found in only 
one country, this study was not designed to investigate host specificity (Pa-
per III). In contrast, the global population of B. grahamii displayed a strong 
geographic pattern (Paper III), in agreement with previous observations 
(Inoue et al. 2009). A phylogenetic tree based on the concatenation of all 
sequenced loci showed that the Asian strains formed one clade, and the 
European and American strains another. The Japanese and Chinese strains 
were separated within the Asian group, and in the European-American group 
there were two closely related sub-clades of European strains, and one clade 
with Canadian strains. Only the two US strains did not cluster together.  

Also among the Swedish strains, there was a tendency of geographic iso-
lation, with all strains from one location (Håtunaholm) having the same se-
quence type and being virtually identical in terms of gene content, whereas 
the other two locations contained a more diverse set of strains (Paper II). A 
possible reason for this is that Håtunaholm is surrounded by water, and only 
connected to the other locations by a narrow piece of land. Thus, environ-
mental barriers may isolate the hosts and vectors in this region, and thereby 
restrict the genetic flow. 

The degree of sequence diversity was found to vary a lot between differ-
ent countries and continents. In the Swedish population, only 5 SNPs were 
identified despite sequencing regions expected to be among the most vari-
able in the genome (Paper II). The British strains in the other European 
group and the Canadian strains were also highly clonal, with average nucleo-
tide identities within each group of 99.9 and 99.8%, respectively (Paper III). 
In contrast, the average identity between Japanese strains was only 96.8% 
(excluding sites with gaps; if these are included the identity is much lower). 
The Asian strains also had much higher recombination frequencies. Now, 
one could argue that the geographic distance between the collection sites in 
Japan is much larger than in the other countries. This is true, but it cannot 
explain that the diversity within the single country of Japan is actually larger 
than in the entire European-American clade.  

A possible reason for the lower diversity in Europe and North America is 
that the populations in these areas are younger, since these parts of the world 
were covered with ice during the latest glaciation, which ended around 
10,000 years ago (Ehlers and Gibbard 2007). This hypothesis is supported by 
demonstrations that many species in Europe and North America, including 
rodents, used more temperate zones as refugia during the ice age, and as a 
consequence displays less genetic diversity in the northern areas (Hewitt 
2000; Kotlik et al. 2006; Lessa et al. 2003; Michaux et al. 2003). A de-
creased variability of rodent hosts is likely to also reduce the diversity of the 
associated bacteria.  
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It is also interesting to note that this time estimate and the observed num-
ber of polymorphisms in our local populations agree reasonably well with 
the sequence divergence and the proposed age of the genetically monomor-
phic organisms (Achtman 2008), given of course the limitations that muta-
tion rates may differ between species and molecular dating is very difficult. 

How does sequence diversity correlate to gene content? 
To correlate sequence diversity to gene content, we inferred a maximum 
parsimony tree based on the microarray data for the European and American 
strains (Paper III). Since the Asian strains are very different from the se-
quenced strain, and we therefore cannot say whether a weak microarray sig-
nal is due to gene loss or sequence divergence, they were excluded from this 
analysis.  

The results showed that B. grahamii strains that are similar on the se-
quence level are in general also similar in terms of gene content. The tree 
had two major groups, one containing all American strains plus the British 
strain C162, and the other containing the remaining European strains, with 
the same two sub-clades as was observed in the sequence phylogeny.  

The reason why C162 clusters with the American strains is probably that 
all these strains appear to have a complete or near-complete loss of the fha-
repeat. The American strains display weaker signals also in prophage I, with 
a possible complete loss in one of the Canadian strains. The strains that clus-
tered with the sequenced strain in the sequence phylogeny displayed few 
gene losses in comparison to this strain, including the fha-repeat and in the 
genomic island BgGI 5. The other European group displayed decreased sig-
nals also in the badA region, the membrane proteins in BgGI 3, some of the  
Bartonella effector proteins and the repeated genes in the trw T4SS.  

Why is B. grahamii so different from B. henselae? 
Our studies of the population structure and genomic diversity of B. grahamii 
have thus revealed a strong geographic pattern, high sequence diversity and 
recombination frequencies, and large genome size variations. In contrast, 
geographic specificity has only occasionally been reported for B. henselae 
(Li et al. 2006), limited genome size variation has been observed (Lindroos 
et al. 2006), and re-sequencing of two strains showed nucleotide identities 
over 99% with minor differences in gene content (Paper V). The r/m ratio 
for B. henselae has been estimated to 0.1 (Vos and Didelot 2009), in com-
parison to 1.7 for B. grahamii (Paper III).  

One possible reason for the stronger geographic pattern of B. grahamii is 
the different migration patterns of the hosts. Wild mice and voles typically 
display limited migration, and are seldom transported by humans. In con-
trast, humans travel a lot, and often bring their cats with them. Cats are also 
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bred, and transported around the world. Thus, frequent and distant migration 
of the hosts is likely to dilute a possible geographical component of evolu-
tionary relationships within B. henselae populations. 

The higher recombination frequencies of B. grahamii can also be related 
to lifestyle differences of the hosts, since the density of wild rodents in na-
ture is higher, and they are presumably also more exposed to insect vectors 
than are domestic cats. A high density of hosts and vectors enables frequent 
transmission, and gives more opportunities for recombination. Since the 
GTA might remain in the blood or in the vector even in the absence of bacte-
ria, recombination is not dependent on two strains infecting the same host 
simultaneously.  

There are several possible explanations for the higher sequence diversity 
in B. grahamii compared to B. henselae. One is that B. henselae, like B. 
quintana, has undergone a relatively recent host switch and/or bottleneck, 
resulting in much decreased genomic diversity. Under this hypothesis, B. 
henselae represents a younger population than B. grahamii, and has there-
fore not had time to collect the same degree of sequence diversity. Another 
possibility is that the higher abundance of hosts and vectors for B. grahamii 
results in more frequent transmission. If the bacterium is only growing to a 
certain extent in each host, more frequent transmissions can result in more 
generations per time unit and thus a faster evolution. It is also possible that 
differences in the demography of the hosts influence the genomic diversity. 
While rodents represents a genetically diverse group, and many different 
rodent species typically inhabit the same areas, there are fewer kinds of wild 
felines, and maybe more importantly, a strain of B. henselae that live in a 
domestic cat is not so likely to come into contact with these potential other 
hosts. This may result in stronger selection against genomic diversity in B. 
henselae, since isolates that evolve too far may not be well adapted to its 
host anymore. In contrast, for a far-evolved lineage of B. grahamii, there 
might be another host that can readily be infected. 
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Conclusions and perspectives 

This thesis is based on comparative analyses of Bartonella genomes, both on 
a genus-wide and on a species level. Bartonella has evolved from a free-
living soil bacterium to an intracellular, insect-transmitted mammalian spe-
cialist, and much of my work was focused at understanding what genes are 
involved in host adaptation and host shifts and how they evolve.  

By comparing ten genomes we have provided a broad overview of the 
gene flux and the evolution of host-adaptability genes in Bartonella. We 
found that the rodent-associated species, which have rarely been associated 
with human disease, have the largest genomes with most horizontally trans-
ferred genes, e.g. phage genes and genes for secretion systems. We identified 
a segment of the genomes, the chromosomal high plasticity zone, which 
appears to be extra susceptible to foreign DNA, and contains many of the 
genes involved in host interactions.  

We identified several families of T5SSs that were imported to the Bar-
tonella ancestor, and have been retained in all lineages and we propose that 
these genes played an important role in the initial change of lifestyle. They 
may also have been involved in subsequent host shifts, given their extreme 
diversity in both sequence and copy number. Other putative host interaction 
factors are only present in certain lineages, and are also likely to be impli-
cated in host specificity and virulence properties. 

In B. grahamii, we observed for the first time the association of run-off 
replication from what appears to be a degraded prophage, and a gene transfer 
agent (GTA) that packages random bacterial DNA. We found that both the 
genes that encode the GTA and the genes located at the peak of the run-off 
replication were acquired by the Bartonella ancestor, and that they have 
since then been very well conserved in all species. This suggests that they 
confer a strong selective advantage and have been important for the evolu-
tion and success of Bartonella. 

The effect of the combination of run-off replication with a GTA is likely 
to be increased opportunities for recombination, especially on the part of the 
chromosome that is amplified. Since many host-adaptability genes are lo-
cated within this region, we propose that the benefit of these mechanisms for 
gene exchange is an increased genetic diversity of genes involved in host 
interactions. Increased diversity of these genes may result in possibilities to 
infect a new host or to escape the immune system of the current host. We 
found that B. grahamii has indeed a high recombination frequency compared 
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to many other intracellular bacteria, and that recombination events in B. 
henselae are slightly over-represented in the region amplified by run-off 
replication. 

Our studies of genomic diversity within a species revealed large varia-
tions in sequence divergence of B. grahamii between different countries and 
continents. The diversity was highest in Asia, and we speculate that the vari-
ability of bacteria associated with hosts with limited migration was reduced 
in Northern Europe and North America as an effect of the latest ice age. We 
also found a profound difference in population structure and genomic diver-
sity between B. grahamii and B. henselae: B. grahamii displays stronger 
geographic pattern, higher sequence diversity and recombination frequencies 
and larger plasticity in terms of genome size. We speculate that many of 
these differences can be related to the different lifestyle of the hosts; rodents 
are more abundant in nature, have limited migration and are more exposed to 
transmitting vectors than are domestic cats and humans.  

Although we have gained many insights about the evolution of host-
adaptability genes and the importance of genetic exchange during these stud-
ies, many novel questions have also emerged. One obvious task for the fu-
ture is to study the function of the novel putative host-adaptability genes that 
we have identified. Having identified a novel system for genetic exchange, it 
would also be of great interest to investigate the mechanisms that regulate 
the GTA and the run-off replication, and what triggers these phenomena in 
nature. 

The great progress and reduced costs of sequencing technologies opens 
up for a whole new dimension of evolutionary studies. With the advent of 
ultra-long sequence reads, many of the difficulties associated with the com-
plex and repeated structure of host-adaptability genes will be overcome. In 
combination with single-cell technologies, this will allow for studies of ge-
nomic modifications associated with infectious processes, adaptations of 
bacteria to a new environment or analysis of recombination rates in real 
time. 
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Svensk sammanfattning 

 
Bakterier utgör en stor del av allt liv på jorden, och de lever i alla tänkbara 
miljöer. Vissa bakterier kan leva i många olika miljöer, men de flesta har en 
särskild miljö, en nisch, där de trivs bäst. Den nischen kan vara inne i en 
annan organism, och ibland till och med i värdorganismens celler. I våra 
kroppar lever en mängd olika bakterier, en del är nödvändiga för att vi ska 
må bra, andra påverkar oss inte alls, och vissa gör oss sjuka.  

En bakteries egenskaper bestäms av vilka gener den har. Den totala 
mängden gener i en organism utgör dess genom. Bakterier förökar sig ge-
nom celldelning, där varje ny cell blir en exakt kopia av moderscellen. Till 
skillnad från vid sexuell reproduktion så sker det alltså inget naturligt utbyte 
av gener i varje generation hos bakterier. Det händer dock då och då att en 
bakterie inkorporerar nya gener i sitt genom, vilket kallas en horisontell gen-
överföring. 

En horisontell genöverföring kan ibland göra så att bakterien kan leva i en 
annorlunda nisch än tidigare, t.ex. kan en bakterie som tidigare levde fritt i 
jord eller vatten istället anpassa sig till att leva i ett värddjur. Ett sådant byte 
av livsstil är ofta associerat med stora förändringar i genomet, gener som 
tidigare var nödvändiga blir plötsligt överflödiga, och istället behövs nya 
gener för att interagera med värden. Att leva i en värd innebär också att man 
måste undvika att bli upptäckt och oskadliggjord av värdens immunförsvar. 

Den grupp av bakterier som den här avhandlingen handlar om, Bartonel-
la, har genomgått just ett sådant byte av livsstil. Från att ha varit frilevande i 
jorden har den utvecklats till att leva i röda blodkroppar. Bartonella finns i 
nästan alla däggdjur, t.ex. människor, katter, hundar, möss, älgar, fladder-
möss, valar och kängurur. De sprids mellan värddjur med hjälp av blod-
sugande insekter, t.ex. löss och loppor. Det finns några sjukdomsframkallan-
de (patogena) Bartonella-arter, men de flesta orsakar ingen sjukdom hos 
värddjuret.  

Syftet med det här arbetet var att öka förståelsen för hur Bartonella an-
passade sig till att leva i olika värddjur, och vilka förändringar i genomet 
livsstilsbytet medförde. Genom att studera genomen hos olika Bartonella-
arter, och jämföra med genomen hos de frilevande släktingarna kan vi försö-
ka räkna ut hur förfadern till dagens Bartonella-arter såg ut, och vilka gener 
som möjliggjorde livsstilsbytet. Precis som man kan vänta sig, så har vi sett 
att många av de gener som är inblandade i interaktioner med värdceller har 
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överförts horisontellt till Bartonella. Något man däremot kanske inte hade 
väntat sig, är att de arter som orsakar sjukdom inte har några särskilda pato-
genicitetsgener, som saknas i de andra arterna. Istället har de arter som lever 
i vilda möss och råttor utan att orsaka sjukdom de största genomen, med flest 
kopior av de gener som är inblandade i interaktioner med värden. Detta visar 
att patogenicitet är ett väldigt komplext fenomen, som inte alltid kan härle-
das till särskilda gener. 

Vi har också upptäckt en särskild sorts fag (ett virus som infekterar bakte-
rier) i Bartonella, som packar in slumpmässiga bitar av bakteriens genom 
istället för att som vanliga fager packa in sitt eget genom. En sådan fag, en 
genöverföringsfag, kan bidra till horisontella överföringar, eftersom när den 
infekterar en ny bakterie tar den med sig en liten bit av genomet från sin 
förra värd.  

I de flesta bakterier replikeras (dupliceras) hela genomet en gång innan 
celldelningen, och sedan inte mer förrän det är dags för nästa celldelning, 
men i Bartonella replikeras en särskild del av genomet även när det inte är 
celldelning på gång. Det här gör att det finns mer av den delen av genomet i 
cellen, och den kommer därför att packas in oftare av genöverföringsfagen. 
Det här speciella systemet för ökat utbyte av en viss del av genomet har ald-
rig observerats tidigare i andra bakterier.  

Att byta ut gener eller delar av gener kan vara både bra och dåligt för en 
bakterie. De flesta gener har haft lång tid på sig att optimera sin funktion; de 
fungerar därför bra som de är och nästan alla förändringar gör dem sämre. 
Men för vissa gener, t.ex. sådana som är involverade i interaktioner med en 
värdcell kan förändring vara positivt. Förändring av en gen som hjälper till 
att binda till en värdcell kan t.ex. göra att bakterien kan infektera en lite an-
norlunda typ av celler än tidigare. Snabba förändringar av vissa gener kan 
också minska risken att bli upptäckt av värdens immunförsvar.  

Intressant nog innehåller den del av Bartonella-genomen som replikeras 
extra och oftare packas av genöverföringsfagen många av de gener som är 
inblandade i interaktioner med värden. Det verkar alltså som om Bartonella 
har utvecklat ett särskilt system för att inte bara byta ut gener, utan även byta 
ut ”rätt” gener. Våra resultat tyder på att det här systemet har haft en stor 
betydelse för Bartonellas utveckling och evolutionära framgång. Trots att 
bakterier är asexuella så har de alltså otroligt raffinerade metoder för genut-
byte, och till skillnad från oss så kan de kanske till och med styra vilka gener 
som ska bytas ut. 
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