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1. Introduction

"So, naturalists observe, a flea
Has smaller fleas that on him prey;
And these have smaller still to bite ’em,
And so proceed ad infinitum."

–Jonathan Swift, “Poetry, A Rhapsody”

This thesis is based on a comparison of the complete genomes of three
species of Bartonella bacteria. Bartonella live in the bloodstream of various
mammals, which serve as their hosts. They are transmitted among mammals
by blood-sucking arthropods, called vectors. Vectors include arachnids, such
as ticks, and insects, such as lice and fleas. The quote above refers to the
fleas, the bacteria that reside in their gut, waiting to be transmitted to a new
mammal host, and the even smaller biological entities, the bacterial viruses
(called bacteriophages) that in turn have the bacteria as their hosts, serving as
agents for gene transfer that can impact the evolution of the bacteria.

Why do we study bacterial evolution? Bacteria is the most diverse of the
three domains of life (bacteria, archaea and eukaryotes) (Woese, 1987; Hugen-
holtz et al., 1998), found in almost every environment on earth. They hold the
key to how life began and how eukaryotes originated. Despite this, bacterial
evolution was long poorly understood or even overlooked. The reason for this
is that they are difficult to classify and culture.

The external structures of bacteria are too simple for the kind of methods
used to classify other organisms. Therefore, without modern molecular tech-
niques, it is difficult to determine the natural relationships among them (i.e.
their phylogeny). Their physiology have been used for classification, but this
has resulted in incorrect groupings. An example comes from the still widely
used terms “gram-negative” and “gram-positive” (from color staining of the
cell wall). While gram-positives are a true coherent group (firmucutes), gram-
negatives include many phylogenetically unrelated groups of bacteria. The
other reason why microbial biodiversity and evolution has been poorly un-
derstood is becasue 99 % of bacterial species are uncultured (Amann et al.,
1995), and cannot be studied with standard techniques.
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The genome sequencing efforts of the last decade have had a major impact
on the field of bacterial evolution. With genomes and metagenomes in hand,
we are able to circumvent the two barriers to studying the field. Sequences
can be used to sort out phylogenetic relationships among bacteria, and we
now have the phylogenetic framework necessary to understand the processes
that underlie bacterial genome evolution. The genomes themselves are histor-
ical records that can be compared at different phylogenetic depths — from
closely related species to more distantly related ones — and provide us with
new evolutionary insights. Environmental sequencing allows us tap into un-
cultured bacterial diversity, and it has become increasingly clear that the tra-
ditional model organism Escherichia coli cannot represent all bacteria. Thus,
our chances are better than ever to understand the fundamental principles that
drive the evolution of this important domain of life.

With genome sequencing, it is not only possible to study bacterial evolu-
tion: an evolutionary perspective is also necessary for the interpretation and
dechiphering the data, which are strings of millions of A’s, C’s, T’s, and G’s.
The practical work of this thesis consisted of taking smaller strings of these
four letters, designing experiments to assemble them into one long string in the
order of a million letters, the genome, to find the start and stop coordinates of
genes and other features in the genome, and compare these features to those of
genomes from other species, distantly or closely related depending on the evo-
lutionary questions asked. The questions studied here have to do with the ori-
gin and evolution of a specific bacterial lifestyle: vector-borne mammal asso-
ciation. The evolutionary time-span covered is large, from questions regarding
how Bartonella evolved from plant-associated species, to how the genomes of
Bartonella species with different host-preference patterns evolve, to micro-
evolution of specific host-interaction genes in the Bartonella genomes.

1.1 Genome Evolution of Pathogens and
Symbionts
Bacteria existed long before eukaryotes originated. After the origin of eu-
karyotes, animal- and plant-dependent lifestyles must have evolved multiple
times independently, because bacteria that live in close association with eu-
karyotes do not form coherent phylogenetic groups. Thus, the focus of this
thesis, animal-association, is a derived feature in bacteria, and such species
represent a small fraction of bacterial diversity. Yet an even smaller fraction
are pathogens, i.e. cause disease in their host.

All ecological relationships between organisms that live in close contact are
symbiotic, even when the association is disadvantageous or destructive to one
organisms and beneficial to the other (parasitism). Still, the term symbiont is
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often used to describe an association where both parts benefit (mutualism).
Pathogens and symbionts have lifestyle characteristics in common that pro-
foundly impact their population genetics, making the way thet they evolve
different from free living bacteria. Their specific, isolated lifestyle dictates the
fate of the population of DNA gained, lost or mutated through changes in ef-
ficacy of selection and also the rate of exposure to mobile genetic elements.
Although genes required for host interaction must have evolved through point
mutations in some lineage, there is evidence that such functions are often
transmitted horizontally among lineages (Ochman and Moran, 2001).

Genome comparisons have proven a valuable tool for studying the evolution
of pathogenic or symbiotic lifestyles in different lineages. Bacterial genomes
come in sizes ranging from 0.5 Mb to 10 Mb, almost always with the major-
ity of bases engaged in coding sequences. This means that over evolutionary
time-spans, genes are continuously gained and lost from genomes. Tracing
the sources of genes is therefore central to to understanding how bacterial
genomes evolve. Where do the genes come from? For a gene, there are endless
possible evolutionary routes that lead to a specific place in a given genome.
The gene may have been vertically inherited throughout time, keeping a per-
fect record of the evolution of the genome, from the origin of bacteria. In this
case, the gene is likely to have relatives in other genomes, called orthologs,
which diverged through speciation. It may also have been transferred from
another strain or species at some point during evolution, either recently, in
which case the transfer may be readily detectable, or early in evolution, so
that orthologs are present in all descendants of the receiving genome, except
those where it has been lost again. If the gene has characteristics that make
it readily transferable, it has probably moved among species multiple times
during evolution, making the picture more complex.

1.1.1 Vertical and Horizontal Gene Transfer
Vertical gene transfer, i.e, from mother to daughter cell, is undoubtedly the
most common mechanisms for transfer of a gene from one bacterium to an-
other, taking place every time a bacterium divides. If genes were transferred
exclusively this way, all genes in a genome would have the same history, keep-
ing a record back to the ancestor of all bacteria. However, a fraction of the
genes in a given bacterial genome tend to have a different evolutionary record:
they have been transferred from other species at some point during evolution
(Jain et al., 2002).

Horizontal gene transfer among strains and species of bacteria is an im-
portant evolutionary driving force. A gene that has evolved to perform a cer-
tain function, say nitrogen fixation, may be transferred to a distantly related
species, giving the acceptor the possibility to explore a new ecological niche
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without having to evolve the function de novo. There is nothing obscure about
the underlying mechanisms of lateral transfer: mobile genetic elements such
as plasmids, bacteriophages and transposons are natural vectors of DNA trans-
mission, and with the help of these elements, transfer can occur over any
genetic distance (Ochman et al., 2000). The more critical step in successful
transfer is fixation in the population of a foreign gene. Long term survival of
a mobile genetic element may be enhanced if it can contribute to the fitness
of its host by bringing a desirable phenotype. This might be one reason why
horizontal transfer has led to some confusion for bacterial classification: key
physiological adaptations are among the genes likely to become fixed in new
genomes (Boucher et al., 2003). Such genes (photosynthesis, nitrogen fixa-
tion, host-interaction etc) are responsible for some of the phenotypes used for
pre-sequencing classification attempts.

Early on in the sequencing era, the general view was that horizontal gene
transfer have confounded the genetic record so that a bacterium as a whole
does not have a meaningful genealogy (Ambler et al., 1979). Around the same
time, Carl Woese showed that cytochrome C trees have the same topology as
rRNA trees (Woese et al., 1980). With this, he considered it safe to assume that
bacteria have unique evolutionary histories, but pointed out that the fraction
and nature of transferred genes is unknown. Today, we know much more about
what kind of genes tend to be transferred, and we have a notion of how com-
mon it is. However, although Carl Woese considered the debate about lateral
transfer and unique phylogenies basically settled almost 20 years ago (Woese,
1987), the subject has been a matter of intense debate during the last decade
(Doolittle, 1999; Daubin et al., 2003; Lerat et al., 2003; Bapteste et al., 2004;
Kurland et al., 2003; Kurland, 2005).

The fact that genes do have the same evolutionary history seems to suggest
that there is a cohesive force keeping some genes together through evolution.
The so-called complexity hypothesis (Jain et al., 1999) gives an explanation
for such a force. The probability of fixation of a gene in a recipient genome
is restricted for informational genes (i.e genes involved in transcription, trans-
lation, and related processes) because they are often part of large complex
systems. Operational genes on the other hand, are less dependent on interac-
tion with other genes, and thus more likely to be of value in a genome in which
it has not evolved.

A recent study of γ-proteobacterial gene repertoires shows both that hori-
zontal transfer is very common in these species and that it does not interfere
with our ability to make species trees (Lerat et al., 2005). The results seem to
resolve the long-standing conflict and reconcile the two views on the impact
of horizontal gene transfer for bacterial evolution.
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1.1.2 Prophages
Temperate bacteriophages are capable of inserting themselves into a bacterial
genome and become a noninfectious prophage. Because they sometimes ex-
cise imperfectly, bringing with them host genes to their next host, they are of
high evolutionary significance for bacteria. It is generally believed that they
play some role in bacterial diversification and diversity (Weinbauer and Ras-
soulzadegan, 2004; Brussow et al., 2004).

Their benefits may also lie at the populational level: elements that promote
genome rearrangment and gene transfer may help in genereting new selec-
tively advantageous variants. This might be especially important for bacteria
that are under intense selective pressure from an animal host, and thus depen-
dent on variation-generating mechanisms. An investigation of 115 bacterial
genomes suggest that prophages are more common in pathogens (Canchaya
et al., 2004).

Prophages appear to be especially common in the γ-proteobacteria, a group
of bacteria that contains many human- animal and plant pathogens. Eleven
of the fourteen γ-proteobacteria genomes sequenced in 2003 contained be-
tween seven and 20 prophages (Casjens, 2003). Firmicutes, another group
with many pathogens, also contains many prophages (Casjens, 2003). Inter-
estingly, prophage distribution seems to differ between different phylogentic
bacterial groups. As judged from a survey of 82 bacterial genomes in 2003
(Casjens, 2003), the α-proteobacteria appear to have only modest amounts of
prophages as compared to the γ-proteobacteria and the Firmicutes (see sup-
plementary table 1 in Casjens (2003)).

Another interesting aspect of bacteriophages as agents of gene transfer,
is their diversity, which is probably still largely unsampled. Bacteriophages
are often mosaic (Casjens, 2005), and extremely varied. Viral metagenomes
mostly contain novel sequences (Edwards and Rohwer, 2005). Thus, prophage
remnants from unknown phages could provide part of the explanation for why
bacterial genomes have such diverse gene contents. There is some evidence
that many orfans may be phage remnants, at least in E. coli (Daubin and
Ochman, 2004a).

1.1.3 Pathogenicity Islands and Genomic Islands
A common pattern seen when contrasting the genomes of two related strains
or species, is the presence/absence of large regions (i.e. in the order of 10-
100 kb rather than a few genes). These regions often have characteristics of
mobile genetic elements, are integrated into tRNAs and encode transposases,
integrases, and other phage- and mobility genes (Dobrindt et al., 2004).

Because we are used to thinking of animal-associated bacteria in terms
of “pathogenicity” and “virulence”, and because the majority of sequenced
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genomes, at least initially, belonged to pathogens, such islands where first
called pathogenicity islands (PAIs). Indeed, there are cases of islands that
can turn commensals (harmless bacteria) into dangerous pathogens. However,
the term genomic island (GI) is more appropriate (Hacker and Carniel, 2001;
Karch et al., 1999), because it encompasses islands that contribute to fitness
in commensals, through for example metabolic flexibility or symbiosis.

An example of a well-studied GI/PAI is the so-called Yersinia high
pathogenicity island (HPIy), a mobile element encoding biosynthesis
and transport of yersiniabactin, a system that provides the bacterium
with iron, especially when multiplying in the mammal host. The
element, associated with high pathogenicity in mice, is present in both
Y. pestis/Y. pseudotuberculosis and Y. enterocolitica (Schubert et al., 2004).
Highly similar (up to 99% nucleotide sequence identity) homologous HPIs
are also widely distributed among other enterobacteria (Bach et al., 2000).
HPIy is associated with a tRNAasn gene, is flanked by short repeats (attB),
and contains an integrase gene.

Genomic islands are likely to be plasmid- or phage derived elements, with
different mechanisms of transfer. They often encode genes for integration and
excision (integrases), but not always for transfer (i.e. phage structural genes or
conjugation genes). Therefore, the transfer mechanisms of GIs is still some-
what obscure. Some have been shown to be transferred by phages (O’Shea and
Boyd, 2002; Ruzin et al., 2001). For others, the transfer itself has been demon-
strated, but not the mechanism behind it. Low frequency transfer of a Pseu-
domonas cholorochatecol element to other γ-proteobacteriahas been shown
(Ravatn et al., 1998), as has transfer of the 500 kb M. loti symbiosis island
(Sullivan and Ronson, 1998). While the transfer mechanisms of the first is un-
known, the latter is possibly transferred by the help of the trb operon present
on the island. Recently, transfer of HPIy from a strain of Y. pseudotuberculosis
to other strains and to Y. pestis was demonstrated (Lesic and Carniel, 2005).
The transfer also involved over 46 kb of adjacent DNA. Another study showed
that a conjugative plasmid shuttle with attB sites can transfer HPIy, suggesting
a plasmid-mediated route for transfer of GIs (Antonenka et al., 2005).

1.1.4 Genome Reduction and Pseudogenes
The acquisition of a restricted lifestyle of a pathogen or endosymbiont usually
leads to long-term genome decay. Genome reduction has happened several
times during evolution, for example in the distantly related genera Rickettsia,
Chlamydia and Mycoplasma and is seen in diverse species of endosymbionts,
organelles and pathogens.

The restricted lifestyle changes the selection mechanisms that act on the
bacterial genes and determine what genes are kept and lost. Purifying selec-
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tion, the natural selection that acts to maintain genes, may be altered following
the transition to a narrower niche, leading to pseudogenization of a part of the
gene complement.

Furthermore, when the population size is small, beneficial genes can be lost
by chance because selection is less efficient, increasing the probability for fix-
ation of deleterious mutations. Small population size is a feature of species
that live isolated from recombination with other strains (obligate intracellu-
lar bacteria), and species that undergo frequent bottlenecks (vector-borne and
maternally transmitted bacteria).

Finally, genome reduction is related to exposure to foreign DNA. Bacte-
ria that live in isolated niches are less prone to genome expansion mediated
by bacteriophages and other mobile genetic elements from the outside world.
Examples are species that are isolated from other bacteria (obligate intracellu-
lar bacteria) and which are not horizontally transmitted among hosts (obligate
intracellular endosymbionts).

All three factors affect the same kinds of species: host-dependent bacteria,
especially obligate intracellular, vector-borne or maternally transmitted such
typically have reduced genomes.

Reduced purifying selection and fixation of deleterious mutations lead to
pseudogene formation. Genes become inactivated by mutation, and then start
to accumulate more mutations. The general view before genome sequences
appears to have been that bacteria, being so small and streamlined, with
little junk-DNA (as compared to eukaryote genomes, which can harbor vast
amounts of sequence with no apparent function), also had few pseudogenes.
When the Rickettsia genome was sequenced (Andersson et al., 1998), its
twelve pseudogenes was considered to be extreme. In retrospect however,
that number no longer seems like a notable exception, as many genomes have
been shown to harbour large amounts of pseudogenes in various stages of
decay (Parkhill et al., 2003; Chain et al., 2004; McClelland et al., 2004; Lerat
and Ochman, 2005). Since then, we have witnessed for example the M. leprae
genome, in which more than half of the genes are pseudogenes (Cole et al.,
2001). The detection of pseudogenes depends in part on comparisons with
other genomes. For example, a pseudogene is usually recognized as an
interrupted open reading frame homologous to a complete open reading
frame in another strain or species. Thus, the more completely sequenced
bacterial genomes we have, especially closely related ones, the more genes
and pseudogenes we can detect. For example, comparative analysis of
Rickettsia species has shown that 80% of orfans are degraded genes (Amiri
et al., 2003)., and this number could increase with sequenced genomes.
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1.2 The Alpha-Proteobacteria

Using 16S ribosomal RNA sequences, Woese and colleges identified the pro-
teobacteria (at the time called the purple photosyntetic bacteria) as one of the
major groups of eubacteria (Woese et al., 1985), comprising several major
subdivisions, one of which was termed α-proteobacteria (Woese et al., 1984).

α-proteobacteria are a medically and ecologically important group of bacte-
ria. In marine bioplankton, which dominate living biomass on earth, the most
abundant class of bacteria, SAR11, belongs to this group (Morris et al., 2002),
and it was the largest group of bacteria identified in the environmental shotgun
sequencing of the Sargasso sea (Venter et al., 2004). Many α-proteobacteria,
such as Rhodopseudomonas palustris are photosyntetic, and agriculture de-
pends to a large extent on nitrogen-fixating Rhizobia, soil bacteria that are
symbiotic with plants.

The alpha-proteobacteria show extraordinarily diverse life-styles and
genome structures. Although several are free-living e.g. as bacterioplanktons
in the oceans such as Caulobacter and Silicibacter, many α-proteobacteria
form interesting associations with a eukaryote host cell. The group as a whole
appears to have been in long contact with eukaryotes, and present the entire
range of possible associations; symbionts of plants (e.g. the nitrogen-fixating
species Mesorhizobium, Sinorhizobium, Bradyrhizobium japonicum), plant
pathogens (Agrobacterium), facultative intracellular parasites Brucella,
vector-borne facultative intracellular parasites Bartonella, obligate
intracellular parasites (Rickettsia), and symbionts and parasites of insects
and nematodes (Wolbachia). Perhaps the most important α-proteobacteria
from the point of view of almost all eukaryote life on earth are mitochondria,
which are thought to have originated as endosymbionts (Gray et al., 1999) on
the rickettsial lineage of α-proteobacteria (Yang et al., 1985).

In the α-proteobacteria, the standard bacterial genome structure with one
chromosome may be less common than alternative arrangements. In addition
to a main chromosome, many species have auxiliary plasmid-like, but large
chromsosmes (megaplasmids), smaller plasmids, and sometimes linear chro-
mosomes (Moreno, 1998; Teyssier et al., 2004; Casjens, 1998).

Having auxiliary chromosomes and megaplasmids allow for remarkable
flexibility in genome content; genome size differences up to 60 % have been
demonstrated between strains of the same species of Ochrobactrum (Teyssier
et al., 2005). Whereas main chromsomes, if compared between two close
species, are consist mostly of syntenic orthologs, the degree of similarity in
terms of for example gene order conservation and gene content between aux-
iliary chromosomes from different species may be low (Paulsen et al., 2002).
Having separated core and auxiliary gene sets may lead to increased magni-
tude of mutational processes such as duplication and horizontal gene trans-
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fer, explaining the differences in auxiliary gene sets between closely related
genomes.

Given this diversity in genome structure, genome size and ecological habi-
tats, the α-proteobacteria make a good model system for studying evolution-
ary processes such as evolution of genome size, genome reduction and expan-
sion, and correlating these processes with bacterial lifestyle.

1.2.1 Lifestyle Evolution in the Alpha-Proteobacteria
By superimposing life-style differences on a reliable α-proteobacterial
species phylogeny, we can infer ancestral states and make predictions about
the direction of lifestyle changes. For example, it is tempting to speculate
that animal pathogens Brucella and Bartonella, located within a clade of
the α-proteobacteria called the Rhizobiales (Fig. 1.1) have evolved from
plant-associated species. The idea that Bartonella quintana evolved from a
plant-associated species was put forward already in 1985 (Weisburg et al.,
1985), although at the time, B. quintana was called Rochalimea quintana
and considered a rickettsial species. The real rickettsial species are more
distantly related to the Rhizobiales, and form an early diverging clade of
animal-associated α-proteobacteria, with species such as the vector-borne
Ehrlichia, Rickettsia and Anaplasma, and the insect- and nematode-associated
species Wolbachia.

Most species in the Rhizobiales (Fig. 1.1) group can survive and reproduce
in the soil, but they are better known for their ability to form nitrogen-fixating
symbiosis with plants roots. A few species within the Rhizobiales are associ-
ated with animals. Brucella invades and multiplies within macrophages, but it
can also survive in the soil for some time (Paulsen et al., 2002). The close rela-
tive Bartonella, a blood-borne vector-transmitted bacterium which is the focus
of this thesis, is completely dependent on its mammalian host for survival.

Interestingly, species from a group called Ochrobactrum, which is most
closely related to Brucella (see phylogeny in (Babic et al., 2000) and
(Teyssier et al., 2005)) has been isolated from an astonishing number
of different sources, covering almost the entire spectrum of described
α-proteobacterial habitats. For example, Ochrobactrum is frequently isolated
from humans for which it is considered an opportunistic pathogen (Teyssier
et al., 2003). Moreover, two species have been shown to form associations
with the nematode-pathogen and insect-symbiont P. luminescens in its
nematode host (Babic et al., 2000). One species causes root nodulation in
Lupins (Trujillo et al., 2005), and another is a nitrogen-fixing symbiont of
Anaplasma (Ngom et al., 2004). It is part of the symbiotic intestinal flora of
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Figure 1.1: Phylogeny of representative α-proteobacteria, adapted from Sällström and
Andersson (2005) and Babic et al. (2000).

termites (Schafer et al., 1996). There are also environmental strains, most
commonly isolated from the rhizosphere (Lebuhn et al., 2000). Ochrobactrum
species have been described as free-living, but since the majority of isolates
are from patients, and since most environmental strains are from the
rhizosphere, this description may not me be entirely correct.

Like its close relative Brucella, Ochrobactrum has two chromosomes.
A recent pulse-field study of a number of Ochrobactrum strains and
species was the first large scale study of genome size and structure in an
α-proteobacterium (Teyssier et al., 2005). Remarkable diversity in terms
of size and plasmid number was demonstrated, indicating that the auxiliary
gene set is larger than the core gene set in these species. This flexibility
may explain the wide variety of ecological niches explored by this group of
species, and may underly speciation processes.

It seems unlikely that such frequent lifestyle changes are possible with ver-
tical gene transfer only. This raises the question whether all stable evolution-
ary changes of habitat seen across the alpha-proteobacterial tree are the result
of horizontal gene transfer. For example, did Bartonella rely on horizontal
gene transfer on its evolutionary trajectory from a more free lifestyle reminis-
cent of that of Brucella and Ochrobactrum to the vector-borne life-style and
niche in the mammalian bloodstream?

10



1.3 The Genus Bartonella
Bacteria belonging to the genus Bartonella, although often described as mam-
malian pathogens, infect their natural hosts asymptomatically, invading and
replicating within their red blood cells (erythrocytes).

One Bartonella species is normally most successful in infecting one or a
few related species of mammals. For instance, B. henselae infects domes-
tic and stray cats, but also other feline species such as cheetahs and moun-
tain lions. The preferred species is called the natural or reservoir host. Infec-
tion of Bartonella is asymptomatic, i.e. do not cause any symptoms, harm
or reduction of host fitness in the reservoir host. Possibly, the natural rela-
tionship between Bartonella and its mammal host is best described as com-
mensal although there could be undetected costs to the host. So, Bartonella
species seem to be well adapted to their host. Indeed, a phylogeny of Bar-
tonella species somewhat mirrors that of the host (Fig. 1.2), suggesting that
Bartonella have co-evolved for some time with their mammal hosts.

Bartonella species can also be pathogens, i.e. cause disease in some hosts.
This usually happens in incidental hosts (i.e. those not normally infected with
that species), with at least two well-known exceptions; the human parasites
B. quintana and B. burgdorferi, which are both severely pathogenic to their
reservoir hosts, humans (section 1.3.6).

Bacteria that normally infect animals but which can cause disease in hu-
mans are called zoonotic. This is the case for the majority of bacteria that
cause disease in humans (Woolhouse et al., 2001). Several species of Bar-
tonella are zoonotic. For example, the cat-infecting species B. henselae is also
frequently isolated from humans, where it causes cat-scratch disease. Bar-
tonella also classify as opportunistic pathogens, which means that they cause
disease symptoms in immunocompromised individuals (those with a weak-
ened immune system) that would typically not occur in a healthy, immuno-
competent host. Severe symptoms associated with Bartonella infections are
typically seen in HIV patients (Resto-Ruiz et al., 2003).

1.3.1 Phylogeny and Mammal Hosts
The tree in Fig. 1.2 shows the phylogenetic relationship of most of the cur-
rently described Bartonella species, along with host taxonomic groups.

Cats
B. henselae and B. koehlerae infect felines. B. koehlerae has been isolated
from domestic and stray cats (Droz et al., 1999; Avidor et al., 2004). B. hense-
lae has the cat as its natural reservoir, not only domestic cats but also other
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Figure 1.2: Maximum likelihood phylogeny of Bartonella species and their hosts
based on six concatenated housekeeping genes. Lines are drawn between a Bartonella
species and its suggested host taxonomy group. Boxes are drawn around the names of
sequenced species. Numbers indicate bootsrap values.

feline species such as lions and cheetahs (Molia et al., 2004). Interestingly, al-
though B. quintana is closely related to B. henselae and B. koehlerae, it has hu-
mans as its natural reservoir. This relationship is probably the result of cross-
transmission from cats to humans. Another species, B. clarridgeiae have been
isolated from domestic cats (Rolain et al., 2004; Lawson and Collins, 1996),
but is not related to species in the cat group, neither does it reliably cluster
with any other Bartonella species. B. washoensis has been isolated both from
cats and ruminants (see below).
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Rodents
One group of species is associated with rodents. B. grahamii has been isolated
from several species of small rodents (Birtles et al., 1994), and from rats (Ellis
et al., 1999). B. taylorii, and B. tribocorum were isolated from rats (Birtles
et al., 1995; Heller et al., 1998), B. elizabethae was first isolated from a patient
(Daly et al., 1993), then from a rat (Brenner et al., 1993).

Dogs
Members of the vinsonii group are found in both dogs and rodents. B. vin-
sonii berkhoffii has been isolated from dogs (Kordick et al., 1996) and coy-
otes (Chang et al., 2000), and B. vinsonii vinsonii was first isolated from voles
(Weiss and Dasch, 1982) . B. vinsonii arupensis was isolated from the blood of
a cattle rancher and proved similar to a strain naturally found in mice (Welch
et al., 1999). B. alsatica, a species that is related to the vinsonii group, was
isolated from the blood of wild rabbits (Heller et al., 1999). B. doshiae, which
is not closely related to any other Bartonella species, was isolated from voles
(Birtles et al., 1995).

Ruminants
Another group of related species is predominately associated with ruminants;
Bartonella chomelii and Bartonella bovis were isolated from domestic cattle
(Bermond et al., 2002; Maillard et al., 2004). B. schoenbuchii and B. clar-
ridgeiae were isolated from wild roe-dear (Bermond et al., 2002; Dehio et al.,
2001). In this group there are also species associated with other hosts; B. weis-
sii/bovis, which was isolated from mice (Bermond et al., 2002), B. washoensis
which has been isolated both from domestic cats (Marano et al.) and from a
number of wild and domestic ruminants (Chang et al., 2000).

1.3.2 Host-Specificity
Although the overall picture of Bartonella and their hosts suggests
host-specificity on the taxon level, there are many exceptions. The degree
of species-specificity varies from strict specialists such as B. quintana that
has a single host and a single vector, to generalists such as B. grahamii that
has been isolated from several host species. Strict one-to-one bacterial-host
species was ruled out early on. In a study of woodland mammals in the UK
and their Bartonella species, the same Bartonella species was isolated from
several host species, and several Bartonella species were isolated from the
same host species (Birtles et al., 1994).

Most assumptions about reservoir hosts are based on isolation rather than
experiments, and we cannot be sure that all relationships represent real
reservoir-bacteria associations. Bartonella has a large potential of exploiting
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alternative hosts, so the host-parasite relationship in Fig. 1.2 may be a
result of cross transmissions, both incidental and permanent. For example,
seven species with animal reservoir hosts have been isolated from humans
(Boulouis et al., 2005). Likewise, B. henselae and B. clarridgeiae have been
isolated from dogs (Mexas et al., 2002), and B. henselae has been isolated
from mice (Engbaek and Lawson, 2004). Finally, species-specificity may, at
least to some extent, be associated with the arthropod vector rather than with
the mammalian host.

1.3.3 Arthropod vectors
Bartonella species are vector-borne; they use blood-sucking arthropods for
transmission between host individuals. Described vectors for Bartonella are
diverse and include ticks, fleas and lice. The cat flea (Ctenocephalides felis)
acts as a vector of B. henselae between cats (Chomel et al., 1996), and it
has been shown that the rodent flea (Ctenophthalmus nobilis) is a competent
vector for B. grahamii and B. taylorii (Bown et al., 2004).

There is substantial evidence of tick transmission of Bartonella among
animals (Schouls et al., 1999; Chang et al., 2002, 2001). The role of ticks in
Bartonella transmission is interesting because many ticks feed on multiple
hosts, which may explain some of the potential cross-transmissions in
Fig. 1.2. The tick vector may create an arena for cross-transmission between
reservoirs, and for horizontal gene transfer between Bartonella species.
Ixodid ticks (hard ticks) feed on different mammals in each of the three
developmental stages – larval, nymphal and adult (Sonenshine, 1999). The
black-legged tick (Ixodes pacificus), the American dog tick (Dermacentor
variabilis) and the pacific coast tick (Dermacentor occidentalis), all feed
on small mammals like meadow-mice and white-footed mice in their larval
and nymphal stages. In their adult stages they feed on large mammals such
as dogs, deer, cattle and man. Distribution of Bartonella among ixodid ticks
appears widespread. Chang et al. (2001) detected B. henselae, B. quintana
B. washoensis and B. vinsonii berkhoffii in questing (host-seeking) adult
I. pacificus ticks. Bartonella has also been found in nymphal questing
I. pacificus ticks and in both D. occidentalis and D. variabilis questing adults
(Chang et al., 2002). Interestingly, a recent study reports the finding of
Bartonella species from ticks associated with bats (Loftis et al., 2005).

In contrast to the multihost capacity of ticks, the vector of B. quintana is
a human-specific parasite. The body louse (Pediculus humanus humanus) has
long been considered the vector of B. quintana, as observed during World War
I, but it was only recently that B. quintana was isolated from lice (La Scola
et al., 2001). Only three other bacterial human pathogens use the body louse as
a transmission vector; Borrelia recurrentis, Rickettsia prowazekii and Acine-
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tobacter baumannii (Houhamdi et al., 2005). Together with B. quintana, they
belong to a relatively small group of human pathogens that are not zoonotic
(Woolhouse et al., 2001). Lice infected by B. quintana maintain an asymp-
tomatic extracellular infection inside their gut during their entire life but they
do not transmit the parasite to the next generation, which supports its role as
a vector, but not a reservoir of B. quintana (Fournier et al., 2001). B. quintana
is like most Bartonella species pandemic, reflecting the geographic range of
its host and vector.

B. bacilliformis, the other Bartonella species that is thought to only infect
humans is limited to a specific geographical area of South America, mainly
Peru, corresponding to the geographic range of its vector, the sand fly Lut-
zomyia verrucarum (Alexander, 1995), demonstrating the importance of the
vector in the geographic distribution of the Bartonella species. B. bacilliformis
is not closely related to any other species, and its origin as an human pathogen
remains obscure.

1.3.4 Bartonella life cycle
Bartonella has evolved the capability to cause persistent bacteremia (bacterial
invasion of the bloodstream) in the reservoir host. They can do this by invad-
ing, replicating within, and persisting in the erythrocytes. In both reservoir
and incidentally infected hosts, endothelial cells (the cells that line the organs
of circulation) are additional target cells for Bartonella. The habitat within the
erythrocytes is a privileged one; it helps Bartonella to escape the host immune
response and increases the opportunity for transmission by a blood-sucking
vector.

The life cycle of B. tribocorum has been studied in detail in a rat model
(Schulein et al., 2001). After inoculation, the bacteria rapidly disappear from
the blood, which will be sterile again for a few days. During this time, the
bacteria hide in the so-called primary niche, in which they replicate and from
which they are seeded out in the blood again at regular intervals. It has been
suggested that this primary niche is in fact the endothelial cells (Dehio, 2004).
When the bacteria reappear in the bloodstream, they adhere to and invade
mature erythrocytes, or they reinfect the primary niche. After invasion of ery-
throcytes, the bacteria replicate within the erythrocyte until they reach a cer-
tain concentration, after which they persist in a non-replicative state inside the
erythrocyte during its lifespan, which is not shortened by bacterial invasion.

This ability to persist within the erythrocyte without causing hemolysis or
other harm is one of several adaptations that probably serve to increase the
opportunities for transmission. Another line in this strategy is the reinfection
of erythrocytes at regular intervals from bacteria seeded into the bloodstream
from the primary niche (Schulein et al., 2001), which further increases the per-
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sistence. All Bartonella species are probably capable of this long persistence
in their reservoir host. The exception is B. bacilliformis, for which the infec-
tion course is hemolytic - it causes disruption of the red blood cells (Dehio,
2004).

As a result of the persistence strategies, Bartonella is highly prevalent in
the reservoir host; more than 80% of German roe deers, (Dehio et al., 2001),
and 62% of small woodland mammals (Birtles et al., 1995) are infected.

The mechanisms by which Bartonella persists in the host bloodstream are
unknown, but antigenic or phase variation is likely to be involved. To dis-
guise themselves from recognition by the host immune system, many animal-
associated bacteria have evolved mechanisms for frequent change of surface
proteins, either through alteration of the amino-acid sequence (antigenic vari-
ation), or through an on-off switching of expression (phase variation) (van der
Woude and Baumler, 2004).

It has been argued that bacterial pathogens mainly use two types of strate-
gies to accomplish their goals (i.e. replication, survival, transmission); front
assault (where a rapid invasion followed by massive replication in the host
happens before the host immune response) and stealth (where the infection
process is slower, the bacteria circumvent or even manipulate the host im-
mune system to cause persistent infection) (Merrell and Falkow, 2004). In
this view, Bartonella is a typical example of a species that uses the stealth tac-
tics to explore its host. To understand and prevent Bartonella-associated dis-
ease in incidental hosts, we need to understand the molecular basis of interac-
tions with the reservoir hosts, bearing in mind that the determinants that cause
pathogenicity in humans evolved to facilitate persistent colonization rather
than to be harmful.

1.3.5 Molecular Basis of Bartonella-Host
Interactions
We are only now beginning to understand the molecular basis of the mecha-
nisms by which Bartonella invades and persists within its host, i.e. the under-
lying basis of genetic factors that go awry and cause disease in non-reservoir
hosts.

The angioproliferative lesions induced by some Bartonella species infect-
ing humans have been attributed to a direct mitotic stiumlation of endothelial
cells by some angiogenetic factor (Palmari et al., 1996; Maeno et al., 2002;
Conley et al., 1994). Alternatively, the lesions resulting from endothelial as-
sociation of bacteria in non-reservoirs may be a result of apoptosis inhibition,
a normal response to bacterial infection of endothelial cells (Kirby and Neko-
rchuk, 2002). This ability may be another adaptation to long-term persistence.

Host-interaction qualities are currently being pinpointed to specific genes in
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the Bartonella genome. It was recently demonstrated that two Type-IV secre-
tion systems, Trw and VirB/D4 are required for invasion of erythrocytes and
endothelial cells respectively (Schulein and Dehio, 2002; Seubert et al., 2003).
Moreover, it has been shown that B. henselae VirB/D4 mediates the subversion
of human endothelial cells that lead to the development of vasoproliferative
lesions (section 1.3.6) (Schmid et al., 2004), and that the responsible translo-
cated effector molecules, termed Beps (for Bartonella effector proteins) are
located immediately downstream of virB/D4 in the genome (Schulein et al.,
2005).

A family of outer membrane proteins, named Vomp (for Variable Outer
Membrane Proteins), with a probable role in adherence to vector- or mam-
malian hosts cells and autoaggregation of bacterial cells, have been shown to
undergo phase variation during prolonged bloodstream infection in a B. quin-
tana-animal model (Zhang et al., 2004). The same proteins in B. henselae have
been called BadA (Bartonella Adhesin A) (Riess et al., 2004).

1.3.6 Pathogenic Bartonella Species
At least eight species of Bartonella are pathogenic to humans (Boulouis et al.,
2005), six of which have animal reservoir hosts. The two species that are
human specific; B. bacilliformis (no other animal reservoir has been detected)
and B. quintana (humans serve as the reservoir), are among three major
pathogens for humans, and give more severe types of disease manifestations.
B. bacilliformis and B. quintana both invade human erythrocytes, whereas for
B. henselae, the third major human pathogen, humans are only incidental
hosts, which means that it invades only endothelial cells.

So, the type of symptoms caused by Bartonella infection in humans result
from harmful colonization of erythrocytes (B. quintana and B. bacilliformis)
and endothelial cells (all Bartonella species). Colonization of endothelial cells
and subversion of their function can lead to vasoproliferative lesions, a pro-
cess of pathological angiogenesis. This is exemplified by the deadly pathogen
B. bacilliformis, causative agent of the highly fatal Carrion’s disease, which
has two phases. Oroya fever and verruga peruana result from the infection
of erythrocytes and endothelial cells respectively. Oroya fever is character-
ized by massive invasion of up to 80% of the erythrocytes. Unlike other Bar-
tonella species, B. bacilliformis erythrocyte invasions results hemolysis (Hen-
drix, 2000). Patients who survive oroya fever can develop verruga peruana,
characterized by vasoproliferative lesions.

Because B. quintana depends on the human body louse as a vector for trans-
mission, the disease is associated with conditions of bad hygiene. Trench fever
killed millions of soldiers during WWI and WWII, and have reemerged to
high prevalence in recent years among homeless people (Brouqui et al., 1999).
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When it invades erythrocytes, B. quintana causes a relapsing fever called
trench fever. The frequency of invaded erythrocytes is lower in B. quintana
than in the rat model (Dehio, 2004). The endothelial associations of B. quin-
tana can cause a vasoproliferative disorder called bacillary angiomatosis, and
endocarditis, an infection of the inner linings of the heart or of the heart valve.

In homeless people, who are prone to infestation with body lice, B. quintana
can cause acute, severe illnesses, but often produces a chronic infection that
persists for months with few or no symptoms (Ohl and Spach, 2000).

B. henselae, when transmitted to humans by a cat scratch or bite, can cause
cat scratch disease (CDS), which is characterized by local swelling of the
lymph nodes. More rarely, CDS is associated with bacillary peliosis, a form
of vasoproliferative lesions in inner organs such as liver and spleen. In im-
munocompromised individuals, B. henselae can cause bacillary angiomato-
sis and endocarditis, indistinguishable from symptoms caused by B. quintana
(Resto-Ruiz et al., 2003).
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2. Results and Discussion

2.1 Genome Repeat Content and Lifestyle
Reconstruction of the α-proteobacterial gene set in Paper III shows a corre-
lation between lifestyle and genome size. For example, there has been a par-
allel reduction in the lineages leading to Rickettsia and Bartonella, especially
the in the human-specific louse-borne species R. prowazekii and B. quintana,
which are both miniature versions of their zoonotic relatives. It is clear that the
genomes of obligate intracellular organisms are smaller, and it is well estab-
lished that this results from altered population genetics parameters, but what
are the mechanisms behind this reduction?

In paper I, we explore the connection between lifestyle and repeat content in
a number of completely sequenced bacterial genomes. We see a trend towards
lower repeat content in obligate intracellular bacteria, and suggest that this
result is the combination of two things: first, obligate intracellular bacteria
are generally isolated from contact with other bacteria and their mobile ge-
netic elements, a common source of repeated sequences. Second, the repeats
themselves may have played a role in the downsizing process since homol-
ogous recombination between repeats can lead to deletion of the intervening
segment and elimination of one repeat copy.

Other things specific to the obligate intracellular lifestyle may underlie the
paucity of repeats, such as reduced need for antigenic or phase variation. Al-
tered mutational mechanisms may also lead to repeat reduction. For example,
with an impaired mismatch repair system, gene conversion, which has a ho-
mogenizing effect on repeats (as shown e.g. in PaperVI), may be less efficient,
leading to the degeneration of repeated sequences. Divergence between mul-
tiple copies of rRNA operons has been attributed to loss of recombinational
repair in some obligate symbionts (Dale et al., 2003).

Although repeats may mediate genome downsizing, they may not provide
the only, or even the most common mechanism for deletion of large genomic
segments. However, repeat content has been found to correlate with genomic
instability (Rocha, 2003), and recombination between dispersed repeats is
thought to have contributed to reduction and rearrangement of the obligate
intracellular Mycobacterium leprae, when compared to M. tuberculosis (Cole
et al., 2001). Detailed comparison of closely related genomes is necessary for
better understanding of causes and mechanisms of genome size reduction and
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expansion in different lineages.

Repeat content revisited
An update of the repeat content (exact repeats > 200 bp calculated with the
software reputer (Kurtz and Schleiermacher, 1999)) in all replicons of com-
pletely sequenced bacterial and archaeal genomes available on the NCBI ftp
site (ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/) on June 26, 2005 gives re-
sults in line with earlier observations, with some interesting exceptions.

Excluding genomes below 500 kilobases (kb) (because small plasmids
have extremely variable repeat content) obligate intracellular bacteria
still dominate among the replicons with low repeat content. For example,
below 0.003 % repeat content, there are three cyanobacterial genomes, nine
archaeal genomes, seven megaplasmids, and twelve obligate intracellular
bacterial species (three Rickettsia species, three Chlamydophila species, three
Buchnera species, Blochmannia floridanus,M. genitalium and Wigglesworthia
brevipalis).

However, two of the three non-plasmid replicons with more than 10% re-
peats, are in fact obligate intracellular pathogens. In Mycoplasma mycoides,
as much as 22% of the genome is part of an exact repeat. This stands in sharp
contrast to the other Mycoplasma genomes, with a low repeat fraction ranging
from 0.1 in Mycoplasma genitalium to 2.2% in Mycoplasma pulmonis. The
other exception is an obligate intracellular plant pathogen, Phytoplasma as-
teris, which shows signs of genome reduction (i.e. it lacks some genes that
were previously thought to be essential for life, (Oshima et al., 2004)), but as
much as 12% of its genome is repeated, due to the presence of multiple copies
of many genes.

Among the 18 replicons (above 500 kb) with repeat fraction above 5%, 15
are pathogens. One exception is the obligate intracellular reproductive parasite
Wolbachia, in which 5.7% of the genome is repeated DNA. Together with My-
coplasma mycoides, this genome is an example of an obligately intracellular
bacterium with an otherwise small and streamlined genome that contains huge
amounts of IS elements. One explanation for the repeat expansion in these two
exceptions could be the same as for genome reduction: frequent bottlenecks
and small populations size leads to inefficient selection against deleterious
mutations, in this case reducing the ability to eliminate genetic parasites such
as IS elements (Wu et al., 2004; Westberg et al., 2004).

Surprisingly, many of the low-repeat replicons are α-proteobacterial
megaplasmids. The A. tumefaciens linear chromosome, Brucella chromosome
II and S. meliloti pSymB all have low repeat content. In addition, the
A. tumefaciens circular has a repeat content comparable to that of obligate
intracellular species. The M. loti replicons also have repeat content below
one percent, as do the main chromosomes of the Brucella species. On
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average α-proteobacteria have a repeat content below 1%, whereas the
γ-proteobacteria have 3.6% of their genome repeated. So, the relatively
high repeat content of B. henselae(5%) turns out to be unusual among
the Rhizobiales. In light of this, an estimation of the repeat content in
B. grahamii(10%) is extreme among the α-proteobacteria.

2.2 An Overview of Alpha-Proteobacterial
Gene Content Evolution
The α-proteobacteria show extreme variation in genome size (Casjens, 1998).
Parsimony analysis, using the complete protein content of a number of α-
proteobacteria, provides a simple approach to estimating the gene flux under-
lying this variation (Paper III). The mutational events can then be correlated
this to the various ecological habitats of the involved species.

Several studies have used parsimony to analyze gene distribution on a
species phylogeny (e.g. (Snel et al., 2002)). The method can be regarded as a
more advanced way of superimposing genome size on the α-proteobacterial
tree, because it identifies the lineages at which genes have been lost, or
gained by duplication or horizontal gene transfer (HGT). The benefit of the
method is its extreme simplicity, when compared to inferring and inspecting
individual gene trees for such a large group of homologous genes. It is very
tractable, both for computational purposes, and for purposes of interpreting
the data. Having classified all groups of homologous proteins, each group, or
cluster, is regarded as a character, and the number of genes in each cluster
defines the state of that character. The resulting matrix, along with a robust
species phylogeny is used to estimate losses (1→0), duplications (1→2) or
gain (0→1) along the branches of the tree. The term genesis used in Paper III
is perhaps better described as gain or horizontal gene transfer, because we
don not consider de novo formation of genes as a common phenomenon.

The results illustrate how α-proteobacterial genomes have undergone ex-
pansion and reduction. They nicely and convincingly correlate with the varia-
tions in lifestyle. There has been massive expansion along lineages leading to
plant-associated species, probably because these need a larger battery of genes
to survive in a more versatile environment, but also because they have large
population sizes with efficient selection to maintain a large number of genes.
In contrast, lineages leading to animal-association (e.g. Bartonella-Brucella)
have experienced genome reduction.

Penalties given in the parsimony algorithm to the different mutational
events have to be chosen ad hoc. If the three events are considered equally
likely, the penalties are set to 1-1-1 for duplication, loss and gain respectively.
However, there is no reason to prefer this set of parameters to others. We
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evaluated parameter 1-1-2 and 1-1-5, by comparing the resulting gene
content of the α-proteobacterial ancestor. With a gain penalty below five,
some genes present in most α-proteobacteria were found to be absent from
the ancestor. There is a risk that this thinking leads to overestimation of the
gene content in the α-proteobacterial ancestor. In cases where the pattern of
presence and absence of genes can be explained by either one horizontal
transfer or two losses, having higher penalty for gain will favor a scenario
where the gene was present in the ancestor and subsequently lost in two
lineages. For example, if a gene is present in the Rhizobiales (which means
it is present in most α-proteobacteria) but not in Caulobacter or Rickettsia,
high transfer penalty will assign the gene to the α-proteobacteria-ancestor.
That will penalize HGTs that evolve vertically after their initial acquisition.
However, we have no reason to assume that HGT is that unlikely. On the
contrary, it does not seem unlikely that the capability of the Rhizobiales to
alternate between a free and plant-associated habitat to some extent was the
result of HGT. The gene content of the α-proteobacterial ancestor my be an
overestimation if HGT is common. Especially in the α-proteobacteria, with
their large amount of auxiliary DNA, the potential for HGT should perhaps
not be neglected. As an example, it is hard to imagine that the size differences
in Ochrobactrum to be a result mainly of duplication and deletion. At the
same time, the results is mainly independent of penalty values, suggesting
that the overall picture is correct, despite the rough estimates of independent
mutational events.

Penalties were evaluated by looking at the resulting numbers in the Rick-
ettsias. The recent evolution is characterized by extreme genome reduction
and little HGT, and is likely to differ from that of most other α-proteobacteria
in the analysis. Thus, penalties that give good results for Rickettsia (i.e. corre-
lating with events inferred from close comparisons with in this group) might
not be realistic for other parts of the tree. However, as yet, we do not have
methods for altering penalty values depending where in the tree they occur.

Another problem with gene content parsimony is that the important infor-
mation that lies in relationships between homologs is completely neglected.
This means for that we cannot distinguish between HGT and duplications. For
example, if "paralogs" within a genome do not result from a duplication, but
from horizontal transfer events, as is the case for the two TFSS operons in
B. quintana and B. henselae (PaperIV), the picture becomes very complex. It
could be argued that TFSS are unusual operons with unusual propensity for
HGT, but lack of this distinction is probably still a problem for our analysis.

Given the presence of a large number of gene families with more genes
than genomes in our homolog clusters, duplication is still likely to be an im-
portant mutational event in the α-proteobacteria. We also demonstrated that
the relative rates of all three mutational events are higher on the auxiliary
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chromosomes. Although within genomes, a gene is easily assigned as "main"
or "mega", groups of homologs (i.e. COGs) tend to have members located on
both types of replicons. We chose an arbitrary cutoff of 30% of the members
on auxiliary chromosomes for "mega" COGs. It would be of interest to ex-
amine these megaCOGs more in detail, for example to assess the extent of
recombination and transfer between main and auxiliary chromosomes, and to
see if main genes in megaCOGs are randomly distributed in main chromo-
somes, or if they cluster in a way that is similar to what is seen in Bartonella,
where a megaplasmid appear to have integrated in the genome (Paper II).

To conclude, to asses the relative roles of horizontal transfer, gene loss, and
gene duplication in shaping the various α-proteobacterial genomes, further
research on this topic is necessary. For estimation of mutational events and
ancestral gene contents, methods where penalty values can be avoided, i.e.
maximum likelihood methods would be of value. The question is if there really
is a good way around the tedious task of making and analyzing individual gene
trees for all α-proteobacterial homologs.

2.3 Three-Way Comparison of Bartonella
Genomes
Comparisons of three Bartonella genomes show that B. quintana (1.6 Mb) is a
subset of B. henselae, (1.9 Mb), which in turn is more or less a subset of B. gra-
hamii (2.3 Mb). Thus, the genomes of these three specific Bartonella species
are like Russian dolls. We hypothesize that this pattern is more than a mere
coincidence, attributable to differences in lifestyle. The three species have dif-
ferent host- and vector preferences and ranges. Paper II, which is based on
the complete genomes of B. henselae and B. quintana, describes the differ-
ences and similarities between two closely related species within the genus,
one which is a generalist and the other which is a specialist. The genome of
B. henselae, a species that mainly infects cats, but which is also frequently
isolated from humans, is contrasted with the genome of the trench fever agent
and strict human louse-borne pathogen B. quintana. Paper VI extends the anal-
ysis with the completion of a larger genome from a smaller host organism; a
B. grahamii strain isolated from a mouse.

2.3.1 Bartonella quintana: Genome Evolution
Under Host Restriction
Starting with the smallest of the three, the B. quintana genome lacks a
prophage and there large genomic islands (GIs) present in B. henselae
(Paper II). However, the genome carries many remnant genes, suggesting
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an evolutionary past more like that of B. henselae’s current lifestyle. The
genome appears to once have been similar to that of B. henselae, because
most genomic locations where there are GIs and prophages in B. henselae
contain remnants of such genes in B. quintana. This, along with the fact
that B. quintana is a genomic subset of B. henselae, suggests that the
ancestor of B. henselae and B. quintana was more similar to B. henselae.
The accumulation of pseudogenes in B. quintana, the absence of recently
imported mobile elements and other genes, and the loss of phages and
islands are all likely consequences of host restriction. A higher number of
pseudogenes in B. quintana among the B. quintana-B. henselae orthologs,
supports the conclusion that the specific lifestyle of B. quintana has prompted
genome decay.

Loss of phages may be one reason why obligate intracellular species have
fewer repeats, as discussed in section 2.1. The genome of the maternally trans-
mitted endosymbiont Wolbachia is an exception that contains phages (Wu
et al., 2004). This exception may provide clues to why phages are rare in obli-
gate intracellular species. Mobile genetic elements may depend on the ability
to transfer themselves among their bacterial hosts. Wolbachia species are not
sexually isolated; lateral phage transfer occurs between Wolbachia bacteria
that coinfect hosts (Bordenstein and Wernegreen, 2004). However, for species
like B. quintana with no coinfection and thus no lateral phage transfer be-
tween hosts, the phage population size is likely to be reduced, leading to rapid
elimination from the host population by genetic drift coupled with little op-
portunity for reinfection. The phage structural genes that are not beneficial are
not likely to be maintained by purifying selection, and will be eliminated from
the genome. Thus, the restricted niche of B. quintana may underlie the paucity
of phages in its genome.

The rare cat-infecting B. koehlerae provides another example of a reduced
variant of B. henselae (Lindroos et al., 2005). The existence of other, B. hense-
lae-like reduced species can be interpreted to suggest that B. quintana was
already reduced before it changed hosts and vector species (Lindroos et al.,
2005). Regardless of whether genome reduction started before or after cross-
transmission, it is likely to be, in part, the consequences of a reduced popula-
tion size.

Two things suggest that the restriction to humans as natural hosts is a de-
rived feature in B. quintana. The species is closely related to B. henselae and
B. koehlerae, which both naturally infect cats. No other primate species are
known to be reservoirs for Bartonella species, although, as yet, there have
been few attempts of isolation of Bartonella from non-human primates. This
should be considered against a background where Bartonella by and large
have evolved with the mammal hosts, and where known Bartonella species
are relatively diverged. So, B. quintana likely represents the result of a cross-
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transmission event, from cats to humans or an ancestor of humans. Today,
B. quintana probably has humans as its only reservoir host. Isolation from
other potential vectors (Chang et al., 2001; Rolain et al., 2003) has been re-
ported but seems extremely rare.

When and how this cross-transmission happened is a subject of specula-
tion. Synonymous divergence rates between B. henselae and B. quintana are
high, 0.49-0.62 substitutions per site on average depending on the method
used (Paper II and Paper VI). Very roughly estimated, using the mutation rate
in (Whittam, 1996), that corresponds to a divergence time in the order of tens
of million years. This divergence is unlikely to has happened after the B. quin-
tana ancestor switched hosts. Instead, B. quintana probably originated as a
separate cat-infecting species, more like B. koehlerae, that made the transmis-
sion from the cat/cat-flea cycle to the human/louse cycle. This transmission
might have originated as an incidental infection, reminiscent of what we see
today with B. henselae.

The high sequence conservation in B. quintana spacer sequences suggests
that this species have undergone a recent bottleneck, perhaps related to its
emergence as a human pathogen (Foucault et al., 2005). A date estimation
of the B. quintana bottleneck would help in understanding how and when
Bartonella entered the human-louse cycle. Human cultural phenomena may
have played important roles in the emergence of this pathogen. For example,
it is conceivable that the B. quintana host switch and its absence from the
feline population is a result from the domestication of cats. Cat domestication
must have increased human exposure to cat-derived Bartonella infection, and
may have altered the Bartonella species composition of felines, e.g. through
change in vector manifestation patterns.

The body louse lives and multiplies in clothes, and is estimated to have
diverged from the head louse as recent as 72000 +/- 42000 years ago, possibly
as a result of the origin of clothing (Kittler et al., 2003). Because head lice
are not vectors of infectious diseases (Houhamdi et al., 2005), the origin of
B. quintana as a human pathogen probably occurred after this divergence.
Isolation from dental pulp shows that B. quintana infected humans 4000 years
ago (Drancourt et al., 2005).

This, in evolutionary terms, relatively recent cross-transmission may ex-
plain why disease is a common outcome of B. quintana infection in the natural
host. Trench fever results from B. quintana invasion of erythrocytes. Erythro-
cyte invasion in the natural host, probably necessary for efficient vector trans-
mission, may be a recently acquired feature of B. quintana. The proportion
of infected erythrocytes is lower in humans infected by B. quintana (0.001-
0.005%) than in rats infected by B. tribocorum (Rolain et al., 2002; Seubert
et al., 2002). So, it is conceivable that the B. quintana interactions with its host
are still not fine-tuned enough to go undetected by the host immune system
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and avoid damage to its host.
In this context, it is interesting to speculate that B. bacilliformis, the other

human-specific Bartonella, has also switched hosts. B. bacilliformis, which is
deadly to us because it lyses erythrocytes, forms an early-diverging lineage
in the Bartonella phylogeny, suggesting that it has co-evolved with a species
only distantly related to other Bartonella hosts, perhaps not even a mammal.
Alternatively, it has undetected reservoirs. Attempts to isolate Bartonella from
species in the area where B. bacilliformis is endemic could help solving this
mystery.

Another possibility for B. quintana’s pathogenicity, which could also ex-
plain its recent reappearance (Ohl and Spach, 2000) is the acquisition of viru-
lence genes after the divergence from B. henselae. However, B. quintana has
very few genes that do not posses homologs in the B. henselae genome. Import
of genes to B. quintana after the B. henselae-B. quintana split is definitively
ruled out after a comparison with the outgroup genome of B. grahamii (Paper
VI).

2.3.2 B. henselae and B. grahamii: Genomic Islands
and Phages
B. henselae contains an intact prophage and three large regions (9,43 and 72
kb) with GI characteristics, which are completely absent from B. quintana
(PaperII). Complete genome hybridization shows that these regions tend to
vary among strains (Lindroos et al, unpublished). Does the auxiliary B. hense-
lae gene set have a specific role? Most GI genes encode hypothetical proteins,
with a few notable exceptions, i.e. fhaB, a large adhesin present in a total
of eight highly similar copies. These adhesins are likely to play some role
in attachment to host tissue, e.g. the vascular endothelium. However, since
B. quintana is able to colonize its host without them, they do not seem to be
absolutely necessary for host colonization. One option is that they play a role
in colonization of the cat. To shed light on the distribution, origin and function
of the auxiliary regions in Bartonella, the completion of a third genome, from
a species with different host preferences is of large value (Paper IV).

The Genome of B. grahamii: a Broad Host-Range Bartonella
From its Natural Environment
B. grahamii was renamed from Grahamella species 1 to B. grahamii in honor
of G.S Graham-Smith, who recognized Grahamellae, organisms similar to
Bartonella, as new form of intraerythrocytic parasites in 1905 (Birtles et al.,
1995). This member of the Bartonella has the broadest host range known
among Bartonella species: it has been isolated from several species of voles
and mice (Birtles et al., 1994; Holmberg et al., 2003).
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Figure 2.1: The B. quintana genome is a subset of the B. henselae, which in turn is
a subset of the B. grahamii genome. The three species have different proportion of
genes in the following classes; blue: vertically inherited genes, pink: imported genes,
orange: Bartonella-specific genes, red: species-specific genes

Including a third species adds a new dimension to the Bartonella compari-
son, and deepens our insights into the evolution of this group of species. First,
B. grahamii is an outgroup species, so its gene content can help us determine
with more certainty the direction of changes after the B. quintana-B. hense-
lae split. Second, it represents yet another level of host range, and is expected
to have access to a larger gene pool. Third, it is an environmental isolate; it
was isolated from its natural host (The B. henselae and B. quintana isolates
are from patients) and the sequenced strain has undergone limited cycles of
lab cultivation. Thus, the genome represents a true snapshot of a Bartonella
genome in nature.

Pathogenomics of a Non-Pathogen
Nearly the entire gene complement of B. henselae is maintained in the genome
of B. grahamii (Fig. 2.1. A handful of B. henselae genes lack homologs in
B. grahamii, but they either have remnant counterparts in B. grahamii or are
short prophage or island genes, more likely to be eroding than functional.
Thus, all the genes that are regarded as virulence determinants of the hu-
man pathogens B. henselae and B. quintana have evolved in the Bartonella
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genome for a long time, probably before the radiation of Bartonella species.
Next to nothing is unique in the smaller genomes. On the contrary, B. gra-
hamii has a larger battery of host-interaction genes than the human pathogens.
For example, it has four Type-IV secretion systems (see section 2.5.2), and the
BadA-region, which encodes duplicated copies of another pathogenicity fac-
tor (Riess et al., 2004) is five times larger in B. grahamii compared to B. quin-
tana (Paper VI). B. grahamii also encodes larger instances of islands similar
to the ones found in B. henselae, plus a substantial amount of extra island
material. The large auxiliary gene set in B. grahamii may help in adapting
to new host species and tissues. Alternatively, or at the same time, having a
broad host range may give access to a larger pool of phages and genomic is-
lands. Whether the recurrent bottlenecks and reduced purifying selection of
host-interaction genes associated with lab cultivation will result in a reduced
genome more similar to B. henselae, awaits further investigation.

The Origin and Evolution of Islands and Phages in Bartonella
Prophages and islands (or remnants thereof) are present in all three

genomes, albeit to very different extents. Reanalysis of B. henselae and
B. quintana, including comparison to B. grahamii and assessment of gene
origins, helped in characterizing some additional GIs and cryptic prophages
in these two genomes (Paper VI). Especially in B. quintana, but possibly also
in the other two species, such regions probably represent GI remnants, rather
than active, newly inserted mobile elements. Also, the relationship between
islands in the three genomes is most likely the result of a more complex
scenario than merely acquisition in the ancestor of the three species followed
by differential loss.

The presence of similar islands and phages in both the cat- and the mouse
infecting lineage, points towards an early acquisition of these elements in Bar-
tonella. However, there is also evidence of recent activity. Prophage I appears
to have the full battery of phage genes necessary for function, and is flanked
by short repeats, attB-sites, implying recent insertion. This phage is therefore
likely to be active and circulating in the Bartonella population. In B. henselae
and B. grahamii (one of two copies) this phage is inserted in the same tRNA,
and they are highly similar. Despite this, the two prophages carry different ad-
jacent non-phage genes. Moreover, integrase remnants, although numerous in
both B. henselae and B. grahamii, are present in different locations, indicating
that they have been active in both lineages after divergence. So, it is likely that
the multiple insertions and losses of mobile elements has happened in both
lineages.

Prophages are associated with host-interaction genes, implying that they are
beneficial to the bacterium. There is also a possible benefit at the population
level, if the phages contribute to gene pool size and flexibility in a way that is
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similar to that of the large plasmids of other Rhizobiales (Paper II),(Teyssier
et al., 2004). By bringing in host-interaction genes that have evolved in other
species or strains of Bartonella and outside the genus, they may contribute to
variability required for immune system evasion and increase opportunities for
efficient colonization and transmission.

We hypothesize that a region in the fourth quarter of the chromosome is a
remnant of an integrated megaplasmid, analogous the Brucella chromosome II
(Paper II). Comparisons with B. grahamii (Paper VI) demonstrate that region
is rich in decaying islands in the two smaller genomes, explaining the high
non-coding content of the region, and supporting the hypothesis that the phage
was first introduced in auxiliary plasmid DNA.

This three-way comparison within a genus gives a different perspective on
the evolution of genomic islands than comparisons between strains (Wick
et al., 2005). The results show that genomic islands can become stably in-
tegrated into genomes over long periods of time (i.e. millions of years), and
that their erosion can result in a high number of orfan genes.
Sources of Lateral Transfer in Bartonella
In Paper VI, we aim at assessing the impact of lateral transfer on the evolution
of the entire Bartonella genus, by analyzing the origins of all three gene com-
plements. Despite the fact that Bartonella genomes are reduced compared to
those of other α-proteobacteria, they contain a fraction of horizontally trans-
ferred genes, not present in relative species. Differences in the relative fraction
of vertically and horizontally transferred genes plus the fraction of genome-
specific genes underlies the differences in gene content in the three Bartonella
genomes examined (Fig. 2.1).

In B. grahamii, as much as fourth of the genes have been imported, ei-
ther before the divergence of Bartonella species, or after the split between
B. grahamii and the other two (explaining its larger genome size). Another
fifth are Bartonella- or B. grahamii specific, and may be imported, extremely
diverged, or false positives. Most species-specific genes are concentrated to
island regions and tend to be short. Thus, they are likely to be eroding island
genes relieved from purifying selection. Among the imported genes, many are
phage related. The majority of non-phage, imported genes are located near
prophages or prophage remnants (Fig. 2 in paper VI). This strongly suggests
that phages played a crucial role in the acquisition of Bartonella GIs.

Phages are common in pathogenic γ-proteobacteria (Casjens, 2003; Can-
chaya et al., 2004), and the phages in Bartonella have their majority of ho-
mologs in such species. The non-phage imported genes also often have a γ-
proteobacterial origin. Because a substantial part of imported genes are host-
interaction genes, such as adhesins, it is tempting to speculate that Bartonella
acquired many of its host-interaction properties from phages originally in-
fecting distantly related animal- and plant-associated species. Many imported
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genes have homologs in the insect pathogen and nematode symbiont Pho-
torhabdus luminescens. Ancestors of this species may have formed associa-
tions with ancestors of Bartonella, similar to associations between Ochrobac-
trum and P. luminescens observed in nematodes (Babic et al., 2000).

2.4 The Evolutionary History of Type-IV
Secretion
Papers IV and V are evolutionary studies of one of Bartonella’s most impor-
tant set of genes for interaction with mammalian cells: the Type IV secretion
systems (TFSSs). Import of these systems has been mediated not by phages,
as suggested for many other genes, but by plasmids.

TFSSs are related to conjugation systems, and are used by pathogens and
symbionts to secrete effector molecules to their host. TFSSs provide a good
model system for studying how functional divergence can follow horizontal
transfer. To understand some of the general features of TFSS evolution, we
studied phylogenies of the Bartonella TFSSs along with homologs from a
number of proteobacteria (Paper IV).

The results show that horizontal transfer of TFSSs is common - in fact there
is very little congruence between the species tree for the bacteria that have TF-
SSs, and the tree of the TFSSs themselves. Using parsimony to map functions
on the TFSS three, we could see that functional switches, from conjugation
to host-interaction, overlapped with horizontal transfer in the tree. We also
looked at where in the genome TFSS are located (main or auxiliary chromo-
somes), and saw that direction of replicon change has been from plasmid to
chromosome. The results suggest that TFSS used in interaction with mam-
malian hosts have originated as plasmid conjugation systems that adapted to
function in host-interaction and that in some species, the TFSS has been in-
corporated into the main chromosome, perhaps for more stable inheritance.

The results have important implications both for Bartonella evolution in
particular and for the α-proteobacterial evolution in general. The TFSSs are
often encoded in the auxilliary DNA of α-proteobacteria. Do other genes fam-
ilies encoded on the auxiliary DNA, have equally complex evolutionary his-
tories? It can of course be argued that the TFSS is an exception, a form of
mobile genetic element with inherent ability to spread horizontally, and to
confer a selective advantage in particular niches. In several species, the TFSS
is a key pathogenicity determinant; in Helicobacter pylori, a TFSS encoded
on a pathogenicity island translocates CagA, a disease-associated virulence
factor (Odenbreit et al., 2000), and in A. tumefaciens, virB on the Ti plasmid
translocate oncogenic DNA into the plant host (Zupan et al., 2000). In other
species, such as Bartonella and Brucella TFSSs are likely to have played ma-
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jor roles in adaptation to the intracellular environment. A TFSS is essential for
intracellular replication in Brucella (Boschiroli et al., 2002), and for endothe-
lial and erythrocyte invasion in B. henselae and B. quintana (section 1.3.5).
Bartonella and Brucella are close relatives in the α-proteobacteria tree, which
both have adapted to a facultatively intracellular lifestyle, independently, or
in a common ancestor. In light of this, it is remarkable that both require a
TFSS for invasion, but that these TFSSs have been acquired and adapted in-
dependently. An investigation of the close relative Ochrobactrum could give
further insight into the evolution of TFSSs. For example, does Ochrobactrum
use TFSS(s), and if so, what is it their evolutionary origin and are they unique
to Ochrobactrum species that are associated with plants or animals?

2.5 Type-IV Secretion Systems in Bartonella
One of the Bartonella TFSS, trw, is closely related to the conjugation system
of the broad-host range plasmid R388 isolated from E. coli (Paper IV). The
other, virB (also called virb/virD4), is most closely related to avhB, the con-
jugation system of the A. tumefaciens plasmid AT (Paper IV). The name virB
for this Bartonella TFSS is thus confusing, since the “real” virB operon in
A. tumefaciens is a more distant relative.

2.5.1 Molecular Evolution of the trw Operon
Paper VI examines the molecular evolution of the Bartonella trw operon,
which is required for invasion of the erythrocytes, and therefore plays a cen-
tral role in colonization of the reservoir host. The operon is unique among
TFSSs in that several of the genes are duplicated (trwI-H, and trwL, both re-
gions encode pilus components). This unusual feature might imply that trw
has a different function than other TFSSs used for host-interaction purposes.
Indeed, it has been suggested that the function of this operon is host cell bind-
ing rather than protein secretion (Dehio, 2004).

The duplicated genes show evidence of gene conversion and rapid evolu-
tion. They are at the same time extremely similar and extremely different
when compared within a species, but in different regions of the duplicated
fragments. Gene conversion has targeted parts of the duplicated regions that
are expected to be under purifying selection, such as trans- and inner mem-
brane regions of proteins. The result is that these regions are almost identical
within a species.

In contrast, the surface-exposed parts of the pilus components are surpris-
ingly dynamic and divergent. For example, two strains of B. henselae, one iso-
lated from a patient (Houston-I, the genome sequenced strain) and one from
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a Cheetah, are almost identical in sequence in other locations, but have high
synonymous substitution rates in their trwL genes. This could mean that the
trw duplicates play a role in antigenic variation, or that they are involved in
the species-specific aspects of Bartonella-erythrocyte interaction.

Bartonella is a typical example of a bacterium that would use antigenic vari-
ation mechanisms to persist in immunocompetent hosts. Especially its ability
to reappear in the bloodstream and reinfect the primary niche, suggests that it
is able to express new variants on its surface during the course of infection of
a single host.

We can only speculate about the mechanisms behind the rapid evolution
of surface-exposed parts of pilus components. It seems likely that some
kind of diversity-generating system evolved in this operon, similar, but not
identical, to other bacterial systems of surface-coat variation. Maybe such
a diversity-generating mechanisms is a result of having multiple copies of
the gene. One possibility is exchange of sequence information between
the copies. However, there is no evidence of cassette-like structures seen
in contingency loci of other species of vector-borne bacteria. Both the
vector-borne species Anaplasma marginale and Borrelia burgdorferi have
independently evolved the ability to create antigenic variation through silent
pseudogenes free to mutate into new variants, which are then copied by gene
conversion into an expression site (Zhang and Norris, 1998; Futse et al.,
2005).

In Bartonella trw, gene conversion appears to have a rather different role:
homogenization of regions with high functional constraints. Other duplicated
genes that undergo gene conversion in bacterial genomes are the ribosomal
operons (Liao, 2000), and translation factor Ef-Tu (Abdulkarim and Hughes,
1996). The role of gene conversion for these genes, which are highly con-
served among bacterial species is probably to buffer against deleterious mu-
tations (Liao, 2000). Because gene conversion in the Bartonella trw operon
conserves regions with higher functional constraints, it may have a similar
role, perhaps to counteract the effects of a diversity-generating mechanism
that targets the surface-exposed regions.

One possibility is that divergence is created through combinatorial gene
conversion of smaller fragments. Insights into how the diversity is generated,
if it requires extrachromosomal elements like in B. burgdorferi antigenic vari-
ation (Zhang and Norris, 1998), and to determine its role in host colonization
requires further studies. Sequencing and re-sequencing after serial passage
through the host would help in determining the exact mechanisms of this ap-
parently elevated mutation rate.

32



2.5.2 Multiple Type-IV Secretion Systems in
B. grahamii
The TFSSs in Bartonella are considered among the major virulence deter-
minants of these species. Thus, the presence of four (PaperVI) TFSSs in the
non-pathogenic B. grahamii clearly demonstrates that genes responsible for
disease manifestation in some species, have evolved primarily to facilitate col-
onization.

The two TFSSs that are unique to B. grahamii are both closely related to
Bartonella VirB/VirD4 (here called (virB_A), the system that is involved in
endothelial cell invasion (section 1.3.5). One is plasmid-encoded (virB_C),
the other is incorporated into the chromosome (virB_B), most certainly on the
B. grahamii lineage. The fact that virB_C is plasmid-encoded suggests that
it functions as a conjugation system (there is no other conjugation system on
this plasmid).

Interestingly, the only difference in gene content between the three operons
is found in one of the regions duplicated in trw: the pilus component region
between virB44 and virB8 (Fig. 5 in Paper V). In virB_A, virB5 and virB7
genes are not similar in sequence to virB5 and virB7 genes from other species,
probably because of rapid divergence rather than substitution for other genes
(these two genes tend to be among the most diverged in the operon (Paper
IV)). In contrast, the corresponding genes in the two other virB operons, are
weakly similar to genes from the virB operons of other α-proteobacteria.

virB5 and virB7 probably encode proteins expressed on the surface, so their
high divergence in virB_A may be due to the longer history of host selective
pressure acting on this operon, compared to the two that are uniquely found
in B. grahamii.

In the same region of the operon, the two B. grahamii-specific virB-operons
contain extra, Bartonella-specific genes, in addition to virB5-7 (Fig. 5 in Pa-
per V). These short, repeated genes are located between virB5 and virB6, in
four copies in VirB_B (the chromosome integrated operon), and one copy in
virB_C (the plasmid operon). In addition to this, a genomic island, BG7, with
mostly phage and outer membrane proteins, encodes three copies of the same
gene.

Why does B. grahamii need four TFSSs, three of which are almost iden-
tical, with the exception of a few genes? Perhaps all four systems are used,
for example, to invade the endothelial cells of various hosts. Alternatively,
the TFSSs are not essential constituents of the genome, but are present only
in patches of the B. grahamii population, circulating between individuals via
plasmids. What we see in B. grahamii may be a functional switch in action,
where the virB_C on pBGR2 represents the plasmid-borne conjugation sys-
tem, and where the chromosome-encoded virB_B is being adapted to function
in host-interactions. If so, amplification of the genes between virB5 and virB6

33



is likely to play a role in adaptation, and may generate new pilus-associated
proteins. Interestingly, pBGR2 encodes a resolvase that is highly similar (75%
amino acid identity) to a resolvase on plasmid R388, which has a conjugation
system that is closely related to Bartonella trw. Taken together, variant TF-
SSs, as conjugation systems or host-interaction systems, were a part of the
Bartonella gene pool before the radiation of the genus, and appear to still cir-
culate in the B. grahamii gene pool.
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3. Conclusions

Genome comparisons between species with different ecological niches have
great potential to reveal aspects of bacterial evolution such as evolution of host
interaction and pathogen emergence. Here, we have compared the genomes of
three Bartonella species with different lifestyles in terms of pathogenicity and
host and vector- specificity- and range.

Since their divergence from other Rhizobiales, the Bartonella genomes
have gone through both expansion and reduction, through acquisition of
auxiliary DNA in the form of bacteriophages and plasmids, and through
extensive decay, both of the core gene set shared with other α-proteobacteria,
and of the auxiliary DNA.

Like Russian dolls, the gene complement of three genomes are contained
within each other, so that the largest genome (B. grahamii) encodes every-
thing found in the medium-sized (B. henselae), which in turn encodes every-
thing in the smallest (B. quintana). The size differences can be attributed to
different degrees of gene loss and decay, and different degrees of access, to
auxiliary DNA. Genome reduction is most advanced in the host restricted hu-
man pathogen B. quintana, which has lost phages and genomic islands present
in its close relative B. henselae. Reduction of this genome can be attributed to
change in population genetic parameters associated with the host- and vec-
tor switch. The emergence of this pathogen may have been associated with
domestication of cats and origin of clothing.

The phages and genomic islands encoded by the zoonotic relative B. hense-
lae, are not unique to this species, as demonstrated by comparison with an
outgroup species, B. grahamii, an environmental mouse isolate. In fact, the
entire auxiliary gene set of B. henselae is present in the genome of B. gra-
hamii. This finding is interpreted as evidence that the phages and genomic
islands have been circulating in the Bartonella population since before the
radiation of the genus.

The concept of pathogens, seen from a human perspective, dictates our
thinking about how bacteria evolve. Still, the majority of emerging human
pathogens are zoonotic (Woolhouse, 2002), and have evolved to colonize other
hosts. B. grahamii, which is non-pathogenic to its natural host, encodes an
extended battery of the known Bartonella pathogenicity determinants. This
underlies the importance of studying bacteria-animal associations that do not
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result in disease, even if our main goal is to understand how pathogens evolve.
Our understanding of how pathogens evolve would perhaps benefit from an
expanded view of pathogenesis, including all factors required for successful
host colonization.

Genomic islands encode host-interaction genes. They are physically asso-
ciated with prophages, and homologs genes with them, implying that their ac-
quisition was mediated by them. Other important host-interaction genes such
as the TFSSs have been brought in by plasmids. Thus, our results support
the conclusion that horizontal transfer of host-interaction genes via bacterio-
phages and plasmids played an important role in the evolution of Bartonella.
It is likely that other imported genes, now more stable constituents of the
genome, were once imported to Bartonella in this way.

Orfans are located mainly in the islands and in the ChrII region, suggesting
that they are the result of decaying or intact lateral transfers. Other species-
specific genes may be the result of rapid sequence evolution prompted by
intense host selective pressure, as demonstrated by the pilus components of
TFSSs.

A model for the emergence and evolution of the genus Bartonella can be
sketched, in which both horizontal transfer and massive genome decay have
played important roles. The ancestor of the genus likely had an auxiliary chro-
mosome, through which it had access to a large and flexible gene pool. Exten-
sion of this gene pool, with bacteriophages from plant- and animal-associated
γ-proteobacteria, was crucial in the transition into the particular niche that
Bartonella occupies. As a result of change in habitat, altered population dy-
namics favored individuals with a more stably inherited auxiliary gene set (i.e.
integrated into the main chromosome). In the new situation, with reduced bac-
terial density, phages took over as generators of diversity. However, when the
bacterial host, in the case of B. quintana, became isolated from contact with
other strains and species, they were less successful and subsequently lost.

The set of vertically inherited (i.e. α-proteobacterial) genes is rather small
in all three species, just above 1000. The initial increase in genome size that
resulted from horizontal transfer is therefore likely to have been followed by
massive decay due to reduced purifying selection on a large set of genes, e.g.
genes necessary for survival in the soil, etc.

The findings demonstrate the value of comparisons at different evolution-
ary depths. If we take B. quintana, a reduced genome with a limited number of
foreign genes and make comparisons only within the species, the bumpy evo-
lutionary road it took to its modern state would be hidden from us. Without
the comparisons with other species with different lifestyles, we would hardly
guess that Bartonella bacteriophages and lateral transfer had such a profound
impact on genome evolution and adaptation of this human pathogen. In other
genera, with species in more advanced stages of reductive evolution (i.e. en-
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dosymbionts), the evidence of the earlier stages of transition into an obligate
intracellular lifestyle, in the form of appropriately related species with dif-
ferent lifestyles, are not available. These species may have taken a similar
route, triggered by horizontal transfer, to end up where they are. But the genes
needed to overcome the barriers of the initial stages, in particular the genes
needed to invade and escape from hosts, and be transmitted among them, may
long be lost.
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4. Svensk sammanfattning

Grunden till den här avhandlingen är en jämförande studie av den kompletta
arvsmassan (d.v.s. genomet) hos tre arter från en grupp bakterier som kallas
Bartonella. Dessa bakterier lever i blodet hos många olika sorters däggdjur
och sprids mellan dem med loppor, löss och fästingar (vektorer). Olika arter
av Bartonella är anpassade till olika arter av däggdjur, och vållar normalt inte
skada hos sin värd. När bakterien infekterar en annan värd än den som den
är anpassad till, kan den dock orsaka sjukdom. De tre arterna vars genom
vi har sekvenserat är valda för att vi ska få en så bra bild som möjligt av
hur olika livsstilar (i form av värdar och vektorer) påverkar evolutionen av
bakteriegenomet, och hur evolution på genomnivå möjliggör utforskandet av
olika ekologiska nischer. Likt ryska dockor är deras genom litet, större, störst,
där de små ryms i de större och saknar unikt genetiskt material.

Dessa egenskaper hos genomen kan kopplas till bakteriernas olika livssti-
lar. B. henselae finns normalt i katter, men sprids också till människa, där
den kan orsaka kattklösarsjukan. B. quintana, som orsakar skyttegravsfeber
lever i en smalare ekologisk nisch. Den har människan som enda värd, och
sprids med kroppslusen. B. henselae och B. quintana är nära släktingar, sina
skilda livsstilar till trots. Jämförelsen mellan de två genomen stöder hypote-
sen att B. quintana har bytt värd från katt till människa. Konsekvensen av
denna inskränkning i ekologisk nisch är en minskning av genomstorlek som
har flera förklaringar. Jämfört med Bartonella, har B. quintana-genomet tappat
regioner som man brukar kalla för genomiska öar, samt bakteriofager, virus
som infekterar bakterier och integreras i bakteriegenomet i en del av sin livs-
cykel. I den smalare nischen finns inte samma potential för spridning av bak-
teriofager, och de försvinner så småningom från värdpopulationen. Dessutom
blir den naturliga selektionen, som normalt agerar för att bibehålla gener, både
sådana som används ibland och sådana som används ofta (och som man abso-
lut inte vill bli av med), mindre effektiv i smala ekologiska nischer och små
populationer. B. quintana-populationen genomgår förmodligen s.k. flaskhal-
sar med jämna mellanrum, vilket ökar risken för att individer med skadliga
mutationer fixeras i populationen. Detta resulterar i att gener förstörs och så
småningom försvinner. Sådana processer har lett till att B. quintana-genomet
har krympt relativt de två andra. B. quintana har dock tydliga spår av förlorade
regioner, vilket visar att dess förfader en gång liknade B. henselae genomet.
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I ett av delarbetena jämför vi Bartonella med genom från alfaproteobak-
terierna, den större grupp av bakterier som Bartonella tillhör. Gruppen är in-
tressant ur ett evolutionärt perspektiv eftersom många av dess medlemmar
är associerade med djur- och växtceller i en form eller annan. Genomstorlek
och genomstruktur varierar också mycket i denna grupp. Fylogenianalys och
analys av geninnehåll i olika afaproteobakterier tyder på att Bartonellas för-
fader för 100-tals miljoner år sedan var växt-associerad.

Den något mer avlägsna släktingen B. grahamii koloniserar olika arter av
små gnagare. Den orsakar inte sjukdom hos sin värd, men dess genom in-
nehåller likaväl hela batteriet av gener som ligger bakom sjukdomssymtom i
de två mindre släktingarna. När man studerar sjukdomsframkallande organis-
mer (patogener) är det alltså viktigt att tänka på att de gener som är involverade
i patogenicitet inte nödvändigtvis har uppkommit för att orsaka skada, utan för
att för att så effektivt som möjligt kolonisera en värd, överleva och sprida sig
vidare. Den bredare värdspecificiteten hos B. grahamii innebär förmodligen
att den har tillgång till en större s.k. genpool via bakteriofager och plasmider
som cirkulerar i bakteriepopulationen.

Resultaten tyder på att gruppen som helhet har mottagit mycket genetisk
material utifrån, och att detta har skett med hjälp av bakteriofager och plas-
mider. Kanske är det till och men så att Bartonella har hittat sin nisch i blodet
med hjälp av gener utifrån. Många av de horisontellt överförda generna har
funktioner just i värd-interaktion. Trots införsel av gener utifrån har Bar-
tonella små genom om man jämför med dess växt-associerade släktingar.
Genomreduktion är typiskt för bakterier som är beroende av en värd för sin
överlevnad.

Således har Bartonella-bakterien, för att komma till den punkt i evolutionen
där befinner sig nu, åkt genomisk berg-och dalbana. Först har genomet ex-
panderat genom införsel av främmade gener, sedan har det reducerats kraftigt
till följd av en förändrad populationsstorlek, en konsekvens av den isolerade
livsstilen. Möjligtvis gäller samma evolutionära scenario för andra parasiter
med liknande livsstil, men där värdberoendet är långt mer framskridet, t.ex. i
tyfusbakterien Rickettsia och i mitokondrien. I dessa har de spår av de tidiga
stadierna av reduktiv evolution som vi ser i Bartonella gått förlorade för länge
sedan.
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