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Abstract 
 

Bartonella is a genus of gram negative bacteria, belonging to the order of 
alpha-proteobacteria. Members of this genus live in close association with 
eukaryotic hosts. In particular, they are facultative intracellular parasites of 
mammalian endothelial cells and erythrocytes, transmitted by blood-sucking 
arthropod vectors. One intriguing aspect of their physiology is that they inhibit 
apoptosis in host endothelial cells. Up to date, 21 Bartonella species have 
been characterized, with their hosts being a wide range of mammals such as 
cats, mice, deer, cows and humans. Bartonella grahamii, the main focus of 
this project, is a common dweller of small rodent species such as mice, rats, 
voles but also an incidental human pathogen. 
 
The analysis of different Bartonella spp. genomes has provided us with 
valuable insights into bacterial genomic evolution. These results indicate that 
genome rearrangements (inversions, translocations) and gain or loss of 
mobile elements (phages, plasmids) are major mechanisms of evolution in 
Bartonella. The genome of B. grahamii has been recently sequenced by the 
Molecular Evolution department at Uppsala University. Its size is over 2.3 Mb 
and it harbors two copies of a 57 kb prophage (chromosome-incorporated 
phage) region, the chromosome II-like region (an atypical chromosomal 
segment of 300 kb that is thought to have originated by the integration of an 
auxiliary replicon) and a plasmid. 
 
Interestingly, bacteriophage-like particles (BLPs) have been shown to arise in 
cultures of Bartonella spp. at the stationary phase of the bacterial growth. 
These particles are not bona fide bacteriophages since a) they do not seem to 
infect new cells and b) more importantly, they do not package the entire 
prophage sequence. Long-time cultures of B. grahamii have been shown to 
produce BLPs that contain 30 kb and 14 kb DNA sequences. The 30 kb 
fragment contains sequences mainly from the prophage region. The exact 
nature of the 14 kb fragment remains elusive.  
 
In this study we used microarray hybridizations and electron microscopy to 
add to our understanding of the BLPs biology. Gene expression profiling 
showed that prophage-related genes are up-regulated in long-time cultures 
while comparative genomic hybridizations demonstrated that the BLPs-
encapsidated 14 kb fragment derives mainly from the chromosome II-like 
region. Further, BLPs seem to consist of head and tail structures.  
 
Moreover, cell survival assays were used to test the salutary effect of B. 
grahamii strains in infections of starved mouse endothelial and fibroblast cells. 
Although our results are preliminary, some trends can clearly be described. 
As one might have expected, inhibition of apoptosis was not observed in 
fibroblasts. Inhibition of apoptosis was indeed observed in endothelial cells 
and strikingly, unexpected variation in the inhibitory effect between strains.  

 
 

Cover picture kindly provided by Eva Berglund, Department of Molecular Evolution, 
Uppsala University 
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1. Introduction  
 
1.1 The germs behind the curtain 
 
Microbes were the first form of life to arise, have evolved to occupy a plethora 
of ecological niches, rule the major geochemical pathways and have shaped 
human history in opposing ways [1]. However, it was only by late 17th century 
with the advent of microscopes and the pioneering work of Leeuwenhoek and 
Hooke that we -for the first time- disclosed the existence of their microcosmos 
[2]. Ever since, microbes have been a central theme of biological research, 
providing milestones and paradigm shifts [3,4,5] in the way we view the 
biosphere. 
 
The vast majority of microbes falls into one of the two prokaryotic domains of 
life, that is Bacteria and Archea [6]. Although morphologically similar in most 
cases, members of these domains exhibit an overall tremendous biochemical 
and ecological diversity. Moreover, the (meta)genomic era has revolutionized 
the understanding of their diversity, demonstrated the ingenious evolutionary 
patterns at the molecular level and provided tantalizing questions for the 
responsible evolutionary processes.  
 
The future of microbial research proves exciting. The expanding field of 
Systems biology is mainly concerned with prokaryotes in an attempt to 
integrate and explain the emergent properties of biological systems. These 
studies have already fuelled Synthetic biology in its quest to define life, its 
minimum requirements and to create artificial life forms. Biological ‘design 
principles’ can also be extensively analyzed by constructing and testing 
synthetic gene circuits and the ensuing ecological interactions such as 
predator-prey ecosystems [7]. Last but not least, experimental evolution with 
microorganisms has gained substantial ground as it offers the possibility of 
monitoring real time evolutionary phenomena in the laboratory setting [8].  
 
 
1.2 Bacteria… 
 
Bacteria comprise the most diverse prokaryotes. They are classified into as 
many as 24 phyla [9] and exhibit great variation in morphology (spheres, rods, 
spirals, filamentous), biochemistry (photoautotrophs, chemoautotrophs, 
photoheterotrophs, chemoheterotrophs), ecology (mutualists, parasites, free 
living) and size, ranging from the hypothetical Nanobacteria (20-500 nm) [10] 
and the actual Mycoplasma genitalium (300 nm) to Thiomargarita namibiensis 
(0,75 mm). 
Bacteria have dsDNA as genetic material and reproduce asexually, mainly 
through binary fission. Apart from this vertical inheritance, occasionally 
horizontal gene transfer (HGT) takes place. HGT is mediated through three 
classical mechanisms:  
1) Transformation, the uptake of naked DNA (without associated cells or 
proteins) from the medium, 
2) Conjugation, the transfer of genetic material between bacteria through 
direct cell-to-cell contact, 
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3) Transduction, the process by which bacterial DNA is moved from one 
bacterium to another by a virus. Transduction is either generalized or 
specialized 
And a recently identified novel mechanism: 
4) Gene transfer agents [GTAs] (see 1.4.2). 
 
 
1.3 …and their viruses 
 
Bacteria are parasitized by viruses called bacteriophages (or just phages). 
Bacteriophages (and viruses in general) are biological entities that blur the 
boundaries of life, as they are acellular and do not exhibit metabolism outside 
of host cells. Nevertheless, bacteriophages are supposed to be ancient in 
evolutionary terms and a major driving force of bacterial evolution. Moreover, 
bacteriophages are estimated to be the most widely distributed and diverse 
entities in the biosphere [11] and have recently been suggested to comprise 
capsid-encoding organisms, that is organisms composed of proteins and 
nucleic acids, that self-assemble in a nucleocapsid and use a ribosome-
encoding organism for the completion of their life cycle [54]. 
 
Phages typically consist of an outer protein hull that encloses their genetic 
material. The genetic material can range from ssRNA, dsRNA, ssDNA to 
dsDNA of 5-500 kb length in either circular or linear arrangement. 
Bacteriophages are much smaller than the bacteria they parasitize - usually 
between 20 and 200 nm in size [12]. Phages usually consist of head and tail 
structures.  
 
Bacteriophages do not move independently so they must rely on random 
encounters with the bacterial host when in solution. After attaching to specific 
bacterial receptors they inject their genetic material into the cell. Then, they 
either enter the lytic or the lysogenic cycle. 
 
Lytic phages immediately use the bacterial machinery to synthesize their 
proteins and genetic material. As soon as the phage particles get assembled, 
they are released via cell lysis, while the bacterial cell virtually bursts open 
[13]. 
 
In contrast, lysogenic phages (also known as temperate phages) do not lyse 
the cell immediately. Instead, their genetic material is incorporated into the 
bacterial chromosome resulting in a genomic region known as the prophage. 
As the lysogenic cycle allows the host cell to continue to survive and 
reproduce, the prophage is transferred to all of the cell’s offspring where it 
remains dormant until host conditions deteriorate, for example DNA damage 
occurs. Then the prophage gets active, excises from the chromosome, 
replicates and finally new bacteriophage particles get assembled. These will 
be released either by cell lysis or rarely by cell secretion [14]. 
 
Occasionally, phages contribute to horizontal gene transfer between bacteria 
through transduction (see above). Generalized transduction takes place when 
a phage accidentally incorporates host DNA instead of phage DNA inside a 
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fraction of the produced phage heads. The cell will still lyse, and these novel 
particles, termed transducing particles, can still recognize an appropriate 
bacteria, attach, and inject their DNA. The result is the transfer of DNA from 
one host to another, since no phage DNA is found in transducing particles of 
this type. On the other hand, specialized transduction occurs through 
derivatives of temperate phages where some portion of the phage genome 
has been replaced by a portion of other genetic material, typically the bacterial 
chromosome. In this way, all of the phage particles carry the same portion of 
the bacterial chromosome. These phage particles can then attach to the 
bacterial host and inject their DNA.  
 
The common outcome of both types of transduction is that DNA from one 
bacterium is found in the cytosol of another. Then, for the transferred DNA to 
become stably inherited, it must become associated with a replicon in the 
recipient cell. This can happen through homologous recombination (in the 
case of generalized transduction) and homologous recombination or phage 
integration (in the case of specialized transduction) [15].  
 
 
1.4 Genomes and genomic arenas 
 
1.4.1 Bacterial genomes, their evolution and the ‘global gene pool’ 
 
Bacteria are haploid and reproduce clonally. Most bacteria have a single 
circular chromosome that can range in size from only 160 kb in the 
endosymbiotic bacteria Carsonella ruddii [16] to 12.2 Mb in the soil-dwelling 
bacteria Sorangium cellulosum. [17]. Notable exceptions to this rule include 
bacteria with multiple circular chromosomes and bacteria with linear 
chromosomes [18].  
 
Typically, a substantial amount of the variation in bacteria is not in their 
chromosomal genes. Bacteria commonly carry arrays of active and retired 
accessory genetic elements (plasmids, prophages, transposons, genetic 
islands and integrons), the composition of which also varies widely among 
members of the same bacterial species [19]. This variability has raised the 
question of how to define the genome of a species and the concept of pan 
genome was proposed as the sum of all genes found in a species [20]. A 
number of studies [21,22,23] have already shown that the gene pool available 
in the microbial world is far larger than previously thought and the pan 
genome of a species is typically several times bigger than its core genome, 
the latter being the genome shared by all members of a taxon.   
 
Briefly, a plasmid is an extrachromosomal DNA molecule separate from the 
chromosomal DNA and capable of autonomous replication. It is typically 
circular and double-stranded. The size of plasmids varies from 1 to over 400 
kb. There may be one copy to hundreds of copies of the same plasmid in a 
single cell [24].  
 
The definition for prophages has been provided above.  
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Transposons are DNA sequences that can move from one place in DNA to a 
different place with the help of the transposase enzyme [25]. 
 
Genomic islands are discrete genomic regions in bacterial chromosomes and 
they are characterized so by means of different GC content, different codon 
usage and the fact that they are not found in all the strains of a bacterium 
type. Like plasmids and prophages, genomic islands often carry clusters of 
genes that allow the bacterium to occupy specific environmental niches [25].  
 
An integron is a gene capture system found in plasmids, chromosomes and 
transposons. An integron contains a gene for integrase and an att site for 
integration of gene cassettes. A promoter is also lined up on the integron to 
allow transcription of cassette genes captured into the att site [25].  
 
All the mentioned mobile genetic elements render bacterial ecosystems a 
‘‘global gene pool’’. Bacteria can acquire new genes that have evolved in 
other often phylogenetically and ecologically distant populations, given 
sufficient time and sufficiently intense selection. What is more, theoretical 
studies have suggested that if the acquired mobile elements carry host-
adaptive genes, then those genes will be sequestered eventually by the 
chromosome. Plasmids, transposons, and temperate phages, or the genes 
they carry will give up their vagabond lifestyle and become genomic islands 
[19,26].  
 
 
1.4.2 On the evolutionary importance of phages and prophages 
 
The co-evolutionary arms race of bacteria and their viruses is a major force 
shaping bacterial evolutionary rates [27] and has given rise to an array of 
biological warfare. From the bacterial point of view, striking examples 
comprise the development of restriction enzymes and the recently discovered 
RNAi-like CRISPR system [28]. 
 
However, the molecular and evolutionary crosstalk between bacteria and 
phages is best represented by prophages and a putatively derived class of 
them, the Gene Transfer Agents (GTAs). 
 
As mentioned before, a functional prophage in a lysogenic bacterial strain, in 
conjunction with host physiological activities, normally represses genes for its 
lytic cycle. Its genome is replicated along with the bacterial genome. The 
prophage can be activated and enter the lytic cycle, killing the bacterial host 
and releasing offspring which are virulent when they encounter the 
appropriate host strain. The lysogeny–lysis equilibrium tips in favor of the lytic 
cycle when bacteria are exposed to environmental stressors, such as heat, 
starvation, UV light, or chemicals interacting with DNA, such as certain 
antibiotics [29]. 
 
Non-functional prophages are also present in bacterial genomes. These 
prophages have been labeled cryptic or defective and are incapable of self-
replication. Thus, they do not produce infectious phage particles, that is, they 
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are incapable of forming plaques on a bacterial indicator strain. They also do 
not confer immunity to superinfection, meaning they are incapable of 
preventing lytic attack by related viruses. Although they resemble genetic 
fossils, cryptic prophages can provide biological functions. They may offer 
integration sites for incoming bacteriophages and other genetic elements. 
They may also contribute to bacteriophage evolution serving as ‘‘genetic 
spare parts kits’’ for superinfecting bacteriophages to exchange a tail protein 
and thereby acquire a new host range. Cryptic prophages can also provide 
advantages to their bacterial hosts. Cryptic prophages serve as bacteriocins 
for Pseudomonas aeruginosa and Bacillus species (see below). Others 
contain non-phage genes, ‘‘morons’’, benefiting their bacterial host. For 
example, the shiga toxin gene of Escherichia coli O157:H7 lies within a cryptic 
prophage gene cluster. Also, serotype conversion genes are part of a cryptic 
prophage in the Shigella flexneri 2457T genome.  Moreover, PBSX and PBS-
like agents are common in Bacillus species. PBSX particles carry 13 kb 
random, biased, fragments of the host bacterial genome. It has been difficult 
to cure Bacillus strains of PBSX suggesting that this element has a critical role 
in bacterial growth. Further, PBSX acts like a bacteriocin which could provide 
a competitive advantage for B. subtilis host strains in their natural 
environment. While PBSX elements seem important in Bacillus physiology 
and ecology, their roles as gene transfer mechanisms have not been reported 
[73,75]. From a practical viewpoint, the location of prophage genes in a 
bacterial genome can serve as a road sign to genes important to the ecology 
of that bacterium [72,75]. 
 
At the end of the putative pathway for the bacterial domestication of 
prophages we find gene transfer agents (GTAs), a novel mechanism for 
bacterial gene transfer. They resemble small bacteriophages in ultrastructure 
and act like generalized transducing prophages. GTAs package random 
fragments of bacterial genomes acting like general transduction phages. The 
packaged DNA content is characteristic of the GTA and ranges in size from 
4.4 to 13.6 kb. A population of GTA particles contains the entire host genome 
and appears capable of transmitting any bacterial gene in that genome 
between cells of the bacterial host. Although defective for self-propagation, 
GTAs are the consummate mechanisms of generalized transduction. 
Currently known GTAs are produced by Methanococcus voltae, Desulfovibrio 
desulfuricans, Brachyspira hyodysenteriae and Rhodobacter capsulatus 
[74,75]. 
 
 
1.5 Genome trends in a-proteobacteria 
 
The a-subdivision of the Proteobacteria is a large and diverse group of Gram-
negative microorganisms. As their name implies, from the ancient Greek 
shape-changing god Proteus, these bacteria show great variability in 
metabolic capacity, morphology and life cycle. Moreover, they inhabit diverse 
ecological niches, from water to soil, and form extra- and intracellular 
associations with eukaryotes, including unicellular organisms, nematodes, 
arthropods, plants and mammals [30]. Their evolutionary importance is 
highlighted by the proposal that precursors of the mitochondria of eukaryotic 
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cells are thought to have originated in this bacterial group [31]. Notable 
genera of this division include the obligate intracellular bacteria Wolbachia 
and Rickettsia, the photosynthetic Rhodobacter, the fresh water free-living 
Caulobacter, the soil-borne plant symbionts and pathogens Sinorhizobium, 
Agrobacterium, Bradyrhizobium and the facultative intracellular bacteria 
Brucella and Bartonella [20].  
 
The genomics era has enriched our understanding of genomes’ structure and 
evolution, especially in the a-proteobacteria with more than 200 completed 
and ongoing genome projects [21]. The alpha-proteobacteria display a 10-fold 
genome size variation spanning from 1Mb in Rickettsia spp. to >9 Mb in 
Bradyrhizobium japonicum [20,30]. Moreover, they provide perfect examples 
of how the physical organization, size and evolution of bacterial genomes are 
influenced by the lifestyles and environments these bacteria encounter. 
Computational studies have suggested that the a-proteobacterial ancestor 
contained 3000-5000 genes and was a free-living, aerobic and motile 
bacterium with pili and surface proteins for host cell and environmental 
interactions [30]. Plant-associated bacteria (particularly Mesorhizobium loti 
and Bradyrhizobium japonicum) have evolved by genome expansion, 
including both gene duplication and acquisition of novel genetic material by 
lateral gene transfer, whereas obligate intracellular bacteria have genomes 
that tend towards a reduction in size and content [30]. The computational 
studies of gene fluxes suggest that genome reduction in the alpha-
proteobacteria has occurred on at least two independent occasions, namely in 
the lineages leading to Rickettsia and Bartonella. As all bacteria with genome 
sizes below 2Mb are vector-borne and intracellular, it is tempting to speculate 
that the transition to the intracellular growth habitat has triggered the reductive 
processes [22].  
 
 
1.6 The genus Bartonella  
 
1.6.1 Natural history of Bartonellae 
 
Bartonellae (formerly known as Rochalimaea and Grahamella) are small 
pleomorphic gram-negative bacilli that belong to the α-2 subdivision of 
Proteobacteria. They have a close evolutionary homology with members of 
the genera Brucella, Agrobacterium and Rhizobium [32]. The more than 20 
described Bartonella species are closely related, having over 98% homology 
in the sequences of their 16S rRNA genes [33]. These arthropod-borne 
facultative intracellular bacterial parasites typically cause persistent infection 
of erythrocytes and endothelial cells in their mammalian hosts which consist 
of a wide range of wild and domestic animals such as deer, cats, dogs, 
rodents, squirrels, sheep, cattle and kangaroos [32,34,35]. Humans serve as 
the reservoir host for Bartonella bacilliformis and B. quintana but also as 
incidental hosts for B. henselae, B. clarridgeiae, B. elizabethae, B. vinsonii, B. 
washoensis and B. grahamii [32]. Recently, two new Bartonella species have 
been isolated from human patients, namely B. tamiae and B. rochalimae 
[36,37].  
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As already mentioned, the natural cycle of Bartonella contains a reservoir host 
(mammal) in which the bacteria cause a chronic intraerythrocytic bacteremia 
and a blood-sucking vector (arthropods such as lice, fleas, ticks, mites, and 
sandflies) that transmits the bacteria from the reservoir hosts to new 
susceptible hosts. These could be the natural reservoir hosts, new competent 
reservoir hosts or incidental hosts. Vertical transmission between rodents has 
also been shown [38]. There is usually a specific association between the 
natural host, the vector and the Bartonella species which determines the 
spectrum of hosts possible and the geographic distribution of the organisms 
[33].  
 
Our current understanding is that for each Bartonella species, the invasion 
and persistent intracellular colonization of erythrocytes are limited to a specific 
animal reservoir host. In contrast, endothelial cells are target host cells in 
probably all mammals, including humans. Exceptions to this rule of thumb 
have been reported and associate 1) B. henselae with human erythrocytes 
[58] and human CD34+ progenitor cells [59], 2) B. quintana with dental pulp of 
domestic cats [60] and blood of cynomolgus monkeys (Macaca fascicularis) 
[61]. 
  
As a conclusion, Bartonella species are hemotropic bacterial parasites of a 
wide range of mammals that occasionally cause disease in humans. Clinical 
manifestations include cat-scratch disease, trench fever, Carrión's disease, 
bacteremia with fever, bacillary angiomatosis and peliosis, endocarditis, and 
neuroretinitis. However, the low prevalence of clinical manifestations 
compared to the high prevalence of infection underlines the elegance of these 
parasites that carefully exploit their hosts in a manner that optimizes their 
transmission. It also comprises an exception to Koch’s postulate stating that 
cultures of blood from healthy individuals should be sterile [33]. The 
sophisticated bacterial molecular arsenal used for interacting with host cells 
has been steadily unraveled and should provide targets suited for abolishing 
the bacterial pathogenesis [39]. 
 
 
1.6.2 Bartonella-host cell interactions 
 
1.6.2.1 Course of infection 
 
A combination of in vitro studies, animal models and bacterial genetics has 
allowed us to chart the course of infection in the mammalian reservoir host 
[40]. A plethora of information has been mainly garnered through the rat 
model of Bartonella tribocorum infection [41]. In that, following intravenous 
inoculation with plate-grown B. tribocorum, bacteria are rapidly cleared from 
circulating blood, reestablishing sterility of the blood for about four days. The 
niche that supports bacterial replication is mainly endothelial cells. Typically, 
on day five post-infection, large numbers of bacteria are released from the 
primary niche into the bloodstream. Further episodes of synchronous release 
of bacteria follow at intervals of approximately five days, probably as a result 
of the five-day infection cycle that is triggered by re-infection of the primary 
niche by bacteria released at the end of each cycle [32,40,41].  
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When B. tribocorum is released into the bloodstream, these bacteria efficiently 
adhere to mature erythrocytes, indicating that they become competent for 
erythrocyte interaction during colonization of the primary niche. Following 
adhesion to erythrocytes, bacteria invade and replicate intracellularly within a 
membrane-bound compartment until a critical density is reached. Thereafter, 
the number of intracellular bacteria remains static for the remaining lifespan of 
the infected erythrocytes, which is indistinguishable from that of uninfected 
erythrocytes [41]. B. tribocorum can therefore persist for several weeks in 
circulating blood in an immunologically privileged intracellular niche without 
causing undue harm to the infected rat. This hemotropic infection strategy is 
probably a specific adaptation to the transmission by blood-sucking arthropod 
vectors and is presumably shared by most Bartonella species. The exception 
to this rule is B. bacilliformis, which triggers massive hemolytic of colonized 
human erythrocytes, giving rise to an often fatal hemolytic anaemia. 
Interestingly, this pathogen can also cause an essentially asymptomatic intra-
erythrocytic infection in humans that is similar to that caused by other 
Bartonella species in their respective mammalian reservoirs. The bacterial 
and/or host factors that are responsible for these different outcomes of B. 
bacilliformis infection are presently unknown [40].  
 
The intra-erythrocytic bacteremia caused by B. tribocorum in rats subsides 
spontaneously after approximately 10 weeks [41], and a similar duration of 
bacteraemia is observed in other experimental models of Bartonella infection 

[42]. This late clearance is associated with immunity against re-infection by 
the homologous strain. A B. grahamii model of mouse infection has shown an 
important role for antibodies in controlling intra-erythrocytic infection. 
However, antibodies are unlikely to function against infected erythrocytes, as 
the lifespan of these cells is similar to that of uninfected erythrocytes. Instead, 
antibodies might neutralize bacteria that are released from the primary niche 
and thereby abrogate the infection of additional erythrocytes as well as re-
infection of the primary niche. 
 
 
1.6.2.2 Bacterial factors involved in host cell interactions 
 
Animal models, cell culture systems of human umbilical vein endothelial cells 
(HUVEC) and mainly B. henselae have provided us with a fascinating glimpse 
of the molecular cross-talk between bacteria and their hosts [32].  
 
Interactions with endothelial cells include cell invasion through cytoskeletal 
rearrangements, induced cell proliferation, inhibition of apoptosis and NF-κB 
activation. Interactions with erythrocytes include cell attachment and invasion.  
 
The best studied Bartonella factors involved in host cell interactions are two 
distinct Type-IV secretion systems (T4SS), namely VirB-D4 and Trw. T4SS 
are versatile transporters that have evolved from bacterial conjugation 
systems and mediate translocation of bacterial effector molecules during 
interaction with host cells [43].  
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VirB-D4 mediates (i) massive rearrangements of the actin cytoskeleton, (ii) 
NF-κB-dependent proinflammatory activation, leading to cell adhesion 
molecule expression and chemokine secretion; and (iii) inhibition of apoptotic 
cell death, resulting in enhanced endothelial cell survival. All these actions are 
mediated through Bep (Bartonella-translocated effector proteins) [32].  
 
Trw is not required for invasion of the primary niche. Its transcription is 
actually activated in the endothelial cells and confers to Bartonella the ability 
to establish intraerythrocytic bacteremia. Trw are not known to translocate any 
effector proteins and are assumed to be surface-expressed T4SS pili aiding 
probably the attachment to the red blood cells [32].  
 
Bartonella adhesion A (BadA) protein is another factor involved in binding to 
endothelial cells and probably in the induction of vascoproliferative disorders 
[44]. 
 
Other less-studied bacterial factors include deformin, flagella, 
lipopolysaccharide (LPS), pili and the putative hemin-binding protein 
(Hbp/Pap 31), hemolysin, inducible Bartonella autotransporter (iba) and 
invasion-associated locus (ial) [32]. 
  
 
1.6.2.3 Bartonella can inhibit apoptosis in eukaryotic host cells 
 
Apoptosis is a natural phenomenon that occurs regularly in multicellular 
organisms. Apoptosis is triggered by intrinsic and extrinsic factors and is 
characterized by DNA fragmentation, chromatin condensation, cytoplasmic 
shrinkage and cell death without lysis or damage to neighboring cells [68]. 
Strikingly, B. henselae and B. quintana have been shown to block apoptosis 
in vascular endothelial cells by translocating BepA, a type IV secretion (T4S) 
substrate, to the host cells. Translocated BepA localizes to the host cell 
plasma membrane and results in (i) elevated levels of intracellular cyclic 
adenosine monophosphate (cAMP) and (ii) increased expression of cAMP-
responsive genes [62]. B. henselae has also been shown to inhibit apoptosis 
in monocytes via its outer membrane adhesion A (BadA) [69].  
 
 
1.6.3 Bacteriophage-like particles in Bartonella 
 
An intriguing aspect of Bartonellae physiology is the existence of particles 
resembling bacteriophages. These particles have been described from the 
culture supernatants of various species. Best studied remain the 
bacteriophage-like particles (BLPs) from B. bacilliformis and B. henselae. 
BLPs were first found in B. bacilliformis and were assumed to represent bona 
fide bacteriophages [45]. Later, it was shown that they are in fact icosahedral 
protein particles packaging heterogeneous but non random linear 14 kb 
fragments of bacterial chromosomal DNA [46]. The B. vinsonii ssp. berkhoffi 
BLPs show similar composition of the packaged DNA; that is, heterogeneous 
but non random samples of chromosomal DNA [57]. BLPs from B. henselae 
have the following properties: are round to icosahedral protein particles and 
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they encapsulate near-randomly linear 14 kb bacterial DNA fragments with 
usually the chromosome II-like region (for definition see 1.7.2) best 
represented [47,55]. None of the BLPs has been shown to mediate horizontal 
gene transfer despite numerous approaches [46]. 
 
 
1.7 Bartonella grahamii  
 
1.7.1 Introduction  
 
The focus of this study, B. grahamii, has a broad host range and has been 
isolated from several species of voles and field mice such as Apodemus spp., 
Mus musculus and Microtus agrestis [48]. The rodent flea, Ctenophthalmus 
nobilis, has been shown to be a competent vector [49]. B. grahamii clusters 
with B. tribocorum and B. elizabethae and provides an excellent 
environmental outgroup to the clinical isolates of B. henselae and B. quintana; 
its genome is larger and seems to contain the previous two in a Russian doll 
fashion. Nonetheless, it has been only twice associated with human disease 
in neuroretinitis cases [50,78]. 
 
1.7.2 Genome and its notable regions 
 
General features of the recently sequenced B. grahamii genome [51] include 
a single circular 2,3 Mb chromosome, a 28 kb plasmid (pBGR3) and a total of 
1739 annotated genes (1711 on the chromosome and 28 on the plasmid). 
Notably, there are 16 genomic islands making up 742 kb, roughly a third of 
the entire genome. The genomic islands are BadA, prophage I (present in two 
copies) and BgGI1-BgGI14.  
 
Prophage I is an evolutionary mosaic with genes of different origins 
interspersed with genes showing sequence similarities to a putative prophage 
in Wolbachia pipientis. Apart from prophage I two other types of prophage 
sequences are encountered in the genome. Prophage II is present in three 
islands (BgGI3, BgGI11 and partially in BgGI2) and its genes are related to 
phage genes of Zymomonas, whereas prophage III is found in BgGI13 and is 
related to prophage genes of Pseudomonas, Xylella, Salmonella and 
Enterobacteria.  
 
The chromosome-II like region is another remarkable feature of the genome. 
This region is one of several hundred kb, and is assumed to have originated 
by the integration of a megaplasmid into the main chromosome. It consists of 
a set of genomic islands, namely BgGI7-BgGI13, and contains type V 
secretion systems, an integrase gene and an intriguing 28-kb repeat (found 
six times, also in BgGI2) which in turn comprises 14 genes; most interesting 
appears to be the fha/hec operon which putatively encodes for a two-
component system of a filamentous hemagglutinin and a hemolysin activation 
protein.  
 
The Bartonella adhesion protein genes, badA, are present in five copies and 
comprise a region of 60 kb, located next to a tRNA gene. The proteins appear 
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to be fast evolving, are not part of the alpha-proteobacterial core gene set and 
they share weak similarity with adhesions in a range of species associated 
with plant or animal hosts.  
 
Last but not least, the B. grahamii genome encodes no less than four Type-IV 
secretion systems (T4SS). Two of them are orthologous to Trw (hereafter 
called Bg_Trw) and VirB/VirD4 (hereafter called VirB_A) respectively, the two 
T4SS found in B. quintana and B. henselae.  The other two, hereafter called 
VirB_B and VirB_C are uniquely present in B. grahamii and closely related to 
VirB_A. VirB_A is located between BgGI7 and BgGI8, VirB_B makes up 
BgGI14, VirB_C is found on the pBGR3 plasmid and Bg_Trw after the 
chromosome II-like region clockwise on the genome (ca 2204 kb - 2224 kb).  
  
1.7.3 BLPs in B. grahamii  
 
Previous studies [55] have shown that circa 500 kb, i.e. 20% of the B. 
grahamii genome is amplified and packaged into phage particles at later 
growth stages. The regions that are preferentially replicated and packaged 
are the prophage I and the chromosome II-like region and are represented in 
14 kb and 30 kb fragments. Replication seems to initiate at the chromosome 
II-like region from a site different from the origin (ori) of replication normally 
used for the bacterial chromosome and thus is considered phage escape 
replication (run-off replication prior to excision) [56]. Moreover, transcription 
profile is altered and geared towards up-regulation of structural phage 
proteins genes in the prophage region and of genes in the 6-fold repeated 28 
kb fha/hec cluster in the chromosome II-like region.  
 
 
1.8 Project aims 
 
The aims of this project were drawn along two main axes.  
 
The first one was to add to our understanding of the BLPs biology in B. 
grahamii; the onset of their production, their ultrastructure and the nature of 
the encapsidated DNA. Gene expression profiling, electron microscopy and 
comparative genomic hybridizations were used to these ends respectively. 
 
When fibroblasts and endothelial cells are starved, they enter apoptosis which 
eventually leads to cell death. We asked if B. grahamii strains can inhibit 
apoptosis in two starved mouse cell lines and to assess the phenotypic 
variation, if any, of this inhibition. We thus infected endothelial and fibroblast 
mouse cell lines with a number of bacterial strains, deprived them of growth 
medium and monitored the cells viability along a time frame of up to 4 days. 
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2. Materials and methods 
 
2.1 Bacterial strains 
 
The B. grahamii study included isolates taken from three rodent host species 
and two countries. Strain as4aup, the reference strain, was isolated from 
Apodemus sylvaticus and strains af144up, af165up from Apodemus flavicollis 
in Håtunaholm and Kumla, Sweden respectively. Strain WM11 was isolated 
from the field vole Microtus agrestis in Kielder, United Kingdom [65]. Bacterial 
cultures were handled exclusively in a Class II Biosafety cabinet.  
 
 
2.2 Bacterial growth, purification of phage particles and extraction of 
genomic and phage DNA and RNA from B. grahamii  
 
B. grahamii cells were harvested after 5 to 15 days of incubation on hematin 
agar plates at 35 °C in atmosphere enriched with 5% CO2. One day prior to 
harvesting, plates were overlaid with 5 ml Brain-Heart Infusion broth (BHIB, 
Difco) and incubation continued overnight as described above. Bacterial cells 
were re-suspended in the overlaying medium, vortexed and centrifuged at 
8000g for 15 min.  
 
To purify phage particles, supernatants were collected, filtered through 0,2 μm 
filters and stored at 4 °C until used. Then, 0.3 vol. of cold PEG buffer (20% 
polyethylene glycol 8000, 2.5 M NaCl) was added to the supernatant and kept 
on ice 4h-16h. The solution was centrifuged at 13000 rpm, 90 min, 4 °C. 
Pellets containing enriched phage particles were re-suspended in 30 μl TE 
buffer pH 8 (if used for DNA extraction) or PBS (if used for electron 
microscopy).  
For DNA extraction, samples were treated with DNase I according to the 
manufacturer’s instructions (SIGMA; for 50 μl sample add 5 μl DNase I buffer, 
5 μl DNase I, incubate 15 min at room temperature, add 5 μl DNase stop 
solution, incubate 10 min at 70 °C, chill on ice). Then, an equal volume of 
proteinase K buffer (TE buffer pH 8, 200 ng/μl proteinase K, 2% SDS) was 
added and the sample was incubated at 55 °C for 90 min. An equal volume of 
phenol:chloroform:IAA (25:24:1) was then added, vortexed and centrifuged 
11000rpm, 3min at room temperature. The aqueous phase was collected and 
treated once more with phenol:chloroform:IAA. The aqueous phase was 
collected and 0.1 vol. 3M NaAc and 2.5 vol. 100% EtOH were added. 
Samples were kept overnight at -20 °C. DNA was precipitated by 
centrifugation at 13000 rpm, 90 min, 4 °C. Pellet was washed with 10 μl ice-
cold 70% Et-OH and centrifuged at 13000 rpm, 5 min, room temperature. 
Supernatant was discarded and pellet (phage DNA) was re-suspended in 20 
μl elution buffer (10 mM TrisCl pH 8.5).  
 
Bacterial cells collected by centrifugation (see above) were used for bacterial 
DNA and RNA extraction. DNA extraction was carried out with an AquaPure 
Genomic Isolation Kit (Biorad) according to manufacturer’s instructions. RNA 
extraction was performed with the Trizol reagent (Invitrogen) according to 
manufacturer’s instructions. 
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2.3 Microarrays  
 
DNA microarrays were used for both gene expression profiling and 
comparative genomic hybridizations.  
 
2.3.1 Microarrays design  
 
The microarrays were constructed by spotting a total of 4438 60-mer 
oligonucleotides, representing 1670 genes (96% of the annotated genes in B. 
grahamii), 91 pseudogenes and 997 spacers on Ultra-GAPS-coated slides 
(Cornings, Inc.) in three (3) replicates. Slides were cross-linked at 250 
mJ/cm2. Prior to hybridization reactions, slides were prehybridized at 42 °C for 
60 min in 5xSSC, 0.1% SDS, 0.1 mg/ml bovine serum albumin. Slides were 
then washed twice with 0.1xSSC, 5 min at room temperature and once with 
purified water, 30 sec at room temperature and centrifuged dry.  
 
2.3.2 Labelling DNA/cDNA with fluorescent dyes 
 
2.3.2.1 DNA labelling  
 
Fluorescent labeled DNA was needed for comparative genomic hybridizations 
and labelling was performed as follows: 2 μg DNA in 7.7 μl H2O were mixed 
with 8 μl random primer reaction mix (Bioprime labelling kit), boiled for 1 min 
and then chilled in ice for 2 min. Then, 0.8 μl 25x nucleotide mix (12.5 mΜ 
dATP, dCTP, dGTP, 5mM dTTP), 2 μl of either 1mM Cy3-dUTP or Cy5-dUTP 
(Amersham) and 0.5 μl Klenow enzyme (Bioprime labelling kit) were added, 
and the reactions were incubated at 37 °C for 1 h. A MinElute reaction 
cleanup kit (Qiagen) was then employed to remove salts, enzyme, primers 
and dyes from the labelled DNA according to manufacturer’s instructions.  
 
2.3.2.2 cDNA labelling  
 
Fluorescent labeled cDNA was used for gene expression profiling; it was 
prepared by adding 5 μg random primer (random nonamer) to 5-15 μg RNA to 
a total volume of 11.6 μl and incubated at 70 °C for 10 min and then 5 min on 
ice. To primed RNA, 8.4 μl RT-mix [4 μl RT-buffer, 0.4 μl 50x aadNTP mix (10 
μl each of 100 mM dATP, dGTP, dCTP, 8 μl 100 mM aminoallyl-dUTP, 2 μl 
100 mM dTTP, all components dissolved in 0.1 M KPO4 pH 8), 2 μl DTT 0.1 
M, 2 μl SuperscriptII 200u/μl] were added followed by incubation at 42 °C for 2 
hours. Then, 2 μl 200 mM EDTA and 3 μl 1M NaOH were added, incubated at 
70 °C for 15 min and then 3 μl 1M HCl were added. A cleanup reaction took 
place subsequently by using MinElute kit (Qiagen). The final eluate was 
transferred to Cy-dye aliquot tube and incubated 90 min in the dark at room 
temperature. The reaction was stopped by adding 15 μl 4M hydroxylamine 
followed by incubation 15 min in the dark at room temperature. A second 
cleanup reaction was then employed by using MinElute kit (Qiagen). 
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2.3.3 Hybridization and post-hybridization washings 
 
Labelled DNA/cDNA was mixed with 51 μl hybridization solution (5xSSC, 
0.1%SDS, 20% formamide, 0.1 mg/ml sonicated salmon sperm DNA) and 
hybridized to the microarrays for 16-20 h at 42 °C in the dark. The microarrays 
were then washed as follows: 
 

1. 5 min in 2xSSC, 0.1% SDS at 42 °C 
2. 5 min in 0.1xSSC, 0.1% SDS at room temperature (x2) 
3. 1 min in 0.1xSSC at room temperature (x4) 
4. 10 sec in 0.01xSSC at room temperature 

 
Arrays were centrifuged dry and stored in an opaque box until scanning. 
 
2.3.4 Scanning and analysis 
Scanning and image analysis were performed with a GenePix 4100A scanner 
and the GenePix 5.1 software at a resolution of 10 mm. Photomultiplier tube 
voltage (PMT) was manually adjusted to balance intensities in the two 
channels (dyes) while avoiding a high number of saturated spots. 
Normalization and calculations were performed using scripts in the 
programming language R (Lindroos H., pers. communication). In order to 
visualize the results a Perl program- generating a circular map of the genome 
while highlighting the differences between the reference and the study 
sample- was used (Lindroos H., pers. communication). 
 
 
2.4 Cell survival assays 
 
2.4.1 Bacterial cultures  
 
Bartonella was routinely grown on hematin agar plates (SVA) at 35 °C in 
atmosphere enriched with 5% CO2 (see 2.2) for four days. On the fourth day, 
bacteria were collected by scraping and resuspending them in PBS (5 
ml/plate) with an inoculation loop. The bacteria containing solution was then 
centrifuged at 1000 rpm and room temperature for 3 min. Bacteria were 
resuspended in 5 ml of Hank’s balanced salt solution (HBSS) and dilutions 
between 1 and 1:100 were used for OD measurements at 600 nm. The OD 
values were then fed into a calibration curve (correlating Colony Forming 
Units-CFU and OD) and used to calculate the CFU number of the neat 
(undiluted) solution. The calibration curve had been generated by plotting OD 
values against CFU values of plates spread with appropriate dilutions. 
 
2.4.2 Mouse cell lines 
 
In the present study, two mouse cell lines were used: Mouse Aortic 
Endothelial Cells (MAEC) [52] and Mouse Fibroblasts (NIH-3T3) [53]. The 
rationale behind these choices was that Bartonella has been shown to inhibit 
apoptosis of host endothelial cells while the NIH-3T3 cell line has been 
extensively studied and provides a solid background for comparisons. 
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Cells in freezing medium (Invitrogen) were stored in liquid nitrogen for long 
term storage. To start a cell culture, a vial of frozen cells was thawed and then 
the cells were transferred to a culture dish with 10 ml pre-warmed growth 
medium. MAEC cells were grown in liquid medium consisting of 500 ml M199 
(Sigma), 25 ml FBS (Fetal Bovine Serum, heat inactivated, Invitrogen), 5 ml 
HEPES buffer (Invitrogen), 500 U Heparin Sodium (Sigma) and 5 ml 
Penicillin-Streptomycin Solution (PEST, Invitrogen). NIH-3T3 cells were grown 
in medium containing 500 ml D-MEM with GlutaMAX and Sodium Pyruvate 
(Invitrogen) with 50 ml FBS and 5 ml PEST. Cells were then incubated at 35 
°C in 5 % C02. Splitting was performed when cells reached 80-90% 
confluence by removing growth medium, washing twice with 4 ml Trypsin-
EDTA (0.05% for MAEC, 0,25% for NIH-3T3) and incubating 5 min at 35 °C in 
5 % C02. The cells were then mixed with 10 ml growth medium and transferred 
to new culture dishes at an appropriate density. 
 
2.4.3 Infection 
 
To start the infection assay, confluent cell cultures in 6-well plates had their 
growth medium replaced by 1 ml of bacterial solution. The bacterial solution 
contained bacteria constituting MOI=50 (Multiplicity of infection, number of 
bacteria in relation with cells) in infection-starvation medium (ISM). ISM was 
cell growth medium without FBS and PEST (see 2.5.2). Cell cultures were 
centrifuged at 100g, room temperature for 2 min so that bacteria could adhere 
faster to their host cells. Plates were then incubated at 37 °C in 5 % C02. 
 
Cells were counted at regular time intervals with a hemocytometer. The 
hemocytometer consists of two calculating chambers marked in squares. 
Calculation of cell concentrations is based on the fixed volume underneath the 
cover slip which is exactly 10-4 for the large squares and 10-6for the small 
squares. Briefly, medium was removed from cell culture plates and 600 μl 
Trypsin (Invitrogen) were added and directly removed. Then, 800 μl Trypsin 
were added and directly removed. Plates were incubated 5 min at 37 °C in 5 
% C02, and then cells were resuspended in 2 ml HBSS. To stain cells and 
thus facilitate counting and discriminating live/dead (dead cells turn blue), 50 
μl of resuspension solution were transferred to equal volume of Trypan Blue 
(Invitrogen). Cells were incubated in Trypan Blue for 3-5 min at room 
temperature and then counted in the hemocytometer chambers. Four small 
squares (40x objective) were counted on each side of the hemocytometer. 
The number of cells/ml equaled the average number of cells in a small square 
x250 x103 (x Dilution).  
 
 
2.5 Electron microscopy  
 
BLPs were purified as described above (see 2.2) and after negative staining, 
were observed in a transmission electron microscope (TEM). Briefly, a droplet 
of BLPs in PBS was applied to a 200 mesh copper grid covered with formvar 
films for 30 sec. Then, the remaining of the droplet was wiped with a filter 
paper and a droplet of stain was applied. The stain was 2% ammonium 
molybdate in sterile H2O. Staining was allowed to proceed for 30 sec; then, 
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the remaining of the droplet was wiped and after a couple of min drying, the 
sample was examined in TEM. The microscope was a Hitachi H7100 running 
at 75 kV.  
  
 
3. Results  
 
3.1 Gene expression profiling 
 
The B. grahamii strains [55] used for gene expression profiling were:  
 
- af165up, an over-producer of BLPs (hereafter called 165) 
- as4aup, the sequenced strain used as a reference (hereafter called 4A) 
 
Gene and genome nomenclature is explained in 1.7.2. The hybridization 
scheme (Strain, days of culture, Cy3 vs. Cy5) and the respective results were 
as follows: 
 
- 4A strain, 4 vs. 7d 
 Compared to day 4 of culture, an up-regulation of prophage-related genes is 
observed at day 7. The up-regulated genes are scattered across the genome 
in BgGI2, prophage I, BgGI3, BgGI5, BgGI7 and the chromosome II-like 
region. 
 
- 4A strain, 7 vs. 10d 
The expression of prophage-related genes remains stable between day 7 and 
day 10 of culture. 
 
- 165 strain, 4 vs. 7d 
Compared to day 4 of culture, an up-regulation of prophage-related genes is 
observed at day 7. The up-regulated genes are found in BgGI2, prophage I, 
BgGI3, BgGI5, BgGI7 and the chromosome II-like region. 
 
- 165 strain, 7 vs. 10d 
The expression of prophage-related genes remains stable between day 7 and 
day 10 of culture 
 
- 4 days, 4A vs. 165 
Compared to the reference strain, prophage-related genes are clearly up-
regulated in strain 165 at day 4 of culture. The up-regulated genes are found 
in BgGI2, prophage I, BgGI3, BgGI5, BgGI7, the core region between GI7 and 
GI8 (VirB_A) as well as the chromosome II-like region. 
 
- 10 days, 4A vs. 165 
Compared to the reference strain, some prophage-related genes are up-
regulated while others are down-regulated in strain 165 at day 10 of culture. 
The up-regulated genes are found in prophage I, BgGI3 and the chromosome 
II-like region. The down-regulated (i.e. up-regulated in 4A strain) are in BgGI2, 
BgGI5 and in the chromosome II-like region (BgGI8, BgGI9, BgGI10, 
BgGI12). 
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To sum up, scattered across the genome prophage-related genes constitute 
the majority of the genes up-regulated in long-term cultures. At later points, 
their expression seems to reach a plateau and remain stable. The core 
genome is shown to be transcriptionally stable and apart from house-keeping 
genes, possibly active only at a basal level. Moreover, prophage-related 
genes expression shows a complex picture when the two strains are 
compared. Strain 165 seems to be expressing some prophage-related genes 
(prophage I, BgGI3) higher than 4A strain. On another note, strain 165 down-
regulates VirB_A from day 4 onwards and reaches the same expression 
levels as strain 4A at day 10. The reference strain 4A exhibits higher 
expression at BgGI2, BgGI8 and BgGI9. Finally, we failed to observe the 
extent of up-regulation of Bg_Trw that previous studies have suggested [55].  
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Fig. 1.  Graphical representation of gene expression profiling. The reference genome 
is shown in the inner circle with purple regions corresponding to genomic islands 
(GI1-14, Bad) and pink regions corresponding to prophages (Ph Ia,b). The 
hybridizations are shown in circles around the reference genome, numbers starting at 
the innermost circle. The bar code below the map indicates the color scale with the 
corresponding log2 ratios. Hybridizations 1,2 were kindly provided by Vinnere-
Pettersson O., Berglund E. and serve as an internal control 
1) 4A 7vs10d, 2) 4A 7vs15d, 3) 4A 4vs7d, 4) 4A 7vs10d, 5) 165 4vs7d,6) 165 
7vs10d, 7) 4A 4d vs 165 4d, 8) 4A 10d vs 165 10d 
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3.2 Comparative genomic hybridizations 
 
In contrast to other B. grahamii strains where BLPs DNA consists of a 30 kb 
and a 14 kb fragment, in the reference 4A strain only a 14 kb segment is 
observed [55]. In order to deduce the nature of the 14 kb encapsidated DNA, 
we hybridized total BLPs DNA from strain 4A against the reference bacterial 
4A DNA. Both DNA samples came from 7 days old cultures and were kindly 
provided by Olga Vinnere-Pettersson (currently at the Department of 
Microbiology, Swedish University of Agricultural Sciences).  
 
 

 
 
Fig. 2. DNA content of strain 4A BLPs 14 kb fragment inferred from comparative 
genomic hybridization. The x axis represents the reference genome, strain 4A. The y 
axis indicated the hybridization signal in the tested DNA relative to the reference 
DNA. 
 
The enigmatic 14 kb fragment [55] is now shown to derive mainly of the 
chromosome II-like region and also of the two prophage I copies. As for the 
30 kb BLPs fragment (a plethora of prophage-originating fragments), this 14 
kb fragment has a heterogeneous but non random nature, representing 
different but certainly non random clusters of the bacterial chromosome. 
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3.3 Cell survival assays  
 
MAEC endothelial and NIH-3T3 fibroblast cells were starved at day 0 and 
their survival was monitored for 4 days. Mouse cells were incubated either 
alone (control) or presented with a B. grahamii strain. Previous studies 
(Granberg F., pers. communication) have shown that the tested B. grahamii 
strains adhere to and get internalized by the host cells, steps which are 
indispensable for accomplishing their anti-apoptotic activity [62].  
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Fig. 3. Survival of MAEC endothelial cells starved at day 0 with/without the addition 
of B. grahamii strains 
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Fig. 4. Survival of NIH-3T3 fibroblast cells starved at day 0 with/without the addition 
of B. grahamii strains 
 
Although our survival assays have not been duplicated/validated and thus 
should be considered as preliminary results, some trends may already be 
described.  
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- Apart from strain 144, the other tested B. grahamii strains do not seem to 
inhibit apoptosis in NIH-3T3 fibroblasts. The anti-apoptotic effect of strain 144 
may be spurious, as it is shown only in day 2. More experiments are needed 
to validate this hypothetical effect.  
 
- Strains WM11 and 144 seem to indeed inhibit apoptosis of MAEC 
endothelial cells; viable endothelial cells are observed up to 3 or 4 days after 
starvation. Surprisingly enough, strains 4A and 165 do not seem to exert any 
anti-apoptotic effect whatsoever.  
 
 
3.4 Electron microscopy  
 
The examined 4A bacterial strain produced uniform BLPs that consisted of 
head and tail structures (data not shown). This finding comes in contrast to 
the ones reported for BLPs in B. bacilliformis and B. henselae where no tail 
structures were found [46] but in agreement with previous studies in B. 
grahamii (Eva Berglund, pers. communication).  
 
 
4. Discussion  
 
The dawn of the genomics era has revolutionized the field of biology. Genome 
sequencing has come of age and we are now presented with a panoply of 
molecular genetics data and methodologies but more importantly with 
unprecedented insights into evolutionary patterns and processes. Genomes, 
way more than genes, are the canvas against which evolution unfolds its 
fascinating power.  
 
The completion of hundreds of bacterial genomes projects [63] has revealed 
phages’ crucial evolutionary role. Apart from simply ‘eating’ (Greek phagein) 
bacteria, phages are a major evolutionary force that drives changes in host 
genomes by fueling co-evolution of arms-race mechanisms, promoting lateral 
transfer of genetic information and facilitating genomic rearrangements. The 
incorporation of their genome as prophages is a common step in some 
phages’ life cycle but in the long run may give rise to defective phages or 
even gene transfer agents controlled by the their bacterial host. 
 
Bartonella spp. stand out as excellent examples of how evolution shapes 
genomes and vice versa: the Russian doll pattern of B. grahamii, B. henselae 
and B. quintana genomes shows the reductive pathway from a generalist to a 
specialist species [51]. The main differences between the three genomes 
reside in the genomic islands and the prophage regions, with the specialist (B. 
quintana) having shed off the horizontally acquired regions [64].  
 
In this study we used B. grahamii as a model system to shed light on the 
BLPs phenomenon and sample the phenotypic variation between bacterial 
strains. Our results have not delineated the genetic network that controls the 
production and assembly of BLPs nor have they disclosed the possibly 
tremendous underlying phenotypic variation. We nevertheless may now ask 
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more specific, hypothesis-driven questions which will eventually elucidate the 
mechanistic details and the evolutionary forces behind the mentioned issues. 
 
 
4.1 Gene expression profiling   
 
Prophage-related genes are clearly among those which get up-regulated in 
long-time cultures, in varying degree between strains [Fig. 1]. Their increased 
expression may not be attributed entirely to gene dosage effects -the 
prophage regions are driven to escape replication in long-time cultures- since 
the genes that replicate are not identical to the ones that are up-regulated 
[this study,55]. However, the variation between strains may be explained by 
the different gene copy number in different strains [65]; for example strain 165 
exhibits more prophage gene copies than strain 4A and thus shows higher 
expression, while 4A shows higher expression in regions that are absent in 
strain 165. 
 
Previous hybridizations [Fig. 1, hybrid. 1,2] have shown that up-regulation of 
prophage-related genes continues up to 15 days of cultivation while our 
results show that a plateau of expression is reached at day 10 of culture. This 
discrepancy could be reconciled by hypothesizing a different inoculum size at 
day 1; a larger starting inoculum to our cultures would translate to bacteria 
reaching stationary phase quicker (day 7-10) while the other cultures could 
keep growing only to reach stationary phase at 10-15 of culture. Another trivial 
explanation might be the fact that the both (10,15 d) hybridizations were made 
against day 7 as a reference; one may see a similar to ours result if a 10 vs 
15 days hybridization is made.  
 
The up-regulation of prophage-related (and some chromosome II-like) genes 
in long-time cultures grown in vitro is well established. However, this up-
regulation is exhibited when bacteria are grown on plates in conditions totally 
different than the ones encountered inside the animal host or vector. One thus 
might ask which in vivo situation this up-regulation reflects, i.e. in which 
natural history stage of B. grahamii prophage-related genes commit escape 
replication and get higher expressed. A putative stage to look at will be the 
intracellular one; once inside endothelial and red blood cells bacteria divide 
quickly and reach the prophage-upregulating stationary phase. Red blood 
cells appear more attractive since bacteria persist there for several weeks. 
Another suggestion is the life stage inside the arthropod vector where bacteria 
grow extracellularly in the gut. Microarray gene expression profiling for these 
life stages is thus needed to demonstrate the in vivo relevance of our results. 
Last but not least is the identification at the molecular level of the factors that 
trigger the up-regulation of prophage-related genes. Stationary phase is found 
to be one but it is a broad physiological state rather than a defined factor. Are 
the prophage-related genes of diverse nature under the control of an umbrella 
molecular network or are regulated in a step-wise manner? Genetic analysis 
and gene expression profiling can give us some answers. Interestingly, UV 
prophage induction- common in other prophages- has not been observed in 
B. grahamii [Lindroos H., pers. communication].  
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4.2 Comparative genomic hybridizations  
 
Escape replication and the up-regulated expression of prophage-related 
genes eventually lead to the assembly of bacteriophage-like particles. BLPs 
with encapsidated DNA then induce cell lysis and are released into the milieu. 
Previously, total BLPs DNA comparative genomic hybridizations showed that 
the encapsidated DNA comprises a plethora of prophage I and chromosome 
II-like derived sequences arranged in 14 and 30 kb fragments. The 30 kb 
fragments have been shown to derive mainly from prophage I [55]. Technical 
obstacles related to the extraction of the 14 kb fragment led us to hybridize 
total BLPs DNA from strain 4A which consists solely of a 14 kb band [Vinnere-
Pettersson O., pers. communication]. We here showed [see 3.2] that the 14 
kb fragment derives mainly from the chromosome II-like region and secondly 
from prophage I.  
 
Our results are in accordance with previous observations since 4A strain has 
a somewhat altered escape DNA replication profile compared to other 
examined strains [55]. Specifically, there is less escape replication taking 
place at prophage I while the same at chromosome II-like region. However, 
we are still not able to provide a definite answer regarding the nature of BLPs. 
Are the particles a single population that packages whatever suitable DNA is 
available or are there two distinct particles, one packaging 14 kb and the other 
30 kb fragments? We should then consider the different known phage DNA 
packaging strategies, namely headful packaging and cos-like site packaging 
[66,76]. Headful packaging and the existence of a single particles population 
are not compatible based on the current knowledge; ongoing research may 
alter this notion though [Carlson K., pers. communication]. Thus, it’s either 
one particle population packaging 14 and 30 kb fragments in cos-like fashion 
or two particles populations packaging separately the two fragments with 
headful or cos-like strategies. The most parsimonious answer would be the 
former, especially when our 4A strain CGH results and the electron 
microscope images (uniform particles) are taken into account.  An attempt 
with SDS-PAGE to identify proteins specific to BLPs met with failure [Vinnere-
Pettersson O., pers. communication]. Future experiments are thus needed to 
shed light on the nature of BLPs.  
 
After being assembled, BLPs induce cell lysis and get released. The latter 
mechanism- cell lysis and release- remains not well understood; for example 
we have not identified the factors that induce cell lysis and the percentage of 
cells that get lysed. Is BLPs production a bet-hedging strategy [67]? If this is 
the case, then BLPs production could be under the bacterial host control and 
may be en route to become a bona fide gene transfer agent.  
 
 
4.3 Cell survival assays and the bacterial phenotypic variation 
 
The rationale for studying the bacterial phenotypic variation of apoptosis 
inhibition in eukaryotic host cells was twofold: 1) survival assays are easy to 
conduct and more importantly 2) inhibiting apoptosis of endothelial cells is a 
crucial step in Bartonella life history and presumably a major determinant of 
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bacterial fitness; the higher the inhibition of apoptosis, the better the chances 
of colonizing the host and being transmitted to another.  
 
We failed to observe inhibition of apoptosis in fibroblasts. Previous studies 
(Granberg F., pers. communication) have shown that B. grahamii bacteria do 
attach and get internalized by fibroblasts. The reason thus for not exerting any 
anti-apoptotic activity should lie downstream, possibly at the intracellular 
bacteria-host interactions. The lack of anti-apoptotic effect implies that 
fibroblasts are not target cells in vivo and/or that the translocated Bep 
functions only in endothelial cells’ metabolic circuits.   
 
Strikingly, our preliminary results with endothelial cells suggest that the 
variation of the trait ranges from no inhibition (strains 4A, 165) to a substantial 
level of inhibition (strains 144, WM11). If these results are validated by future 
experiments and more (unrelated) strains show similar patterns, then they 
could spur new research into Bartonella ecology and physiology. Specifically, 
a strain with no ability of inhibiting endothelial cells’ apoptosis (NIA strain 
hereafter) would possibly find itself in an evolutionary cul-de-sac. Since all 
examined strains are environmental isolates and have not evolved in the 
laboratory setting, other factors (see below) may cure this inability and render 
the strain competitive. Whatever the case is, a sequencing of candidate genes 
(VirB_A, VirB_B, BepA) from these strains should be the first approach; 
differences on the phenotypic level could then directly mapped on differences, 
if any, at the genomic level. Interestingly, strains 144 and WM11 cluster 
together in a phylogenetic tree of various B. grahamii strains [65]; apparently 
they share a common feature that endows them with the observed anti-
apoptotic effect. Could this genomic feature be related to the prophage 
region? Probably not, since strain 165 exhibits a similar to strain 144 
prophage region profile but lacks any anti-apoptotic activity.  
 
First of possible factors, a NIA strain could be a faster replicator than the wild 
type inside the host; it would thus need to spend less time in the primary 
endothelial niche and start evading red blood cells sooner. This hypothesis 
could be tested experimentally in an animal model. Second, it could be a 
cheater strain, in a social evolution context [70]. Thus, a NIA strain would 
have to co-infect host cells with a wild type strain and enjoy the anti-apoptotic 
benefits ‘free of charge’. Such cheaters arise and usually are kept at low 
frequencies in a population. Otherwise, they could take over the entire 
population and lead to its extinction or the disappearance of the social trait 
[79]. If BLPs are eventually shown to mediate horizontal gene transfer then an 
intriguing possibility would be that part of the reason for the evolution of BLPs-
mediated gene transfer is to cure cheater strains; it hasn’t escaped our notice 
that VirB_B (and probably VirB_A) genes (involved in inhibition of apoptosis) 
are among those that get packaged into BLPs. This suggestion can also be 
experimentally tested, for instance by differentially tagging (GFP/RFP) strains 
[71] and performing co-infections of cell lines or animal models. This approach 
may also reveal interactions between strains inside the eukaryotic host cell; 
BLPs gene transfer may take place there for example. A third possibility is 
that NIA strains use a primary niche other than endothelial cells where they 
exert the anti-apoptotic effect. Experimental evidence in support of this idea 
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has already been mentioned [59] and it can be further tested in an animal 
model. 
 
We should however address the possibility that the majority of the strains 
tested in the future show the same lack of anti-apoptotic effect. This would 
imply that inhibition of apoptosis in endothelial cells is not an indispensable 
feature of B. grahamii life cycle but rather a luxurious survival tool in vivo for 
some strains only. This finding would be reminiscent of an analogous 
discovery in viruses where viral fitness (replication capacity) in some cases is 
not correlated to viral virulence (cell killing capacity) [77]. 
 
As a concluding remark, only the combination of in vivo and in vitro studies 
can fully elucidate the complex molecular network of Bartonella-host cells 
interactions.  The advent of an animal model promises new discoveries soon 
[65].  
 
 
5. Conclusions  
 
The genome of B.grahamii has proven to be an evolutionary arena which 
different representatives of the tree of life strive to take under control. 
Prophage-related sequences comprise an important part of the bacterial 
genome; their existence -and proliferation in some strains – suggests that 
they either are recalcitrant to cure or provide a fitness advantage to their host. 
In line with previous studies, our results demonstrate that (scattered along the 
chromosome) prophage-related regions commit escape replication, get up-
regulated expression and finally get packaged in bacteriophage-like particles. 
The raison d’ etre of these particles is still unclear; our current understanding 
is that they are defective phages. Future research may reveal if they actually 
infect other cells and thus mediate horizontal gene transfer between bacteria.  
 
Moreover, our study implies that phenotypic variation in important bacterial 
traits is possible. The examination of more strains, especially unrelated ones, 
could pave the way for understanding the evolutionary genomics of 
environmental isolates. Subsequently, the emergence of noxious agents and 
possible therapeutic solutions could be put into perspective.  
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