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Abstract 
 
Bacteria in the genus of Bartonella have been used as an attractive model to study the 
pathogenicity and host adaptation since Bartonella species facultatively colonize a wide range 
of animal hosts. Bartonella henselae, a representative species of the genus, is a zoonotic 
intracellular pathogen that naturally infects cats but incidentally infects humans. Variable gene 
content in the B. henselae population is important in the establishment of the long-term 
infection in genetically different natural host. In this study, the complete genomes of B. 
henselae IC11 and B. henselae UGA10 were determined by 454 sequencing. I have used 
comparative genomics of three B. henselae strains (Houston1, IC11 and UGA10) to screen 
highly variable genes in the purpose of finding new pathogenicity-related genes.  
 
BH14680 was chosen as a research target since its nucleotide identity is significantly lower 
(~97.1%) than the median level among three B. henselae strains. BH14680 was mainly found 
in three families of Alphaproteobacteria, including Rhizobiales, Rhodobacterales and 
Rhodospirillales. The phylogenetic tree of BH14680 indicated that the gene was vertically 
inherited in Alphaproteobacteria species. TMHMM predicted that the first domain of 
BH14680 was outside of the bacteria membrane, whereas the second domain contained four 
transmembrane helices. Alignment analysis of the amino acid sequence showed notable 
segmental difference in sequence conservation. The domain coding extracellular component 
diverged much more than the transmembrane domain. In Bartonella, positive selection was 
detected in the extracellular domain, whereas negative selection was detect in the conserved 
transmembrane domain. The BH14680 locus of 55 strains of B. henselae, Bartonella quintana 
and Bartonella grahamii was sequenced to investigate the selective pressure at the strain 
level. Positive selection was detected in the strains of B. henselae and B. grahamii, and 
recombination was detected only in B. henselae strains. 
 
BH14680 provides a good opportunity to study how different selection modified the protein 
under the persistent pressure of host-pathogen interactions. I suggest that the extracellular 
domain have evolved under positive selection to match a divergent set of host cell surface 
proteins, or escape from the host immune response, and that the transmembrane domain has 
evolved under negative selection for the functional requirement of anchoring the protein on 
the surface of the bacteria membrane. The study of BH14680 can be used as an excellent 
example to show the effects of directional driving forces (positive selection) in the 
evolutionary process.
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Introduction 
 
1. Bartonella 
Bartonella is a genus of gram-negative bacteria with small genomic size (~1.6 to 2.6 Mb) 
(Alsmark et al., 2004, Saenz et al,. 2007). It belongs to the class of Alphaproteobacteria and 
order of Rhizobiales. Bartonella species are arthropod-borne, intracellular pathogens of 
mammals (Schulein et al., 2001), which means they are mainly transmitted by insects among 
mammal hosts. Some of them are facultative pathogens with the capacity to live in more than 
one host, such as Bartonella henseale in cats and humans, and some are specialists and infect 
only one type of host, such as Bartonella quintana in humans. In the mammalian  host, the 
bacteria can invade red blood cells and cause long-lasting intra-erythrocytic bacteremia 
(Schulein et al., 2001). This persistent infection of bacteria in red blood cells normally doesn’t 
cause any symptoms of disease in its natural host. However, incidental infection of Bartonella 
from the natural host to humans may cause diseases (zoonotic pathogen), such as cat-scratch 
disease and bacillary angiomatosis by Bartonella henselae. Currently, more than 20 species of 
Bartonella are known and ten of them are associated with human diseases (Table 1), and two 
of them (Bartonella quintana and Bartonella bacilliformis) infect human as natural host 
(Dehio, 2008). 
 

                    Table1. Bartonella species and host specification. 
Host 

Species 
Reservoir Incidental 

Bartonella vinsonii subsp.  berkhoffii Dog Human 

Bartonella vinsonii subsp. vinsonii Vole  

Bartonella vinsonii subsp. arupensis Mouse Human 

Bartonella taylori Mouse  

Bartonella quintana Human  

Bartonella henselae Cat Human 

Bartonella koehlerae Cat Human 

Bartonella alsatica Rabbit Human 

Bartonella grahamii Mouse Human 

Bartonella elizabethae Rat Human 

Bartonella tribocorum  Rat  

Bartonella birtlesii Mouse  

Bartonella doshiae Vole  

Bartonella clarridgeiae Cat Human 

Bartonella bovis Cattle  

Bartonella capreoli Roe deer  

Bartonella chomelii  Cattle  

Bartonella schoenbuchensis Roe deer  

Bartonella bacilliformis Human  
 

B. henselae is a worldwide distributed zoonotic pathogen that has cats as its natural host 
(English et al,. 1988). It can cause a broad range of clinical symptom after the incidental 
transmission to humans by cat scratch. For the immunocompetent individuals, cat-scratch 

2 



disease (CSD) will be developed with mild fever symptom and swelling lymph nodes (Florin 
et al., 2008). For the immunocompromised individuals, serious symptoms such as bacillary 
angiomatosis (BA) and bacillary peliosis (BP) can be developed with tumor proliferation in 
the skin or inner organ (Relman et al., 1999). In these cases, B. henselae infection can be 
lethal to the patients. 
 
2. Infection model and pathogenicity-related genes 
The infection model of Bartonella is mostly based on studies of B. tribocorum (Figure 1). In 
this model, the bacteria are first transmitted by blood-sucking arthropods into host organisms. 
The possible primary niche for infection is endothelial cells. After a five day cycle, the 
bacteria are released into the blood stream to infect the red blood cells or re-infect the primary 
niche to start a new infection cycle. The bacteria inside the red blood cells start to replicate 
and establish the long-lasting bacteremia (Dehio, 2005). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The infection model of B. tribocorum in the rat host. (Figure from Dehio, 2005). Reproduced with  
permission from Nature Publishing Group.  
 
Pathogenicity-related genes are responsible for the interaction or binding on the diverged set 
of host cell surface proteins, or evading the recognition by the host immune system (Jensen et 
al., 2007; Nystedt et al., 2008). To fulfill all these functions, sequence variability is required. 
Positive or diversifying selective pressures are two of the possible ways to increase the 
genetic variability for a population. For a normal house-keeping gene, positive selection, a 
mutation increasing the fitness of its carriers, is an exceedingly rare case (Graur and Li, 
2000). Most of the mutations are deleterious to the carriers, and these mutations are selected 
against and eventually removed from the gene pool. This type of selection is called negative 
selection (also known as purifying selection) (Graur and Li, 2000). However, for the 
pathogenicíty-related genes, positive selection and high degree of sequence variation may be 
favored for adaptive functions in the infected host.  
 
For Bartonella, comparative genomic analysis among species has been carried out to infer 
that two type IV secretion systems (T4SS), virB and trw, are important in the host adaptation 
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of the radiative lineages of Bartonella (Saenz et al., 2007). Bacteria secretion systems are 
surface-exposed pili that mediate the transfer of virulence effectors into host cells. Bartonella 
species use the type IV secretion system to subvert the function of endothelial cells (Schulein 
et al., 2005). However, up to now, no comparative genomic analysis has been done at the 
strains level in Bartonella. Diverged pathogenicity-related genes in population may provide a 
valuable gene pool for the persistent infection to variable hosts. The variation in gene content 
in B. henselae strains was believed to associate with the establishment of long-term infection 
in genetically different cat species, or even affect the bacterial pathogenic for humans 
(Lindroos et al., 2006). 
 
3. Concepts in molecular evolution  
Bayesian inference and maximum likelihood are two methods that are widely used in 
phylogenetic tree construction. Maximum likelihood estimation is a popular statistical method 
used for fitting a mathematical model to data. The method estimate the likelihood, which is 
the probability of getting the data we actually have got, if the the model (including trees and 
the other parameters) were true (Thollesson, 2008). The maximum likelihood criterion picks 
the model with the highest likelihood score. It has always been thought of as a powerful but low 
efficiency method, which means it need less data and more time to reach a conclusion 
(Thollesson, 2008). Bayesian inference is a relatively new innovation in the phylogenetic 
analysis. It is a statistical inference in which evidence or observations are used to update the 
probability that a hypothesis may be true (Whelan, 2008). Bayesian inferences has the 
advantages in terms of ability to use complex models of evolution (Huelsenbeck et al., 2002). 
Bayesian and maximum likelihood approaches are highly complementary to each other, and 
researchers are likely to run them in parallel and comparing their optimal trees (Whelan, 
2008). 
 
Synonymous substitution rate (dS), nonsynonymous substitution rate (dN) and omega are the 
indexes frequently used (Graur and Li, 2000) to estimate positive selection. Synonymous 
substitution is a nucleotide change that dose not alter the amino acid encoded. 
Nonsynonymous substitution is a nucleotide change that alters the amino acid. Omega is the 
ratio between the rate of nonsynonymous (dN) and synonymous substitution (dS). Omega 
higher than 1 is evidence for positive selection (Graur and Li, 2000). If the  sequences 
diverged too much, the synonymous substitution rate can be very high, making estimates of 
dN/dS rate ratios unreliable. In this case, the dS value is saturated.  
 
E-value is short for expecte value. It's a parameter that describes the number of hits one can 
“expect” to see by chance when searching a database of a particular size. Essentially, the E-
value describes the random background noise that exists for matches between sequences (The 
NCBI Handbook, 2003).  
 
4. Aims of the project 
In this project, I used whole genomic data of B. henselae Houston1 (isolates from human 
AIDS patients), UGA10 (isolates from cats in US) and IC11 (isolates from Indonesian cats) to 
screen highly variable genes among strains. The sequences of these genes were to be analyzed  
to infer the evolutionary mechanisms behind the variability. Further more, the correlation 
between the conservative of the sequence and the function of the protein would be investigated. 
To accomplish this, many bioinformatics approaches would be used, including blasting for 
homologs, phylogenetics analysis, recombination and horizontal gene transfer detect, 
synonymous substitution rate and nonsynonymous substitution rate calculation. 
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Results 
 
1. Comparative genome analysis and screening for highly variable genes  
The whole genome sequences of B. henselae strains Houston-1 (H1), IndoCat11(IC11) and 
UGA10 were compared to search for highly variable homologous genes. The median gene 
nucleotide identity is 100% for H1 and IC11 and 99.71% for H1 and UGA10. The number of 
homologous genes with nucleotide identity significantly lower than the median value are quite 
limited in both genome comparison. Phage-related genes, genomic islands and pathogenic 
regions as bepA-bepG and trw were excluded (Dehio, 2005), BH14680 and its adjacent spacer 
was one of a few left with high variable sequence (~97.1% nucleotide identity) but without 
any evolutionary and functional study. As a consequence, BH14680 was selected as a target 
for further analysis. 
 
2. Searching homologs in NCBI 
By blasting the BH14680 sequence against the NCBI protein database, 150 hits were 
generated (e-value cutoff 1e-30), and all of them were from the domain of Bacteria. The 
majority of the hits (138 hits) were from the class of Alphaproteobacteria, including 90 hits 
from Rhizobiales, 39 from Rhodobacterales, 9 from Rhodospirillales. The blast result 
indicated that BH14680 was widely spread in three major families of Alphaproteobacteria, 
but not in other important families like Rickettsiales and Sphingomonadales. The 12 
remaining hits were distributed in the classes of Acidobacteria, Verrucomicrobia, Deinococci 
and Actinobacteria. The limited extent of distribution in these four classes may indicate that 
BH14680 was acquired via horizontal gene transfer from Alphaproteobacteria to these 
classes. 
     
3. Phylogenetic tree 
To perform a solid evolutionary study of gene BH14680, robust phylogenetic trees for 
Bartonella, Alphaproteobacteria and BH14680 were built. With the phylogenetic information 
available, evolutionary scenarios such as horizontal gene transfer and recombination can be 
detected and the mechanisms behind the nucleotide variability can be inferred as well. 
 
3.1 Phylogenetic tree of Bartonella 
Two phylogenetic trees for Bartonella were built (Figure 2) including 27 Bartonella species 
and 1 Brucella species as a outgroup. The tree generated by Maximum likelihood (ML) and 
Bayesian analysis (BA) showed similar topologies, but also with a few incongruences in 
between. One of the major differences was B. bacilliformis. In the ML tree, B. bacilliformis 
was claded with B. clarridgeiae. Together with the sister group of B. bovis, B. schoenbusis, B. 
capreoli and B. chomelii, five species formed one of the two major lineages of Bartonella 
phylogeny. But in the BA tree, B. bacilliformis branched as the deepest ancestral lineage 
of Bartonella, with all the other Bartonella evolved more recently as radiative speciation 
events. The bootstrapping value of B. bacilliformis was only 60 in the ML tree and 0.82 in the 
BA tree. Both were too low to make a convincing conclusion. However, a previous study of 
Bartonella phylogeny was consistent with the topology of the BA tree (Seanz et al., 2007), so 
B. bacilliformis was more likely to be placed as an ancestral lineage. 
    The other difference was in the branch of B. doshiae, B. birtlesii, B. alsatica.  In the ML 
tree, B. doshiae and B. birtlesii were claded together as a radiative lineage with low 
supporting value (57), and B. alsatica was located in a different branch with even lower value 
(23). In contrast, all three species branched sequentially from the ancestor B. clarridgeiae 
with high supporting value 0.99, 0.99 and 0.98 respectively in the BA tree. So, the topology of 
BA tree was preferred.
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3.2 Phylogenetic tree of BH14680 
The phylogenetic tree of BH14680 included 37 Alphaproteobacteria and 56 Bartonella species and 
strains (Figure 3). On the species level, the overall tree topology was congruent with the 
phylogenetic Alphaproteobacteria tree based on 104 selected protein families (Williams et al, 2006) 
and the Bartonella tree in Figure 1. The incongruent part included the clade of Rhodobacterales and 
some other small branches. However, these branches were mostly supported by very low posterior 
probability, indicating the incongruence was mainly from the imprecision of the calculation. The 
overall congruence of tree topology indicated that no significant signal of horizontal gene transfer 
was detected, and BH14680 had a similar evolutionary history as conserved genes. The branch 
connecting the Alphaproteobacteria and Bartonella groups was extremely long, representing ~1 
nucleotide substitution per site, indicating extreme evolutionary change after the separation of 
Bartonella from the main lineage. 
    However, deep into the strains level, the story was quite different. The phylogenetic structure for 
37 B. henselae strains (Figure 4) was not congruent with the multilocus sequence typing (MLST) 
analysis for nine conservative genes in 38 B. henselae strains (Lindroos et al, 2006), and also 
showed no relationship with the geographic origin of each strain or with the host.  In MLST 
analysis, having the same sequence type meant the nucleotide content in nine conservative genes 
was identical. However, in the phylogenetic tree of BH14680 (Figure 4), 23 ST1 strains split into 
two groups with the nucleotide difference ~20. One group was claded with strains of ST6, ST7 and 
ST8, and the other group was claded with strains of ST2, ST5 and ST6. This showed that BH14680 
in B. henselae had a different evolutionary scenario compared to the conserved genes. To further 
detect segmental changes, the BH14680 alignment was divided into two parts (nucleotide positions 
1-360 and 361-812), and phylogenetic trees were built for each domain. Similar tree topologies was 
generated by both alignment, indicating that the variants were distributed in both domains. 
    On the contrary, the structure of BH14680 for B. grahamii strains (Figure 4) was totally consistent  
with the multilocus sequencing analysis (MLSA) of six conserved loci (Inoue et al, 2005). The phylo- 
genetic distance showed clear relationships with geographic locations of the strains. In B. grahamii 
strains, higher nucleotide divergence was found compared to B. henselae strains, for example, J019  
(UK strain) and Fuji (Japanese strain) differed in 58 nucleotides out of the 810 nucleotides for BH14680. 
    As for the five B. quintana strains sequenced BH14680 in this work, they were almost identical in 
nucleotide content (Figure 4). Only B. quintana Fuller differed in 1 nucleotide position. Only three 
out of the five strains were included in a previous B. quintana MLST study (Foucault et al,. 2005). 
Because of this data limitation, it was ambiguous to tell if the phylogeny of BH14680 was 
congruent with MLST analysis for B. quintana. 
 
4. Sequence length and segmental nucleotide divergence  
The sequence of BH14680 was longer in Alphaproteobacteria (~325 amino acids) than in 
Bartonella (~270 amino acids). In the alignment of all BH14680 sequences (Figure 5), the first half 
of the alignment was filled with gaps and highly divergent sites, whereas the second half was 
aligned with fewer gaps and high amino acid identity. The observed differential conservation in 
segments was also quantified by a statistical calculation, the Shannon-Wiener (SW) diversity index, 
which calculated nucleotide sequence diversity in segments along the alignment (Figure 6). In the 
Bartonella alignment, the SW diversity index was ~0.3 in the first half and ~0.15 in the second half, 
and in Alphaproteobacteria, ~0.4 and ~0.2 respectively. Since a higher value indicates a higher 
diversity, a much higher nucleotide sequence diversity was found in the first half of the alignment. 

Since the first half diverged greatly in the nucleotide content, I checked if this part was still 
homologous between Bartonella and other Alphaproteobacteria. The first 120 amino acids of B. 
henselae were blasted against NCBI to detect if high diversity came from recombination of other 
genes. The first hits from organisms other than Bartonella were from Alphaproteobacteria with an 
E-value of ~10-4. Although the E-value was quite high, it still support the hypothesis that the first 
half of BH14680 was homologous between Bartonella and other Alphaproteobacteria. 
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Figure 3. Phylogenetic tree of BH14680. Colors used for the branches and boxes on the right indicated the class of 
species: red for Rhizobiales; blue for Rhodobacterales; yellow for Rhodospirillales; grey for species other than 
Alphaproteobacteria. The value on the scale bar on the top left corner indicates nucleotide substitute rate per site. BQ 
indicates B. quintana, BH indicates B. henselae and BG indicateds B. grahamii. The tree was constructed based on 
codon alignment of all the homologs of BH14680 (93 sequences), by using the Bayesian analysis algorithms with the 
Transversion Model, including gamma distribution rates and proportion of invariate sites (TVM+GI). 
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Figure 4. Phylogenetic tree of BH14680 for 51 B. henselae, B. grahamii and B. quintana strains. BH, BG and 
BQ represent B. henselae, B. grahamii and B. quintana respectively. Branch tags indicated bootstrapping values. 
The value on the scale bar indicated nucleotide substitute rate per site. Vertical rows of numbers on the right side 
of strains are color coded to illustrate the sequence types (ST) for each strains. A specific colour was assigned to 
each sequence type: red, ST1; pink, ST2; purple, ST4; blue, ST5; yellow, ST6; grey, ST7; green, ST8.
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5. Domain search and functional prediction  
Domain searching of BH14680 of A. tumefaciens in InterProscan revealed that two conservative 
domains were inside it. The first domain was Ferritin-like-AB at amino acid positions 20-150 
(involved in metal storage), and the second domain was CCC1-like-1 at amino acid positions 180-
325 (involved in calcium transport in Saccharomyces cerevisiae). Searching BH14680 of B. 
henselae, only the CCC1-like-1 domain was found at amino acid positions 123-266. The domain 
search results indicated that the genetic content lost may have resulted in functional shifting in the 
first half of BH14680 for Bartonella species. 
    The transmembrane part in BH14680 was predicted by TMHMM (Figure 7). Four 
transmembrane helices were predicted with posterior probabilities ranged from ~0.6 to 1.0 to B. 
henselae and A. tumefaciens. The amino acid lengths for transmembrane domain were similar, but 
for B. henselae, the extracellular domain is ~50 amino acid shorter than that of A. tumefaciens. 
Combined the transmembrane prediction with Shannon-Wiener diversity information, it can be 
concluded that the transmembrane domain of BH14680 was fairly conserved, and that the outside 
part diverged quite a lot among Alphaproteobacteria and Bartonella. 
 
6. Selective Pressure in BH14680 
 
6.1 Adaptive pressure among lineages 
The Shannon-Wiener diversity index showed that the first part of BH14680 was more diversified (in 
the nucleotide content) in both Alphaproteobacteria and Bartonella compared to the second part. 
However, the test did not discriminate nucleotide changes in synonymous sites (dS) and 
nonsynonymous sites (dN). It is important to calculate the ratio of nonsynonymous changes and 
synonymous changes because higher dN/dS value (omega) indicated higher adaptive evolutionary 
pressure for proteins, whereas lower dN/dS value more indicated a purifying selection. To improve 
the detection of different evolutionary mechanisms, PAML codeml was run to detect the omega 
value (dN/dS) for each different group. For the lineage with all the Bartonella, the omega value was 
0.3062, and for the Alphaproteobacteria, the omega value was 0.1063. The two fold higher omega 
value indicated that the adaptive evolution occurred faster in the Bartonella lineage. The omega 
value for the long branch connecting Bartonella and Alphaproteobacteria could not be calculated, 
because dS was saturated. 
 
6.2 Adaptive pressure among sites 
Since selective pressure normally differs among sites, the probability of positive, neutral and 
negative selection in each individual site was calculate by PAML codeml (Figure 8). In Bartonella 
species, ~30 nucleotide sites were probably under positive selection, whereas in 
Alphaproteobacteria, only 2 nucleotide sites were probably under positive selection (counting only 
the sites with >15% probability of positive selection). In Bartonella, the sites under positive 
selection were mostly distributed from amino acid position 68 to 110, which also corresponds to the 
positions with most nucleotide divergence in the SW test (Figure 4, left). On the contrary, the first 
domain in Alphaproteobacteria was mainly under neutral and negative selection. As for the second 
transmembrane domain, purifying selection played the dominant role in both Bartonella and 
Alphaproteobacteria. 
 
6.3 Sliding window dN/dS 
By calculating the local dN/dS value along a pairwise alignment, the relative selective pressure 
between two species can be inferred. Three representative results from the calculation are displayed 
(Figure 9). The dS values were roughly stable for each pairwise alignment. In B. henselae-B. 
Tribocorum, B. grahamii (Fuji)-B. grahamii (V2), B.henselae-B. Bacilliformis and S. Aggregata-M. 
extorquens, the dS value was ~0.8, ~0.2, ~1.0 and ~3.0 respectively. The further the two species had 
diverged in the phylogenetic relationship, the higher dS value was.  
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Figure 6. Shannon-Wiener (SW) diversity index. (a) SW index for 19 Alphaproteobacteria species. The value was ~0.3 
– 0.7 for the first domain and ~0.1 – 0.3 for the second domain. (b) SW index for 9 Bartonella species. The value for 
the first domain was ~0.25 – 0.45, and ~0.1 – 0.25 for the second domain.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Prediction of transmembrane helices in BH14680 for (a) A. tumefaciens and (b) B. henselae Houston-1. The 
purple line indicates amino acid sequence outside of membrane. The blue line indicates sequence inside of membrane. 
The red bar indicates helices cross the membrane. The value on the y-axis indicates probability of the prediction.   
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However, the nonsynonymous substitution rate (dN) varied quite a lot among species as well as along 
the alignments. In the comparison between B. henselae and B. bacilliformis, the dN and the omega 
values were both higher than 1.0 in the first functional domain, indicating strong adaptive selection 
pressure in one or both lineages. The omega value for the transmembrane domain went as low as 
0.06, which also suggests  that strong purifying selection pressure was put on the same gene.
Not only for species, a high omega value was also detected between strains. Between B. grahamii 
Fuji and B. grahamii V2, the dN/dS value went down from ~0.8 to ~0.02 along the alignment, 
showing a dramatic change in selective pressure. For B. henselae and B.tribocorum, the omega 
value was ~0.3 and ~0.05 in the two domains, respectively, showing a more relaxed pressure in the 
first domain between the lineages. In the comparison of S. aggregata and M. extorquens, the omega 
value ranged from 0.03 to 0.12, indicating strong purifying selection pressure along the whole gene 
for Alphaproteobacteria species.
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Figure 9. Sliding window dN/dS test for the pairwise alignments of (a) B. henselae and B. bacilliformis (b) B. grahamii 
Fuji and B. grahamii V2 (C) B. henselae and B. tribocorum (d) S. aggregata and M. extorquens. The test calculated the 
dN (same as Ka), dS (same as Ks) and omega (dN/dS) in a fixed window size (300 nucleotide), and moving forward 
with each step size of 30 nucleotide along the alignment. 
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Discussion 
 
In this master degree project, a detailed evolutionary analysis of the gene BH14680 is presented. In 
the genomic sequence comparison of three Bartonella henselae strains, BH14680 shared 97.1% 
nucleotide identity. Since its nucleotide divergence was significantly higher than the median level, 
BH14680 was chosen for further evolutionary analysis. 
    In the Bartonella henselae Houston1 genome, BH14680 is annotated as a hypothetical protein, 
and until now, no functional or structural research has been done on this gene. In Bartonella, the 
nucleotide sequence in the first domain of BH14680 showed great intergenomic divergence and a 
nonsynonymous substitution rate (dN) higher than synonymous substitution rate (dS). For 
Alphaproteobacteria, the same domain displayed a similar nucleotide diversity but with low dN/dS 
rate, which indicated that BH14680 was under a weaker purifying selection in Bartonella than in 
Alphaproteobacteria. Variable forms of the protein might be favored in Bartonella species to cope 
with the pressure from different host immune systems. So, the analysis of BH14680 can provide 
valuable information on how the adaptive selection modifies the function of a protein under 
persistent pressure of host-pathogen interaction.  
 
1. Place of B. bacilliformis in the Bartonella tree  
The phylogenetic tree calculated on concatenated genes by Maximum likelihood (ML) and 
Bayesian analysis (BA) produced a quite different placement for B. bacilliformis (Figure 1). In the 
ML calculation, B. bacilliformis was branched as a sister clade to B. clarridgeiae, and in the BA 
tree, it represented the single deep-branching ancestor of Bartonella. A previous phylogenetic study 
by less sophisticated method (Neighbor-Joining tree with Kimura 2-parameter as an evolutionary 
model) preferred to place B. bacilliformis as an ancestral lineage (Saenz et al., 2007) as the BA tree 
did. Furthermore, PHYML yield worse log-likelihood values in a previous maximum-likelihood 
based phylogenetic program comparison analysis (Stamatakis, 2006), which indicated it produced 
the inaccurate result compared to other programs, such as GARLI and MrBayes. So, the tree 
topology generated by BA method was more likely to present the true evolutionary history of 
Bartonella lineage.  
    However, to get a better resolution of the phylogeny of Bartonella, a more sophisticated and 
robust phylogenetic program, such as GARLI or TreeFinder should be used in a later test to see if 
the calculation is congruent with the tree from PHYML. One alternative approach would be to 
integrate more genes in the multilocus sequence analysis (MLSA) to provide more information to 
the calculation. 
 
2. Evolutionary history of BH14680  
The homologs of BH14680 were mainly spread in Alphaproteobacteria, especially in the family of 
Rhizobiales, Rhodobacterales and Rhodospirillales. The ancestor of BH14680 may come from 
horizontal gene transfer from other species or recombination of different genetic material. In either 
case, after the gene integrated into the gene pool of Alphaproteobacteria, it underwent intensified 
modification and dramatic changes so that it is almost impossible to trace back to its original 
genetic resource by blasting BH14680 against the databases in NCBI. 
    After enough modification, the structure and function of BH14680 was fixed in 
Alphaproteobacteria, and the nonsynonymous nucleotide substitute were not favored by the 
selection force. Then the fixed copy spread to many Alphaproteobacteria species via vertical 
inheritance and speciation. During this process, the gene stayed conservative and no strong adaptive 
selection force was put on it until the speciation of Bartonella. In this lineage, again, BH14680 
underwent intense modification, including a possible segmental deletion resulted the decreasing of 
protein length to ~270 amino acid, and a large number of amino acid changes. Nonsynonymous 
nucleotide substitutes in the first domain were not regarded as deleterious changes any more. Amino 
acid changes may even have been favored by the selection force and kept in the sequences. The 
dramatic sequence changes also indicated a functional shift of BH14680 between 
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Alphaproteobacteria and Bartonella.  
    Bartonella species are world-wide distributed bacteria and adapted to many different host 
organisms. Based on domain searching and segmental nucleotide diversity statistics, it is likely that 
the second domain of BH14680 is a transmembrane scaffold and the first domain interacts with host 
cell surfaces or proteins. As a result, amino acid substitution in the transmembrane domain would 
decrease the stability of BH14680 anchoring on the surface of Bartonella, so strong purifying 
selection pressure is present in this segment. However, for the first domain, diversifying the amino 
acid sequence was preferred to interact with different sets of proteins or diverged cell surfaces in 
different host organisms. As a result, relaxed neutral or positive selection force were favored.  
    BH14680 has already experienced extensive nucleotide substitution in the Bartonella lineage, 
and it is highly likely to keep changing based on the studies on the strains level. In B. henselae and 
B. grahamii, different strains showed great nucleotide divergence (>20 nt over 810 nt in B. henselae 
and >50 nt over 810 nt in B. grahamii) and no single genotype of BH14680 dominated among 
strains. The high dN/dS value indicated that there is still high positive selection pressure on 
BH14680.  
    Another notable phenomenon for BH14680 is for the phylogeny of B. henselae strains (figure 4), 
which is incongruent with the Multilocus Sequence Typing (MLST) of 38 B. henselae strains 
(Lindroos, 2006). MLST is a widely accepted approach to provide accurate, portable data reflecting 
the evolutionary relationships of bacterial pathogens (Urwin and Maiden, 2003). In the previous 
study, eight genotypes was identified in the 38 B. henselae strains, and 23 out of 38 isolates 
belonged to sequence type 1 (ST1). In the clade of B. henselae (figure 4), the strains from ST1 
diverged into two groups. One of the groups shared more nucleotide similarity with ST7 and ST8, 
whereas the other shared more similarity with ST2, ST5 and ST6. A possible explanation is that one 
group acquired their BH14680 sequences by recombination with other sequence types. For B. 
grahamii, the tree topology was congruent with the Multilocus Sequencing Analysis (MLSA) and 
geographic patterns, indicated no hint of recombination. However, the sequence of BH14680 had 
diverged even more with higher dN/dS value, indicating a stronger adaptive selection on strains 
level.  
 
    The following up work for BH14680 should be mainly focused on structural and functional 
studies of the protein. To find out whether BH14680 is a pathogenic  factor or how it works in the 
host-pathogen interactions, more structural and functional information are needed.  
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Materials and Methods 
 
1. Sequence Data 
BH14680 was the locus tag of a gene in the complete genome of B. henselae Houston1. It was the 
target gene in this research. gltA (produce citrate synthase GltA), groEL (produce chaperonin 
GroEL), ribC (produce riboflavin biosynthesis protein RibC) and rpoB (produce DNA-directed 
RNA polymerase subunit beta) were four selected core genes previously used for multilocus 
sequence analysis (MLSA) (Saenz et al,. 2007).  
    Genes homologous to genes BH14680, gltA, groEL, ribC and rpoB in B. henselae Houston1 were 
collected from three different sources: (1) NCBI database; (2) genome sequencing by 454 method; 
(3) PCR sequencing by Sanger method.  
 
1.1 Sequence Data from NCBI 
By using a perl script, I searched in the NCBI nucleotide and protein databases to find all the 
Bartonella species with four sequenced housekeeping genes (gltA, groEL, ribC and rpoB). The 
nucleotide and corresponding amino acid sequences of these genes were collected. The accession 
number of the four genes from 23 Bartonella species and 1 Brucella species are listed in Table 2.  
 
Table 2. GenBank accession numbers for gltA, groEL, ribC and rpoB nucleotide sequences. 

Accession numbers 
Species Strain 

gltA groEL ribC rpoB 

Brucella abortus 9-941 NC_006932 NC_006933 NC_006932 AE017223 

Bartonella alsatica IBS 382 AF204273 AF299357 AY116630 AF165987 

Bartonella bacilliformis KC583 CP000524 CP000524 CP000524 CP000524 

Bartonella birtlesii IBS 325 AF204272 AM690315 AM690314 AB196425 

Bartonella bovis 91-4 AF293394 AF071194 AY116637 AY166581 

Bartonella capreoli IBS193 AF293392 AB290190 AB290194 AB290188 

Bartonella chomelii A828 AY254308 AM690316 AM690317 AB290189 

Bartonella clarridgeiae Houston2 U84386 AF014831 AB292604 AF165990 

Bartonella doshiae R18 Z70017 AF014832 AY116627 AF165991 

Bartonella elizabethae F9251 Z70009 AF014834 AY116633 AF165992 

Bartonella grahamii V2 Z70016 AF014833 AY166583 AF165993 

Bartonella henselae Houston1 BX897699 BX897699 BX897699 BX897699 

Bartonella koehlerae C-29 AF176091 AY116641 AY116634 AY166580 

Bartonella quintana  Toulouse BX897700 BX897700 BX897700 BX897700 

Bartonella schoenbuchensis R1 AJ278183 AY116642 AY116628 AY167409 

Bartonella taylorii M6 Z70013 AF304017 AY116635 AF165995 

Bartonella tribocorum 506 NC_010161 NC_010161 AB292600 NC_010161 

Bartonella vinsonii arupensis OK 94-513 AF214557 AF304016 AY116631 AY166582 

Bartonella vinsonii berkhoffii 93-C01 U28075 AF014836 AY116629 AF165989 

Bartonella vinsonii vinsonii Baker Z70015 AF014835 AY116636 AF165997 

Bartonella sp. Fuji 23-1 AB242287 AB440638 AB440639 AB242292 

Bartonella grahamii B12509 AB426655 AB426677 AB426690 AB426702 

Bartonella grahamii Hokkaido 4-1 AB426652 AB426657 AB426678 AB426691 

Bartonella sp. Fuji 18-1 AB242289 AB440634 AB440635 AB242288 
 
By blasting the amino acid sequence of BH14680 in NCBI protein database, all homologs of 
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BH14680 with a E-value lower than 10-30  were collected and are listed in table 3.  
 

Table 3. GenBank accession numbers for BH14680 nucleotide sequences.  

Species Strain Accession 
numbers Species Strain Accession 

number 

Brucella abortus 9-941 NC006932 Brucella suis 1330 NC_698664 

Bartonella 
bacilliformis KC583 CP000524 Methylobacter populi BJ001 NC010725 

Bartonella henselae Houston1 BX897699 Brucella ovis ATCC 25840 NC_009505 

Bartonella quintana Toulouse BX897700 Stappia aggregata IAM 12614 NZ_AAUW0100
0030 

Bartonella tribocorum 506 NC_010161 Rhodobacterales 
bacterium HTCC2654 NZ_AAMT01000

002 

Agrobacterium 
tumefaciens C58 NC_003062 Sinorhizobium 

meliloti 1021 NC_003047 

Roseobacter 217 NZ_AAMV01000
010 

Octadecabacter 
antarcticus 238 DS990628 

Oceanibulbus indolifex HEL-45 NZ_ABID010000
01 Silicibacter pomeroyi DSS3 NC_003911 

Dinoroseobacter 
shibae DFL 12 NC_009952 Sagittula stellata E37 NZ_AAYA01000

005 

Rhizobium etli CFN 42 NC_007761 Loktanella 
vestfoldensis SKA53 NZ_AAMS01000

004 

Roseovarius 
nubinhibens ISM NZ_AALY010000

01 Pseudovibrio sp JE062 DS996808 

Rhodobacter 
sphaeroides KD131 NC_009049 Acidiphilium cryptum JF5 NC_009484 

Mesorhizobium loti MAFF03099 NC_002678 Gluconobacter 
oxydans 621H NC_006677 

Hoeflea phototrophica DFL43 NZ_ABIA020000
01 

Gluconacetobacter 
diazotrophicus PAl5 NC_010125 

Azorhizobium 
caulinodans ORS571 NC_009937 Magnetospirillum 

magnetotacticum MS1 NZ_AAAP01002
151 

Xanthobacter 
autotrophicus Py2 NC_009720 Solibacter usitatus Ellin6076 NC_008536 

Bradyrhizobium 
japonicum USDA110 NC_004463 Acidobacteria 

bacterium Ellin345 NC_008009 

Rhodopseudomonas 
palustris CGA009 NC_005296 Chthoniobacter 

flavus 
Ellin428_ctg6
5 

NZ_ABVL01000
014 

Nitrobacter 
hamburgensis X14 NC_007964 Deinococcus 

geothermalis DSM11300 NC_008025 

Methylocella silvestris BL2 NC_011666 Rubrobacter 
xylanophilus DSM9941 NC_008184 

Beijerinckia indica ATCC9039 NC_010581 Bartonella henselae  Houston1 BX897699 

Bartonella quintana Toulouse BX897700 Bartonella 
bacilliformis KC583 CP000524 

Bartonella tribocorum 506 NC_010161    
 
 
1.2 Genome Sequencing 
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The genome projects at MOLEV (Department of Molecular Evolution, Evolutionary Biology 
Centre, Uppsala University) include B. henselae IC11, B. henselae UGA10, B. grahamii 4A, B. 
bovis moose and B. vinsonii winnie. The five genomes were sequenced by 454 technology at the 
Genome Sequencing Centre of the Royal Institute of Technology (KTH). The follow up work, such 
as assembly of contigs and annotation of genes, was undertaken at MOLEV (Björn Nystedt, Lionel 
Guy, Eva Berglund personal communication). The assembled sequence will be submitted to NCBI 
after completion. The sequences of gltA, groEL, ribC, rpoB and BH14680 from the five strains were 
extracted from these genomic data directly. 
 
1.3 Sanger Sequencing 
Strains in Table 4 are the ones with no available data at the NCBI, and not included in the genome 
projects at MOLEV (section 1.2). So to collect the sequence data of BH14680 for those strains, 
Sanger sequencing was performed at MOLEV. The primers (table 4) were designed by using 
Consed (Gordon, 1998) based on the complete genome sequence of the B. henselae Houston1 
(NCBI genome database), B. grahamii 4A (section 1.2) and B. quintana Toulouse (NCBI genome 
database). The program searched for primers with the length of 18-25 nucleotide base pair, and 
melting temperature of 59-63oC. The strains listed in table 4 were stored in the lab of MOLEV and 
their collection origins can be referred to previous publications (Lindroos, 2006; Inoue, 2005; 
Foucault, 2005).  
 
Table 4. Sanger sequencing and primer design for BH14680.   

Species Strains Forward primer Reverse primer 

B.henselae CA1, CA8, Cheetah, FR96, GA1, 
Goldie1, GreekCat1, GreekCat25, 
GreekCat34, GreakCat9, Houston1_98, 
Houston1_ATCC,  Houston2, IndoCat2, 
IndoCat5, Marseille, MO2, SA1, SA3, 
SD2, Tiger2, Tx4, UGA12, UGA13, 
UGA14, UGA23, UGA24, UGA26, 
UGA28, UGA3, UGA6, UGA7, UGA8, 
UGA9, ZimCat25 

ggcaaacgtggagatagagc ccatacccttcatcctcacct 

B.grahamii V2, C066, Ehime5, Fuji4, J019, J142,  
R170, RTZB29, S116 

cgtccctgtagcaaaataaagc tccataaaaccaagtcgataaagg 

B.quintana BQ146, BQ2, C165, Fuller, Oklahoma cgcatgagattgataatttatga gacatcatatttccacagtataaataa
 
2. Genome Comparison and Screening for Highly Variable Genes 
For the comparative genome analysis of three B. henselae strains Houston1, IC11 and UGA10, a 
homemade perl script (alnAnalyzer) was used to compute nucleotide identity of homologous genes 
between Houston1 and IC11 and between H1 and UGA10. Genes were considered as highly 
variable if their nucleotide identity was significantly lower than the average identity. 
 
3. Inferring Phylogenetic Trees 
 
3.1 The Phylogeny of Bartonella 
To build the phylogenetic tree of Bartonella species, a method named multilocus sequence analysis 
(MLSA) (Maiden, 2006) was used by concatenating and aligning four different housekeeping genes 
(gltA, groEL, ribC and rpoB). The sequences were aligned by ClustalW (Thompson et al, 1994) and 
overhang endings were cut off from the alignment. The cutting positions for the four alignments 
were: groEL (BH13530 from 283 to 1464), gltA (BH06380 from 805 to 1116), rpoB (BH06100 
from 1465 to 2289) and ribC (BH13220 from 31 to 510). These numbers refer to the base pair 
positions of the corresponding genes in B. henselae Houston1, complete genome. The concatenated 
tree was calculated by PHYML (Guindon and Gascuel, 2003), version 2.4.4 with the evolutionary 
model of Hasegawa-Kishino-Yano with gamma distribution rate (HKY+G) and algorithms of 
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maximum likelihood. The evolutionary model was selected using likelihood ratio test (LRT) in 
PAUP 4.0. (Wilgenbusch and Swofford, 2003) The tree was also calculated by MrBayes version 
3.1.1 (Ronquist, 2003) with the algorithms of Bayesian phylogenetic analysis based on 
concatenated amino acid alignment. The evolutionary model was set to HKY85+G (lset nst=2 
rates=gamma), and the parameters of Markov chain Monte Carlo (MCMC) analysis was set to 
3,000,000 generations and burn-in with 1,200,000 generations (mcmcp ngen=3000000 
printfreq=1000 samplefreq=1000, nruns=2, nchains=4, savebrlens=yes, sumt burnin=1200). 
  
3.2 Gene Tree of BH14680  
The sequence data of BH14680 came from (1) NCBI (Table 2), (2) genome sequencing data (see 
section 1.2), and (3) PCR sequencing (see section 1.3). The amino acid alignment of BH14680 was 
built by MAFFT (version 6) (Katoh et al., 2005), option L-INS-i with iterative refinement of 1000 
times. L-INS-i uses a local pairwise alignment with the affine gap cost, which is better applied to 
the case with locally alignable region and long internal gaps (Katoh,  2008). The codon alignment 
was constructed by backtranslating the amino acid alignment. The evolutionary model for 
Maximum likelihood was selected by using PAUP 4.0 (Wilgenbusch and Swoffold, 2003) and 
Modeltest 3.7 (Posada and Crandall, 1998), and set to Transversion Model (TVM, 2 substitution 
rate for tranversions, 1 for transitions) with gamma distribution (G) and proportion of invariable 
sites (I). Maximum likelihood trees were searched with Garli 0.96 (Zwickl, 2006) and Bayesian 
trees with MrBayes 3.1.1 (Ronquist, 2003). Convergence was obtained for all parameters. 
 
4. Sequence Analysis of BH14680 
 
4.1 Sequence Feature Predictions and Gene Segments 
To search for conservative domains and functional sites, the amino acid sequence of BH14680 was 
queried against InterProscan in EBI. The InterProscan (Hunter, 2009) is a database integrating the 
PROSITE, PRINTS, Pfam, ProDom, SMART, TIGRFAMs, PIR superfamily, SUPERFAMILY, 
Gene3D and PANTHER databases. 
The sequence was also queried in TMHMM Server v.2.0 
(http://www.cbs.dtu.dk/services/TMHMM/) (Krogh et al., 2001) to predict the transmembrane 
helices in protein. 
 
4.2 Shannon-Wiener test  
Segmental nucleotide divergence in BH14680 was detected by calcalating the Shannon-Wiener 
diversity index (Nystedt, 2008) in sliding windows (window size = 40 nt, step size = 10 nt) along 
the alignment of Bartonella (9 species, including B. henselae Houston1, B. henselae UGA10, B. 
henselae IC11, B. quintana, B. grahamii, B. vinsonii, B. bovis, B. tribocorum, B. bacilliformis) and 
Alphaproteobacteria (19 species in table 3, including Roseovaris, B. suis, M. populi, B. ovis, S. 
aggregata, Roseovarius, R. bacterium, B. abortus, B. melitensis, M. extorquens, M. chloromethani, 
A. tumefaciens, Roseobacter, O. indolifex, D. shibae, R. etli, R. nubinhibens, M. magnetotacticum 
and S. meliloti). A high Shannon-Wiener index indicates a high nucleotide diversity in a given 
region.  
 
4.3 Testing selective pressures by PAML 
 
4.3.1 To test if there is episodic adaption after the speciation of Bartonella, I separated  the 
Bartonella (9 species, same as above), Alphaproteobacteria species (19 species, same as above) and 
the long branch connecting the two clades into three different sets of branches in the phylogenetic 
tree of BH14680. Then, the omega value of each group was calculated and optimized indepedently 
by the PAML codeml program (Yang, 2007).  
 
4.3.2 Modeling variable selective pressure (omega value) among sites yields more powerful result 
with defined regional adaptive information (Yang, 2007). The BH14680 amino acid alignments for 
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Bartonella (55 species and strains) and Alphaproteobacteria (37 species) were constructed by 
MAFFT (Katoh et al., 2005). Each column (amino acid position) in the alignment was calculated 
independently by the PAML codeml program to test the selective pressure for the site. The 
evolutionary model used was M2a, which was designed for the detection positive selection (Yang, 
2009). The model set the omega parameters into three categories (omega<1, omega =1 and omega 
>1) to detect negative, neutral and positive selection. (Yang, 2009). 
 
4.4 Sliding window dNdS test 
By calculating the dN, dS and omega value between two species, the relative selective pressure and 
evolutionary mechanism between the two species can be inferred. For this purpose, a homemade 
perl script (Björn Nystedt, personnal communication) was used to calculate the dN, dS and omega 
value in the sliding window (window size = 300 nt, step size = 30 nt) along the pairwise alignment 
of BH14680. Then plots were made based on the dN, dS and omega against the nucleotide position 
of window.  
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