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Abstract 
 
  To investigate the global diversity of Bartonella grahamii, I studied 26 B. grahamii strains 
from China, Japan, Sweden, Russia, Canada, UK and US using multispacer typing (MST) and 
multilocus sequence typing (MLST) method and microarray comparative genomic 
hybridization (CGH). Based on phylogenetic analysis of 11 loci using MST and MLST, I 
found a geographical pattern which classified the B. grahamii strains into two large groups, 
the Asian group and American/European group. This conclusion was supported by the result 
of CGH analysis, which also revealed the gene content diversity among B. grahamii strains. 
Moreover, frequent recombination was found in Asian strains and probably also between two 
Bartonella species, B. tribocorum and B. grahamii. 
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Introduction 
 
The genus Bartonella 
  Bartonella (formerly Rochalimaea) is a genus of Gram-negative bacteria. The genus 
Bartonella now consists of 20 species and three subspecies (reviewed by Inoue, 2009). 
Bacteria of this genus can cause a number of illnesses and are mainly transmitted by blood-
sucking arthropod vectors. Some Bartonella species, such as B. henselae, B. bacilliformis and 
B. quintana, have been recognized as human pathogens (Loutit, 1997; Schwartzman, 1996; 
Maco et al., 2004).  
 
Bacterial genomes 
  Bacteria usually obtain a significant proportion of their genetic diversity through horizontal 
gene transfer, which has effectively changed the ecological and pathogenic character of 
bacterial species (Ochman et al., 2000). Horizontal gene transfer is mediated by diverse 
mobile genetic elements, including plasmids, bacteriophages and pathogenicity islands 
(Pallen and Wren, 2007). The genomes of bacteriophages that have integrated into the 
bacterial chromosome are known as prophages (Pallen and Wren, 2007). Pathogenicity 
islands were formerly defined as clusters of horizontally transferred gene that were discovered 
in virulent bacterial species while absent from non-pathogens (Hacker et al., 1992). However, 
subsequent studies showed that these genes could also encode other functions; hence 
‘genomic island’ is a more suitable name (Hacker and Carniel, 2001). 
  Currently, several complete genomes of Bartonella species have been published, including 
B. henselae (Accession number: NC_005956), B. tribocorum (Accession number: 
NC_010161), B. quintana (Accession number: NC_005955), B. bacilliformis (Accession 
number: NC_008783) and B. grahamii (Berglund et al., 2009).  
 
Bartonella grahamii 
  B. grahamii was named in 1995 in honor of G. S. Graham-Smith, who recognized 
grahamellae as a new form of intraerythrocytic parasites in 1905 (Graham-Smith, 1905; 
Birtles et al., 1995). The type strain is V2 (= NCTC 12860), which was isolated from the 
blood of Clethrionomys glareolus (Bank vole) (Birtles et al., 1995). B. grahamii was found to 
be related with human disease in 1999, when it was detected in the ocular fluid of a patient 
with neuroretinitis (Kerkhoff, 1999). B. grahamii has already been found in several countries, 
such as China, Japan, UK, USA, Canada, Russia and Sweden and isolated from various 
rodent genuses, such as Apodemus (field mouse), Myodes (red-backed vole), Microtus 
(meadow vole) and Mus (mouse) (Ying et al., 2002; Inuoe et al., 2008; Holmberg et al., 2003). 
It is possible that B. grahamii also infects other rodents. 
  The B. grahamii genome, with a size of 2.3 Mb, was recently sequenced (Berglund et al., 
2009). Besides the main gene content, two prophages, named ‘Phage Ia’ and ‘Phage Ib’, 14 
genomic islands, named ‘BgGI 1-14’, and ‘BadA’ (Bartonella adhesin A,  mediating 
Bartonella binding to endothelial cells) were found in the genome.   
 
Bioinformatic analysis 
  Multilocus sequence typing (MLST) and multispacer typing (MST) are usually used in 
characterizing isolates of bacterial species. MLST uses the DNA sequences of internal 
fragments (450-500 bp) of multiple housekeeping genes and MST uses multiple spacers (non-
coding region between two adjacent genes). Usually, seven or eight genes or/and spacers are 
enough for genotyping. The main procedure of MLST and MST is: amplifying each of the 
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target gene or spacer using PCR; sequencing reaction using labelled nucleotides and one of 
the two probes in PCR; detecting the labelled sequences by DNA analyzer machine and 
analyzing the data by multiple alignment and phylogenetic analysis.  
  Multiple alignments are used to detect the homology of a set of genes or spacers from three 
or more different strains or species, which can infer the phylogenetic relationship of them. 
Clustalw, Mafft and Prank+F are such tools used for multiple alignments, among which, 
Prank+F (Loytynoja and Goldman, 2008) is an optimized program by preventing systematic 
errors. If using a parameter ‘-translate’ in Prank+F, it can get the optimized DNA alignment 
result according to the translated protein alignment. From DNA or protein alignments, a 
phylogenetic tree can be made by Phyml, which can estimate maximum likelihood 
phylogenies. The non-parametric bootstrap reflecting the repeatability or accuracy of the tree 
is used in Phyml by specifying the parameter (inputting the replicates number), and the 
bootstrap value (0-100) is marked in each branch to show how it is supported. The higher the 
bootstrap value is, the more reliable the relationship among the strains or species is. Outgroup 
is included in the phylogenetic tree to indicate the root of the tree, i.e. the origin of these 
strains or species. Such a tree can infer the evolutionary process of these strains or species. 
  Microarray comparative genomic hybridization detects genomic copy number variations at 
a high resolution level. DNA from a test sample and reference sample are labeled 
differentially by different fluorophores and hybridized to several thousand probes. The probes 
are derived from most of the known genes and non-coding regions of the genome, printed on 
a glass slide. The ratio of the fluorescence intensity of the test sample to that of the reference 
sample is calculated as log2 (ratio) or M value. To avoid intensity-dependent dye bias, 
normalization must be performed by shifting the distribution of M values such that the peak, 
corresponding to the majority of genes, is centered at M = 0. After that, log2 (ratio) or M 
value can be used to measure the copy number changes of genes or spacers in the test sample 
compared with the reference sample. 
  Based on the microarray data, a maximum parsimony analysis can be done. Parsimony is a 
character-based tree estimation method which uses a matrix of discrete phylogenetic 
characters to infer one or more optimal phylogenetic trees for a set of taxa, commonly a set of 
species or reproductively-isolated populations of a single species. Under parsimony, the 
preferred phylogenetic tree is the tree that requires the least evolutionary change to explain 
some observed data. Maximum parsimony is used with most kinds of phylogenetic data and 
to determine the best-fitting tree. Such a tree based on the microarray reflects gene deletion or 
amplification patterns among different test samples. The same deletion or amplification for a 
particular gene in different test samples can occur at different times in the evolutionary 
history. Therefore, a parsimony tree can statistically reflect the gene content similarity among 
different strains or species in the genome level, but cannot reflect the evolutionary process of 
strains or species as a rooted phylogenetic tree can do. 
  Recombination Detection Program (RDP) (Martin et al., 2005) is a tool that integrated 
several recombination detection programs to infer recombination signals in a set of aligned 
DNA sequences. Using several selected programs (manually chosen by user), RDP can mark 
the possible recombination in particular regions and show corresponding P values. If most of 
the programs successfully detect the recombination events and the P values are lower enough 
(P < 0.05 for default), the results are considered to be reliable. However, the recombination 
may also occur even if it is detected just by one or two programs.   
 
Aim 
  Since bacterial pathogens often evolve from closely related species, which may be well-
recognized human pathogens, studies of the genome of both pathogens and no-pathogens are 
valuable to predict the propensity for host shits and their consequences for human health. In 
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this study, I wanted to know the different genotypes and the gene content diversity of global B. 
grahamii strains. This study, with the previous study or future study on both pathogens and 
no-pathogens will provide deeper understanding of human pathogens. 
 
 

 

 
Figure 1. Distribution of 26 strains of Bartonella grahamii. The UK strains came from four different sites and 
Japanese strains came from five different sites as marked. 
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Results 
   
  To reach the aim, I genotyped the 26 strains by multispacer typing and multilocus sequence 
typing (MST and MLST), and tested the genomic content diversity using microarray 
comparative genomic hybridization (CGH). 
 
Geographical pattern reflected by the phylogenetic analysis based on eleven loci 
  For genotyping, I started with three housekeeping genes (batR, cycK and hypo1 in Table 3) 
and then eight spacers (aldA-ftsK1, cspA-carB, etc in Table 3) which showed high diversity 
among Bartonella species according to a previous study (Li et al., 2006) in order to analyze 
the diversity among B. grahaimii strains. I successfully got sequences for all the 26 strains 
from China, Japan, Russia, Sweden, UK, US and Canada (Figure 1) and aligned these 
sequences in each locus and concatenated the 11 alignments to get a consensus alignment. 
Based on the consensus alignment, I made a phylogenetic tree to show how the B. grahamii 
evolved and the relationship among the 26 strains (Figure 2). In this tree, B. tribocorum was 
included since it was the closest species to B. grahamii among those that have been fully 
sequenced. B. vin_winnie is a strain of B. vinsonii. I chose B. vin_winnie as outgroup rather 
than B. henselae and B. quintana, since it was much closer to B. grahamii than the other two, 
and therefore had higher sequence similarity, which made the phylogenetic analysis much 
more trustworthy.  
  The 26 B. grahamii strains branched into two large groups, named the Asian group and the 
American/European group. Within the Asian group, all Japanese strains formed a large clade, 
while two Chinese strains formed a clade. Within the American/European group, all Canadian 
strains formed a large clade and seven UK strains formed a large clade. It was interesting that 
two Russian strains, two UK strains and one Swedish strains formed a large clade. One of the 
US strains, Mo12494sd, seemed closer to the European strains rather than to the Canadian 
strains. The other US strain, Mo12658sd, fell outside the clades comprising all the European 
strains, Canadian strains and one US strains.  
 
Gene content diversity observed from microarray comparative genomic hybridization 
  For studying the genomic content diversity by microarray comparative genomic 
hybridization, I used the sequenced Swedish strain As4aup (Berglund et al., 2009) as the 
reference strain and other 25 strains as test strains. For each microarray, I hybridized the 
genomic DNA of a test strain to that of the reference strain. The spots in an array slide 
represented 1670 genes (96% of the predicted genes in B. grahamii), 91 pseudogenes and 997 
spacers and each spot contained two probes for a gene or one probe for a spacer.  
  The microarray result was visualized into a circular map (Figure 3), in which the inner 
circle represents the genome of As4aup and each concentric circle outside represents the 
genome of a test strain. Generally, red colour (log2 (ratio) <-2), indicates deletions of genes or 
high gene content diversity in the particular location of the genome; red-yellow colour (-2 ≤ 
log2 (ratio) < -1) indicates uncertainty of the presence or absence of genes; yellow colour (-1 
≤ log2 (ratio) < 0.5) indicates the same or similar gene copies in the genome of test strains as 
in that of the reference strain and green colour (log2 (ratio) > 0.5) indicates amplification of 
genes in the genome of test strains. 
  Figure 3 generally shows that the diversity among the European and American strains is 
located in the prophages and the genomic islands, while the Asian strains not only have high 
diversity in the prophages and the genomic islands but also in other parts of the genome. 
Amplifications of ‘Phage Ia’ and ‘Phage Ib’ was observed in one Russian strain, PTZA30/3, 
while deletions or high sequence divergences was observed in one Canadian strain, 
Cg4224alb. More deletions or sequence divergences of BgGI 1, 2, 5, 8, 9 and 11, was found 
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in the Canadian strains than in other American/European strains. In particular, large-scale 
amplification was found in Ehime5-1, which mainly happened in the core genome region 
outside the genomic islands. Moreover, Gene copy numbers of BgGI 3 diverged a lot in the 
different strains.  
  Based on the CGH data, maximum parsimony analyses (Figure 4) was done, which showed 
that all Japanese strains formed one group, most of the European strains, except one UK strain, 
formed one group and all American and Chinese strains formed one group. It was interesting 
that the Chinese strains seemed quite close to the American strains rather than to the Japanese 
strains. 
 

 
Figure 2. Phylogenetic tree of 26 B. grahamii strains. The tree was built based on 11 Loci by Phyml with 100 
replicates for bootstrap analysis. The B. vin_winnie was used as outgroup in this tree. 
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Figure 3. Map of microarray comparative genomic hybridization. The reference strain (As4aup/Sweden) is 
shown in the innermost circle. Two prophages (Phage Ia and Ib), 14 genomic islands (BgGI 1-14) and BadA are 
marked outside the circles. The colored bar below indicates the responding log2 (ratio). The blue circle divides 
the map into two parts: the Asian group outside the circle and the American/European group inside the circle. 
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Figure 4. Maximum parsimony analyses of the CGH data using the PHYLIP programs pars, seqboot, and 
consense (Felsenstein, 2005) with 1,000 bootstrap replicates and 100 random orderings of strains on a matrix 
containing absence (log2 (ratio) <-2), presence (log2 (ratio) >-1), or uncertain (-2 < log2 (ratio) ≤ -1) status 
scores of the selected regions (each of such region contained two adjacent probes for a gene or one probe for a 
spacer). 
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Frequent recombination among and within different loci in Asian strains 
  Individual phylogenetic trees based on each locus were not consistent with the consensus 
tree. Special attention was paid to the Asian group, in which different loci showed variable 
similarity among strains. For example, in locus 2, three Japanese strains, Ehime5-1, 
Nakanoshima39-1 and Fuji4-1 formed one clade and were separated from other Asian strains 
(Figure 5 A). However, in locus 5, one Japanese strain, Fuji4-1 was separated from other 
Asian strains (Figure 5 B). Strains in one clade were marked by the same coloured bars. In the 
same way, the similarities in all the loci were marked by coloured bars, which showed that the 
similarities among Asian strains varied in different loci (Figure 5 C). This indicated frequent 
recombination among Asian strains in different loci.  
  When checking the alignment of Asian strains in an individual locus by Recombination 
Detection Program (RDP) (using default parameters), recombination events could also be 
detected. For example, the RDP detected recombination among strains Ap1714, Ac1713 and 
Ehime5-1 in locus 10 (Figure 5 D). In the same way, recombination could also be detected in 
loci 3, 4, 6 and 11, showing high frequency of recombination in individual loci. 
 
Ambiguous relationship between B. tribocorum and B. grahamii 
  Figure 6 shows two individual phylogenetic trees based on locus 2 and locus 5 respectively. 
In this tree, B. tribocorum formed a clade with different Japanese strains. Actually, B. 
tribocorum was often located among the B. grahamii strains in the individual trees based on 
particular loci, showing ambiguous relationship between these two species. However, in the 
consensus tree (Figure 2), B. tribocorum was separated from the B. grahamii group. 
 
Phage-related protein or integrase sequences in several Asian strains 
  The diversity among B. grahamii strains was shown also in special loci such as locus 3 and 
11, where large insertions could be found in some of the Asian strains (Table 1). When 
searching the homolog of the insertions using blastx, I found sequences for coding a phage-
related protein. This indicated that there may have been some prophages or other elements 
integrated in this region in the evolutionary history which had been lost for some reason. B. 
tribocorum had even longer insertions but showed low similarity to the Asian strains and I did 
not find any sequences for coding phage-related proteins. 
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 (A) 

 
(B) 

 
(C) 

 
(D) 

 
Figure 5. (A) Similarity pattern in locus 2 (the phylogenetic tree came from Figure 6), strains with high 
similarity were marked by the same coloured bars.  (B) Similarity pattern in locus 5 (the phylogenetic tree came 
from Figure 6). (C) Similarity distributions in different loci among Asian strains. The consensus phylogenetic 
tree on the left came from Figure 2. (D) Recombination events detected by RDP, the different colour bars in 
Ap1714yn (or Ac1733yn) means recombination occurred between Ap1714yn (or Ac1733yn) and Ehime5-1 in 
locus 10. The lower position of red bars (marked as Ehime5-1) in the sequence of Ap1714yn means that they 
were from Ehime5-1 due to recombination. 
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Figure 6. Phylogenetic tree based on locus 2 (left) and locus 5 (right). The tree was produced by Phyml with 100 
replicates for bootstrap analysis. The B. vin_winnie was used as outgroup in this tree. 
 
 
Table 1. Strains with large insertions coding phage-related protein (fragement).  

Phage-related protein 
Locus Strains with large insertion* Length of 

Insertion   Sequence length (DNA) Accession number 
3 Nagano14-1, 

Nakanoshima39-1 
271bp  87bp CAK00917  

(Phage-related protein) 
11 Ac1733yn, Ap1714yn,  

Fuji4_1, Hokkaido29-1, 
Ehime5_1, Nagano14-1, 
Nakanoshima39-1 

756bp 72bp CAK01485  
(Phage-related integrase) 

*Large insertions were viewed in the alignment produced by Prank+F., The insertions in these strains were of the 
same length. 
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Discussion 
 
Geographical pattern vs. host pattern 
  A geographical pattern was found in both Figure 2 and Figure 3. The Asian strains formed 
one group and the American/European strains formed another group. Among B. henselae or B. 
quintana strains, there was no geographical pattern found in previous studies. The reason 
might be that these two species can infect humans, who can travel across large regions, 
making communication between different strains easy. However, B. grahamii mainly infects 
rodents, which do not travel for long distance. A previous study of B. grahamii from three 
different locations in Sweden showed that a distance of 35 km could hinder the migration of 
rodents from one location to another and might cause differences in genotype pattern in such 
locations (Berglund E and Xie Z, personal communication).  
  In the phylogenetic tree (Figure 2), the branches leading to the Japanese strains and 
Chinese strains were longer compared to those leading to the American/European group, 
probably because the sites they were from were mostly separated from each other by water or 
mountain (Mt. Fuji) (Figure 1, Table 2). However, the frequent recombination events 
indicated that communication also occurred among these strains. This showed that the B. 
grahamii strains in Asia were much more divergent and dynamic. 
  Two UK strains, WM11 and V2 from Brimstage and Shropshire respectively, were quite 
close to the two Russian strains and one Swedish strain though they were separated by even 
larger distances. The other UK strain, Mac29 from the Reisa Mhic Phaidean Island, was from 
a region as distant from the Kielder Forestry as Brimstage or Shropshire was (Figure 1, Figure 
2, Figure 4, and Table 2). However, Mac29 formed a group with those from the Kielder 
Forestry, separated from WM11 and V2. This indicated that other factors, besides geography, 
were involved in the relationship among B. grahamii strains. When checking the taxonomy of 
the rodent species, I found that the genuses Myodes, Microtus and Arvicola were more closely 
related to each other than to the genus Apodemus. This could explain why Mac29, from 
Arvicola, formed a group with those from Microtus. However, it failed to explain why V2 
from Myodes split out and became closer to WM11, two Russian strains and the Swedish 
strain, which were all from Apodemus. In this case, probably the host pattern made WM11 
form a group with the Russian and Swedish strains, and the geographical pattern made V2 
close to WM11. 
  Though the American strains and the European strains came from different continents, they 
were quite close. The Chinese strains, which came from the south part of China, were quite 
closely related to the Japanese strains. It was noticed that the American/European strains were 
mostly from the genuses Myodes, Microtus and Arvicola, and Asian strains were from 
Apodemus (Table 2). This also indicated that the host pattern and the geographical pattern 
together determined the relationships of global B. grahamii strains. 
  Two other possibilities could also explain why the European strains were closely related to 
the American strains, and Chinese strains were closely related to Japanese strains though they 
were separated by the ocean. One is that the European strains and the American strains shared 
the same ancestor and the Chinese strains and Japanese strains shared the same ancestor 
before the continental drift (about 200 million years ago). At that time, the North American 
continent was adjacent to the European part of Asian/European continent and Japan was 
adjacent to China. This hypothesis could be correct only if Bartonella evolved quite slowly. 
The other possibility is, early European navigators (hundreds of years ago)brought B. 
grahamii-infected rodents to America and therefore these American strains show high 
similarity with the European strains, while the Chinese brought the B. grahamii-infected 
rodents to Japan even earlier (probably before Christ), and these Japanese strains are close to 
Chinese strains. However, since the Chinese and Japanese strains evolved in different 
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environments for a longer time, the differences among them became greater than these among 
American and European strains.  
 
Gene content diversity 
  Compared to American/European strains, the Asian strains differed a lot from the reference 
strain not only in the prophages and genomic islands, but also in the core genomic region. 
Figure 4 shows that the Chinese strains formed a group with the American strains and one UK 
strain was similar to the American strains. It is possible that a lot of genes in the genomic 
islands were repeated and their amplifications or losses lead a large influence on the structure 
of the tree.  
  The Russian strain PTZA30/3 had amplifications of the prophages, which was quite 
common. However, the Japanese strain, Ehime5-1, had amplification in a continuous region 
located not in the genomic islands but in the core genome region. It is possible that when the 
prophages were amplified during the bacterial growth, the replication made some mistake and 
amplified the regions other than the prophages. 
  BgGI 3 is uniquely present in the rodent Bartonella species and contained many phage 
genes. The divergences in this island were significant among strains, showing that this 
genomic island was quite dynamic.  
 
B. tribocorum vs. B.grahamii 
  The relationship between B. tribocorum and B. grahamii was quite ambiguous according to 
several individual trees based on separated loci, such as locus 2 and 5 (Figure 6). If regarding 
B. tribocorum as an Asian B. grahamii strain, or regarding the Asian strains as B. tribocorum 
strains, these individual trees seemed also reasonable. From the CGH map (Figure 3), I found 
that the Asian strains were quite different from the American/European strains even in core 
genome regions. The B. tribocorum also showed large differences from the 
American/European strains in core genome regions while seemed similar to the Asian strains 
(Berlund E and Xie Z, personal communication, not showed in the microarray map here). But 
since I have not done the hybridization between B. tribocorum and B. grahamii and there was 
only one B. tribocorum strain in this study, the relationship between B. grahamii (Asian group) 
and B. tribocorum is not sure.  
   However, there could be another explanation. In the consensus tree, B. tribocorum was 
separated from B. grahamii strains with the bootstrap value 100, showing these two species 
were not mixed on the whole. A previous study had shown that B. tribocorum and B. 
grahamii could infect the same host (Inoue et al., 2008), which could enable recombination 
between these two species. For example, in locus 5, the recombination probably happened 
between B. tribocorum and Fuji4-1 (Figure 6). 
 
Dynamic Asian strains 
  From this study, I found three interesting points concerning the Asian strains: the frequent 
recombination among Asian strains, the possible recombination between Asian strains and B. 
tribocorum, and the phage-related protein or integrase sequences in some or all the Asian 
strain. These observations indicate that the Asian strains were quite dynamic.  
 
Future study  
  In the future, it would be interesting to study more B. tribocorum strains to investigate the 
relationship between B. tribocorum and B. grahamii. Interesting genes in the microarray study 
can be investigated to view their function and gene expression during infection. 
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Materials and Methods 
 
Bacteria 
  26 B. grahamii strains were collected from seven countries, China, Japan, Canada, USA, 
Russia, Sweden and UK, and five host genuses, Apodemus, Myodes, Microtus, Arvicola and 
Microtus (Figure 1,Table 2). These strains were provided by Michael Y. Kosoy, Richard 
Birtles, Soichi Maruyama, Martin Holmberg, and Culture Collection, University of Goteborg, 
respectively (Table 2). 
 
Culture of strains and DNA isolation 
  All Japanese strains, V2 and Mo12494sd, were cultivated by Fredrik Granberg on blood 
agar plates containing 5% horse blood in a 5% CO2-enriched atmosphere. Bacteria from each 
plate were collected by myself in 1.5 ml 1xPBS (3 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 
0.24 g/L KH2PO4, pH=7.4) with the help of sterile loop. All the cell suspension was added to 
a 1.5 ml centrifuge tube followed by DNA isolation with AquaPure Genomic DNA Kit (BIO-
Rad) according to the Protocol for Extraction of DNA from Gram-Negative Bacteria. 
 
Multispacer typing and multilocus sequence typing 
  I collected sequence data from 11 selected loci for a representative sample of strains (Table 
3), among which three loci aimed to sequence part of each genes (batR, cycK and hypo1 in 
Table 3), using MLST and eight loci aimed to sequence each of the whole spacers (aldA-ftsK1, 
cspA-carB, etc in Table 3), using MST (Some fragment of the genes before or/and after the 
spacer was also sequenced and included in the analysis). 
  A PCR mix contained 0.4 mM of each primer, 0.4 mM dNTP (dATP, dGTP, dCTP and 
dTTP) mix, 2% dimethyl sulfoxide, about 0.1 ng/µl template, 0.05 U/µl AccuTaq LA DNA 
polymerase (Sigma), and 1× AccuTaq LA buffer (with MgCl2, Sigma). The reaction 
conditions were 96˚C for 30 s; 33 cycles of 94˚C for 30 s, 53-54˚C for 45 s and 68˚C for 1 
min/kb; followed by a final extension step at 68˚C for 15 min. Amplication products were 
purified by filtering through a MANU030 PCR plate (Millipore Corporation) forced by 
vacuum. The sequencing reaction was performed with 1.0 µl  of PCR products, 0.25 µM of 
one of the primers used for the PCR above, 1× sequencing buffer (Applied Biosystems) and 
0.5 µl  of BigDye ready reaction premix containing labelled dideoxynucleotides and the 
enzyme. The reaction conditions were 30 cycles of 95˚C for 30 s, 94˚C for 25 s, 50˚C for 15 s, 
and 60˚C for 2 min. The products was harvested by adding 10 µl water and were purified by 
centrifugation for 5 min at 2,400 rpm through cleaned Sephadex G-50 Superfine columns 
placed in Multiscreen filter plates (Millipore Corporation). The purified products were 
sequenced by the technician with the 3730×1 DNA Analyzer. 
 
Analysis of multispacer typing and multilocus sequence typing data 
  The sequences were assembled with Phred, Phrap, and Consed (Ewing and Green, 1998; 
Ewing et al., 1998; Gordon et.al., 1998), and multi-alignment was done using Prank+F. For 
locus 1, 2 and 4, only part of each gene was sequenced, alignment were done again by 
Prank+F (Loytynoja and Goldman, 2008) using a parameter ‘-translate’ to get the right 
alignment result according to the protein alignment. For other loci, both the spacers and 
adjacent genes were sequenced. Gene alignment was done as described above. The alignment 
of spacers was done without the parameter ‘-translate’. To get more information for the loci 
mainly having spacers, adjacent genes (if not too short) were also included in the analysis by 
concatenating the gene alignment(s) with the spacer alignment to get a consensus alignment. 
The corresponding homologous region in B. tribocorum and B. vin_winnie were obtained 
using Local Blast. Individual phylogenetic trees for each were made based on the alignment 
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using Phyml (Guindon and Gascuel, 2003) with 100 bootstrap replicates and a consensus 
phylogenetic tree was made based on the alignment concatenating all the loci. To get trustable 
phylogenetic trees, gaps in the alignments were removed and trees were made using the same 
method as above. Alignment in each locus was detected by Recombination Detection 
Program (RDP) to check if there were some recombination events among strains (Martin et 
al., 2005). 
 
Microarray comparative genomic hybridization (CGH) and data analysis  
  Microarray analysis was carried out essentially as described by Lindroos H (Lindroos et al., 
2005; Lindroos et al., 2006). 
  Genomic DNA from B. grahamii isolate as4aup was used as reference in all hybridizations 
and two or three hybridizations were performed for each strain. The arrays were produced by 
KTH Royal Institute of Technology and each array contained probes representing 1670 genes 
(96% of the predicted genes in B. grahamii), 91 pseudogenes and 997 spacers of B. grahamii.  
  The arrays were pre-hybridized at 42°C for 45-60 min in 3× SSC (0.45 M NaCl, 0.045 M 
trisodium citrate), 0.1% sodium dodecyl sulfate (SDS) and 0.1 mg/ml bovine serum albumin. 
Then they were transferred to 0.1× SSC and incubated at room temperature for 2× 5 min, 
followed by transferring to purified water and incubating at room temperature for 30 s. 
Finally, the arrays were centrifuged to dry and ready for use. 
  To fluorescence label the DNA, 2 µg of genomic DNA from the test strain or reference 
strain was mixed with 8 µl of a 2.5× reaction mix (with random primer) (BioPrime DNA 
labeling kit; Invitrogen) in a total volume of 7.7 µl of water. The mixture was boiled for 5 min, 
and placed on ice for 2 min. The primed DNA was then mixed with 0.8 µl of a 25× nucleotide 
mix (12.5 mM dATP, dCTP, and dGTP; 5 mM dTTP), 2 µl of 1 mM Cy3- or Cy5-dUTP 
(Amersham Biosciences), and 0.5 µl of the Klenow enzyme (BioPrime DNA labeling kit; 
Invitrogen). The sample was incubated for 1 h at 37°C, and the reaction was stopped with 2 µl 
of Stop Buffer (BioPrime DNA labeling kit; Invitrogen).  
  DNA samples of test strain and reference strain that were labeled by different dyes were 
combined (1: 1) and then the mixture was cleaned with the MinElute reaction cleanup kit 
(QIAGEN) and eluted in 10 µl of buffer EB (QIAGEN). 9 µl such DNA mixture was mixed 
with 51 µl hybridization solution containing 5× SSC, 0.1% SDS, 0.1 mg/ml sonicated salmon 
sperm DNA and 20% formamide and heated at 95˚C for 1 min. The 60 µ l mixture was 
applied to the space between the array slide and coverslip, which was then placed in an 
airtight box and hybridized overnight at 42˚C. Afterwards, the slides were washed in the dark 
by first dipping them in 2× SSC–0.1% SDS at 42°C until the coverslip came off, then in 2× 
SSC–0.1% SDS at 42°C for 5 min, followed by washing with 0.1×SSC–0.1% SDS at room 
temperature for 2× 5 min, and washing with 0.1×SSC at room temperature for 4× 1min, and 
finally rinsing in 0.01×SSC for 10 s. Samples were then spun dry by a slide spinner (Labnet 
International Inc.). For each test strain, the experiment was repeated at least twice by 
swapping the dyes between test strain and reference strain. 
  Scanning and image analysis were performed with a GenePix 4100A scanner and the 
GenePix Pro 5.1 software (Axon Instruments, Molecular Devices) at a resolution of 10 µm. 
Photomultiplier tube voltage was manually adjusted to get balanced intensities of laser-
excited fluorescence for each dye on the microarray and to avoid a high number of saturated 
spots. Then a grid, i.e. an array list with probe information, was loaded to the scanned array, 
and the shape of this grid was adjusted to make each individual spots fit to the right position. 
Then the grid was aligned and each spot was marked. Spots with bad quality, such as those 
with weak signal or those that were contaminated, were flagged ‘bad’ automatically or 
manually. Then the whole array was analyzed by the software and gene content information 
was generated. After normalization, the microarray results were visualized into a circle map 
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by a perl program developed by Hillevi L and maximum parsimony analyses of the CGH data 
were performed using the PHYLIP programs pars, seqboot, and consense (Felsenstein, 2005) 
with 1,000 bootstrap replicates and 100 random orderings of strains. 
 
Table 2. 26 B. grahamii strains in this study. 
No. Strain Origin Host animal Provider 
1 Ap1714yn Jianchuan, Yunnan, China  Apodemus latronum Michael Y. Kosoy1 
2 Ac1733yn Jianchuan, Yunnan, China  Apodemus chevrieri  Michael Y. Kosoy 
3 Hokkaido29-1 Hokkaido, Japan Apodemus speciosus Soichi Maruyama2 
4 Nagano14-1 Nagano, Japan Apodemus speciosus Soichi Maruyama 
5 Fuji4-1 Shizuoka, Japan Apodemus speciosus Soichi Maruyama 
6 Ehime5-1 Ehime, Japan Apodemus speciosus Soichi Maruyama 
7 Nakanoshima39-1 Kagoshima, Japan Apodemus speciosus Soichi Maruyama 
8 Cg4228alb Alberta, Canada  Myodes gapperi Michael Y. Kosoy 
9 Cg4227alb Alberta, Canada  Myodes gapperi Michael Y. Kosoy 
10 Cg4224alb Alberta, Canada Myodes gapperi Michael Y. Kosoy 
11 Cg4263alb Alberta, Canada Myodes gapperi Michael Y. Kosoy 
12 Cg4285alb  Alberta, Canada Myodes gapperi Michael Y. Kosoy 
13 Mo12658sd South Dakota ,USA Microtus ochrogaster Michael Y. Kosoy 
14 Mo12494sd South Dakota, USA  Microtus ochrogaster Michael Y. Kosoy 
15 PTZA30/3 Moscow, Russia  Apodemus flavicollis Michael Y. Kosoy 
16 PTZB29/18 Moscow, Russia  Apodemus uralensis Michael Y. Kosoy 
17 As4aup Håtunaholm,Sweden Apodemus sylvaticus Martin Holmberg3 
18 MAC29 Reisa Mhic Phaidean, UK Arvicola terrestris Richard Birtles4 
19 WM11 Brimstage, England,UK Apodemus sylvaticus Richard Birtles 
20 V2 Shropshire, UK Myodes glareolus CCUG5 
21 C162 Kielder Forest, England, UK Microtus agrestis Richard Birtles 
22 J142 Kielder Forest, England, UK Microtus agrestis Richard Birtles 
23 C066 Kielder Forest, England, UK Microtus agrestis Richard Birtles 
24 R170 Kielder Forest, England, UK Microtus agrestis Richard Birtles 
25 J019 Kielder Forest, England, UK Microtus agrestis Richard Birtles 
26 S116 Kielder Forest, England, UK Microtus agrestis Richard Birtles 

1. Michael Y. Kosoy, Division of Vector-Borne Infectious Diseases, Centers for Disease Control and Prevention, 
Fort Collins, Colorado. 2. Soichi Maruyama, Department of Veterinary Medicine, Nihon University 3. Kai Inoue, 
Department of Veterinary Medicine, Nihon University; 4. Richard Birtles, Department of Veterinary Pathology, 
Univ. of Liverpool; 3. Martin Holmberg, Department of Medical Sciences, Uppsala University; 5. Culture 
Collection, University of Goteborg.
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Table 3. 11 selected loci used for multilocus sequencing typing and multispacer typing.  
Locus Target Forward primer Reverse primer Position Length 
1 hypo1* ATGCACAGCTTTCTGG

TCG 
TCCTGCAATAAAACCAT
TTGC 

61980-
62569 

590 

2 batR CAATGGTGCGATCATC
TACG 

CGTCTTTATCTTTTGCG
CTTG 

82634-
83188 

555 

3 aldA-ftsK1 TGTTTTCCATTTTTGA
AACGC 

CTTCTCTTGATGCACCT
TTCG 

473804-
474528 

724 

4 cycK GCGCTGCTTACTTTTT
CCC 

TCTTTCCCCATAGATCC
GC 

622897-
623476 

579 

5 cspA-carB TGAATCCGAAACCTTT
TGTTG 

TTGGCTTTTCTGTTGTC
GC 

679948-
680564 

617 

6 pssA-hypo2* TAGGCGCTCTTGGTTT
GG 

TGGACGAGCCATTCTGT
TATC 

732607-
733333 

727 

7 uvrC-hypo3* TGAAATGCGTATCCGA
AAAAG 

CAATCATCCGGTAAACC
CC 

776000-
776747 

748 

8 maeB2-acP2 TTTTCGTGATCGTGTT
TTTCC 

GCCTGTTTTAAGGCAAC
GAG 

1305864-
1306586 

723 

9 Pgk-Gap ACCCCATCACTGCTTC
CTC 

CGCGTTTTGGTTTGGTA
TG 

2129527-
2130131 

605 

10 dnaJ2-cobS GCAAAGATTCGCTCTG
GAAC 

ATAGCCAGAAACCATC
ACACG 

2239355-
2240042 

688 

11 hypo4*-hypo5* CAAGGATTTCGTGCCC
C 

TTATGTTTCGCGGTTGT
TCTC 

2273630-
2274400 

771 

The target (genes or spacers), primers, positions and lengths in this table referred to the Swedish strain As4aup. 
*hypo: hypothetical protein coding gene 
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