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Bartonella henselae is present in a wide range of wild and domestic feline hosts and causes cat-scratch disease
and bacillary angiomatosis in humans. We have estimated here the gene content of Bartonella koehlerae, a novel
species isolated from cats that was recently identified as an agent of human endocarditis. The investigation was
accomplished by comparative genomic hybridization (CGH) to a microarray constructed from the sequenced
1.93-Mb genome of B. henselae. Control hybridizations of labeled DNA from the human pathogen Bartonella
quintana with a reduced genome of 1.58 Mb were performed to evaluate the accuracy of the array for genes with
known levels of sequence divergence. Genome size estimates of B. koehlerae by pulsed-field gel electrophoresis
matched that calculated by the CGH, indicating a genome of 1.7 to 1.8 Mb with few unique genes. As in B.
quintana, sequences in the prophage and the genomic islands were reported absent in B. koehlerae. In addition,
sequence variability was recorded in the chromosome II-like region, where B. koehlerae showed an intermediate
retention pattern of both coding and noncoding sequences. Although most of the genes missing in B. koehlerae
are also absent from B. quintana, its phylogenetic placement near B. henselae suggests independent deletion
events, indicating that host specificity is not solely attributed to genes in the genomic islands. Rather, the
results underscore the instability of the genomic islands even within bacterial populations adapted to the same

host-vector system, as in the case of B. henselae and B. koehlerae.

Comparative whole-genome microarray hybridization has
revealed differences in the contents of genes and genomic
islands (GEISs) in closely related strains or species with differ-
ent host ranges and virulence characteristics (11, 15, 17, 22, 23,
25, 29, 35, 44, 52, 55). The GEIs may contain bacteriophage
and plasmid genes and are typically flanked on one side by a
tRNA gene and on the other by an integrase gene (21). The
islands are integrated into the chromosome by site-specific
recombination, stabilized by loss of genes for replication, and
modified by insertion of other DNA elements (14). After ex-
cision from the chromosome with the aid of the integrase
protein, GEIs may be exchanged among bacterial cells via
horizontal gene transfer (14). Proteins encoded by the GEIs
are thought to increase fitness characteristics in one or more
growth environments and in the case of intracellular bacteria
they may play a role in host adaptation.

The genus Bartonella belongs to the a-proteobacterial sub-
division and contains approximately 20 arthropod-borne facul-
tative intracellular species identified in a broad range of mam-
mals. Small rodents, squirrels, dogs, cats, deer, and mice are
common hosts for Bartonella species. Wild and domestic cats
serve as the natural reservoir for Bartonella henselae, which
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establish long-term infections in erythrocytes typically without
inducing disease symptoms. If transmitted to humans, which
are only an incidental host, B. henselae may cause cat-scratch
disease, bacteremia with fever, bacillary angiomatosis, and pe-
liosis, endocarditis, and neuroretinitis (12). Bartonella quintana
is a louse-borne human pathogen and the causative agent of
trench fever, as well as bacillary angiomatosis and endocarditis
(12).

Complete genome sequence data are available for the
1.93-Mb genome of B. henselae and the 1.58-Mb genome of B.
quintana (1). Present in the B. henselae genome is a prophage
and three main GEIs (HGIa to -c) that are flanked by tRNA
and integrase genes. The largest genomic island (HGIa) is 72
kb and contains genes for phage proteins interspersed with
multiple genes for filamentous hemagglutinin. Surprisingly, the
B. henselae GEIs are absent from the louse-borne human
pathogen B. quintana, suggesting that they are not pathogenic-
ity islands (PAIs) of the classical type that encode virulence
factors causing human disease (1).

Another interesting region is the so-called chromosome II-
like segment, which is defined as the region flanked on one side
by an TRNA operon and on the other side by a tRNA™" gene
(from 1,409 to 1,673 kb in the B. henselae genome) (1). This
segment contains a second rRNA operon, as well as Bartonella-
specific genes and homologs to genes located on the second
replicon of Brucella. It is hypothesized that it was acquired by
recombination of a second replicon into the main chromosome
of an ancestral Bartonella genome at the site of the rRNA
operon (1).

A few genes in this segment show similarity to genes nor-
mally located on plasmids, a finding indicative of frequent
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exchanges with plasmids. One of these, the vapAS gene, en-
codes a protein with similarities to the hig4 gene of plasmid
Rtsl, which together with the killer protein HigB forms a
plasmid maintenance system (8, 50). The vapAS gene is located
within a cluster of more than 10 short open reading frames in
B. henselae, none of which is present in B. quintana (1). It is
conceivable that the vapAS gene and the surrounding short
open reading frames are the remainders of an integrated plas-
mid that is no longer essential and therefore in the process of
being lost.

The chromosome II-like segments are 195 and 274 kb and
have coding contents of only 40 and 50% in B. quintana and B.
henselae, respectively. As in the case of GEIs, the rate of
sequence loss in the chromosome II-like region is more pro-
nounced in the louse-borne human pathogen B. quintana (1).
Dramatic gene loss has previously been associated with the
emergence of the louse-borne human pathogen Rickettsia
prowazekii, the agent of epidemic typhus (4, 33). Comparative
sequence analysis has shown that sequence elimination in Rick-
ettsia is mediated by a mutational bias for short deletions,
leading to a gradual deterioration of inactivated gene se-
quences (3, 5, 6). A hypothesis is that adaptations to host-
restricted vectors, such as lice, are associated with accelerated
rates of genome degradation (1).

Genome size variations for species with different host pref-
erence patterns have also been reported for Bordetella, where
gene loss, rather than gene gain, has been associated with the
emergence of human pathogens (11, 34). Other paradigmatic
examples are those of Shigella flexneri and Salmonella enterica
serovar Typhi that have accumulated many pseudogenes and
presumably have specialized in human infections (13, 51).

Because it is of general interest to examine the genome
content of closely related bacterial species with different host
association patterns, we compared the contents of the se-
quenced genomes of B. henselae and B. quintana with that of a
third species, B. koehlerae, which has been isolated from do-
mestic cats (16, 41) and was recently associated with a case of
human endocarditis (7). Thus, the definitive host for both B.
henselae and B. koehlerae is the cat, with incidental infections
in humans. Phylogenetic analyses suggests that B. koehlerae is
an early diverging sister clade of B. henselae to the exclusion of
B. quintana (16, 19, 24, 26, 54). We refer here to the sister taxa
B. henselae and B. koehlerae as feline pathogens, with the
outgroup species B. quintana being referred to as a human
pathogen.

Based on the genome sequence of B. henselae, we have
constructed a whole-genome microarray, which was here used
to investigate the gene content of B. koehlerae. Sequences
absent in B. koehlerae were mostly confined to regions in the
chromosome II-like region and the GEIs of B. henselae. The
results are discussed in the context of the possible role of GEIs
in Bartonella with respect to virulence, host specificity, and
persistence of the infection.

MATERIALS AND METHODS

Culture of the strains and DNA isolation. The strains used in the present
study—aB. quintana (strain Toulouse), B. koehlerae, and B. henselae (strain Hous-
ton-1)—were kindly provided by Scott A. Handley (National Center for Infec-
tious Disease, Atlanta, GA) and Martin Holmberg (Uppsala University Hospital,
Uppsala, Sweden). Bacteria were grown for 7 to 14 days on blood (B. henselae
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and B. quintana) or chocolate (B. koehlerae) agar plates containing 5% horse
blood at 35°C in a 5% CO,-enriched atmosphere. Bacteria from each plate were
collected with the help of sterile cotton applicators and suspended in 500 pl of
phosphate-buffered saline. After centrifugation, DNA was isolated with Aqua-
Pure DNA Isolation Kit (Bio-Rad, Hercules, CA) according to the manufactur-
er’s instructions. The precipitated DNA was resuspended in 100 ul of DNA
hydration solution (Bio-Rad) to a final concentration of 300 to 1,000 pg/ml per
plate.

PFGE analysis. Bacteria grown on horse blood agar plates for 2 weeks at 35°C
were washed in TNE buffer (10 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA)
and centrifuged; washes were repeated twice. Plugs were made by using 2%
SeaPlaque GTG agarose (Cambrex BioScience) in 0.5X Tris-borate-EDTA
(TBE) buffer as described previously (10). Ready plugs were then stored in 0.2
M EDTA (pH 8.0) at 4°C until used. Prior to digestion with restriction endo-
nucleases, the plugs were cut into 1- to 2-mm-thick slices, and each slice was
preequilibrated in 1 ml of TE buffer for 30 min on ice and then in 100 pl of the
appropriate restriction buffer for 15 min. Restriction reactions were then per-
formed with 20 U of Notl or Ascl (New England Biolabs) in a total volume of
100 pl at 37°C overnight. The slices were then preequilibrated in 1 ml of gel tank
running buffer (0.5X TBE) for 30 min on ice. The DNA fragments were sepa-
rated by electrophoresis in 1.2% agarose (SeaKem Gold; Cambrex Bio Science)
in 0.5X TBE buffer in GenNavigator System apparatus (Amersham Biosciences,
Uppsala, Sweden) at 14°C and 5.1 V/em for a total of 55 h split into six phases:
5sfor 6 h, 60 s for 8 h, 90 s for 10 h, 100 s for 12 h, 120 s for 120 h, and 150 s
for 5 h. The gels were then stained with ethidium bromide (0.5 pg/ml) for 30 min
and destained in two washes of deionized water, with 20 min for each wash. The
sizes of the fragments were estimated by using pulsed-field gel electrophoresis
(PFGE) \-ladder and Yeast Chromosome PFG marker (New England Biolabs).

Bartonella DNA array design and construction. A total of 1,650 sequences
from the B. henselae Houston-1 strain were amplified by PCR. These included
174 sequences from 139 noncoding regions and 1,476 sequences from 1,365
genes, which represent 92% of the B. henselae predicted coding regions. Primers
were designed with PrimeArray (37) and Primer3 (43). External tags were ap-
pended to all primers, and the original PCR products were subjected to a second
amplification with primers complementary to the tags in order to achieve even
product concentrations. The sizes of the PCR products ranged from 75 to 1,745
bp, with a mean of 502 bp. PCR products covering areas of homology between
genes were included in the analysis, but these were handled separately from
single-copy sequences (see Results).

PCR products were purified with the Multiscreen PCR 96-well filtration sys-
tem (Millipore), dissolved in 30% dimethyl sulfoxide, and spotted on Ultra-
GAPS-coated slides (Corning, Inc.) in six replicates. Slides were UV cross-linked
at 300 X 100 pJ/cm? in a Spectrolinker XL-1500 UV cross-linker (Spectronics
Corp.) and prehybridized for 45 min with 3X SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS)-0.1 mg of bovine
serum albumin (BSA)/ml at 50°C and then washed with water and isopropanol
and centrifuged dry.

Fluorescence labeling of genomic DNA. We mixed 2 pg of genomic DNA from
B. henselae, B. quintana, or B. koehlerae with 8 pl of a 2.5X random primer-
reaction mix (BioPrime DNA labeling kit; Invitrogen) in a total volume of 7.7 .l
of water, boiled the mixture for 5 min, and placed it on ice. The primed DNA was
mixed with 0.8 ul of a 25X nucleotide mix (12.5 mM dATP, dCTP, and dGTP;
5mM dTTP), 2 pl of 1 mM Cy3- or Cy5-dUTP (Amersham Biosciences), and 0.5
wl of Klenow enzyme (BioPrime DNA labeling kit; Invitrogen). The sample was
incubated for 1 h at 37°C, and the reaction was stopped with 2 ul of Stop Buffer
(BioPrime DNA labeling kit; Invitrogen). Labeled samples to be cohybridized
were combined and cleaned with the MinElute reaction cleanup kit (QIAGEN)
and then eluted in 10 pl of buffer EB.

Microarray hybridization. The labeled DNA was mixed with 90 wl of hybrid-
ization solution (3X SSC, 0.1% SDS, 0.1 mg of sonicated salmon sperm DNA/
ml) and heated at 95°C 1 min before application to the slide. Slides were
hybridized for 15 h at 50°C and washed in the dark by first dipping them in 2X
SSC-0.1% SDS at 50°C until the coverslip moved away and then keeping them
in 2X SSC-0.1% SDS at 50°C for 5 min, followed by treatment for 10 min with
0.1X SSC-0.1% SDS at room temperature, four 1-min washes in 0.1X SSC at
room temperature, and finally a rinse in 0.01X SSC for 5 to 10 s. Samples were
then spun dry by using a slide centrifuge.

Scanning and quantification. Slides were scanned with a ScanArray 4000
scanner (Packard BioChip Technologies/Perkin-Elmer, Inc.) using the Scan-
Array Express (version 2.1) software (PackardElmer, Inc.) at a resolution of 10
wM. Photo multiplier tube voltage (PMT) was manually adjusted to balance
intensities in the two channels while avoiding a high number of saturated spots.
Quantification of scanned images was also performed with ScanArray Express
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with the following settings: spot diameter, 130 wm; maximum diameter, 120%;
and minimum diameter, 80%. Spots were automatically flagged as bad if the spot
mean was =1.70 times the background mean or if the spot mean was <400 plus
the background mean (limits chosen after manual inspection). Spots were also
visually inspected and adjusted or flagged if necessary. For all hybridizations
(except the comparison of the sequenced versus array reference strains of Hous-
ton-1) Chl denotes the reference B. henselae Houston-1 strain and Ch2 is the test
strain (B. quintana or B. koehlerae).

Filtering and normalization. Data were analyzed by using the statistics pro-
gram R (http:/www.R-project.org) with custom-made scripts. Spots flagged as
“bad” or as “not found” during quantification were removed before analysis, as
were also spots with very low Chl intensities because low-intensity spots are less
reliable due to the large relative contribution of background noise (28, 36). Spots
were removed if Ch1l median spot intensity was less than three times higher than
Chl median background intensity; if less than 90% of the spot pixels had an
intensity that was higher than the background intensity plus one standard devi-
ation or if less than 70% of the spot pixels had an intensity higher than the
background intensity plus two standard deviations. Spots that were saturated in
either channel (more than 15% of the pixels saturated) were also removed since
they may give erroneous intensity measurements (36).

For hybridizations with B. koehlerae and B. quintana, only 3 and 4%, respec-
tively, of the 9,882 spots with successful PCRs were filtered out compared to 97%
of the 60 negative control spots containing only H,O or the PCR mix and 32%
of the 1,530 spots represented by negative PCRs. The filtered spots, as well as the
spots representing negative controls and PCRs, were removed prior to the
analysis.

After correction of median intensities, M values were calculated as log,(Ch2/
Chl). Normalization was performed by shifting the distribution of M values such
that the peak (identified by Gaussian kernel density estimation), corresponding
to the majority of genes, was centered at M = 0. The density peak was used
instead of the mean or median since the distribution of M values was skewed due
to the high proportion of absent or divergent sequences. Plots of M versus
log,Ch1 did not reveal any significant intensity-dependent dye bias, and lowess
normalization was not performed [plots of M value versus average intensity A,
where A = 0.5(log,Chl + log,Ch2), were biased by the high proportion of
absent or diverged genes having low values for both M and A].

Identification of putatively cross-hybridizing sequences. Sequences amplified
by PCR were scanned for potential cross-hybridization through a BLASTN (2)
search of the sequence fragment against the sequenced Houston-1 genome. For
each hit, a global alignment of the PCR-amplified sequence to the corresponding
region of the genome was performed with the Needleman-Wunsch algorithm
(32) with the EMBOSS program needle (39). The copy number of an amplified
sequence in the Houston-1 genome was defined as the number of BLAST hits
with lengths of more than 100 bp and at least 80% sequence identity, or a global
alignment identity of >75%, based on previous reports on hybridization speci-
ficity (9, 11, 15, 18, 35, 53) and the control hybridizations with B. quintana. The
results for sequences with a copy number higher than one were considered
uncertain since a low M value could be due to a lower copy number rather than
total absence of the sequence in the tested strain.

In addition, the experiments showed that the Houston-1 strain used as a
reference for the microarray hybridizations (here called Aref) was different in
two regions from the Houston-1 genome sequence, which was used for primer
design and PCR amplification. A 10-kb region (bases 1159960 to 1169928 in the
genome sequence, GenBank BX897699) was found to be duplicated in the
Houston-1 (Aref) strain compared to the sequenced strain. In addition, the
Houston-1 (Aref) strain was found to have a deletion of 10 kb (bases 204395 to
214491 in the genome sequence, corresponding to surface proteins). Both the
deletion and the duplication were flanked by repeats and were confirmed by PCR
and sequencing, as well as by a cohybridization of the two Houston-1 strains to
the microarray (which revealed no further differences). PCR products in these
regions were assigned copy numbers 0 and 2, respectively.

Absence/presence analysis. Normalized M values from four hybridization ex-
periments, with each array containing six replicates were combined, by taking the
mean value. Sequences were considered absent if the mean M value was less than
—2 (49). At this cutoff level, the specificity and detection sensitivity were esti-
mated to be 99.0 and 87.1%, respectively, for single-copy sequences in B. quin-
tana with a sequence identity of =75% to the orthologous B. henselae sequences
(see Results).

The sequence divergence for orthologs in B. koehlerae and B. henselae is
slightly lower than for B. quintana and B. henselae; the mean substitution fre-
quency at nonsynonymous sites is 0.018 for B. koehlerae and B. henselae com-
pared to 0.023 for B. quintana and B. henselae, as inferred from a concatenated
sequence consisting of the ftsZ, gltA, groEL, ribC, and rpoB genes. To adjust for
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this lower divergence level, it may be more appropriate to use a slightly lower
cutoff level for B. koehlerae since the M values are normalized at 0 for the
“typical” sequences. In B. quintana, an M value of 0 corresponds to ca. 88%
sequence identity, with orthologous sequences of >96% identity having a median
M value of 1.12. The corresponding orthologs in B. koehlerae have a median M
value of only 0.41. From this comparison, we have estimated that a cutoff level
of —2 in B. quintana should correspond to an M value of —2.7 in B. koehlerae.

Because the cutoff levels are set somewhat arbitrarily, we included estimates of
gene absence based on M values of both —2 and —2.7 for B. koehlerae sequences,
so as to reflect the upper and lower boundaries of the inferred gene absences.
For genes represented by several PCR products, a majority decision was made
based on the absence or presence designation of the individual single-copy
sequences. PCR products derived from multicopy sequences were used only
when no PCR products from single-copy sequences were available for a gene.

PCR verification. Attempts were made to verify the presence of genes in B.
koehlerae that are absent in B. quintana with PCR using selected combinations of
nondegenerate primers designed from the B. henselae genome sequence and
used to generate the spotted PCR products (see Table S1 in the supplemental
material).

Deposition of microarray data in the public databases. The microarray data
have been deposited in the microarray database at EBI under the accession
numbers E-MEXP-207 for the array design and E-MEXP-331 for the experi-
mental data.

RESULTS

Estimated accuracy of the Bartonella genome hybridization
experiments. To screen for regions that are putatively absent in
strains and species that are closely related to B. henselae, we
developed a microarray chip containing PCR products from
1367 genes and 112 noncoding regions of B. henselae. The
genes included in the array represent 92% of the 1,491 genes
identified in the B. henselae genome (1). The performance of
the array was estimated through a series of control hybridiza-
tions with B. quintana DNA to the B. henselae microarray. The
hybridization results were verified with the aid of the published
genome sequence for the same B. quintana strain (1).

The identity for PCR-amplified genes that are positional
orthologs in B. henselae and B. quintana ranged from 42.3 to
97.9%, with a mean of 86.8% and a median of 88.4%. For
PCR-amplified sequences in B. henselae genes without a posi-
tional ortholog in B. quintana, the identity ranged from 34.6 to
77.7%, with a mean of 43.7% and a median of 42.5%. The
control hybridizations showed that the M value (log ratio),
which is a measure of the relative intensity of the signal, was
approximately proportional to the percent sequence identity
for sequences with >75% identity (Fig. 1). Here, sequence
identity is defined as the number of identities divided by the
length of a global alignment of the PCR-amplified sequence to
the B. quintana genome in a region surrounding the first
BLAST hit. Sequences with <75% identity were considered
absent from B. quintana based on the distribution of sequence
similarities for B. henselae genes with or without orthologs in B.
quintana. Using a cutoff of 75%, which corresponds to an M
value of —2 (Fig. 1), 1,215 sequences were considered present,
whereas 431 sequences were considered absent in B. quintana.

A total of 1,428 successfully amplified sequences, represent-
ing 1,201 of the 1,491 genes and 59 intergenic regions, 19
pseudogenes, and 19 sequences bordering genes and intergenic
regions had a copy number of 1. A total of 218 probe se-
quences representing 169 genes were present in the B. henselae
Houston-1 genome more than once. Since cross-hybridization
is known to confound the signals for repetitive sequences, a
potential weakness is that single-copy genes in B. quintana and
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FIG. 1. Relationship between percent sequence identity in a global alignment of the B. henselae probe sequence to the B. quintana genome and
the relative signal (M = log,BQ/log,BH) from control hybridizations of B. quintana versus B. henselae.

B. koehlerae that are represented by multicopy genes in B.
henselae may be incorrectly classified as absent.

To estimate the severity of this limitation, we estimated the
performance of the hybridization experiments separately for
single- and multicopy sequences in B. henselae. Here, the spec-
ificity is defined as the number of PCR amplified sequences
correctly detected on the array divided by the total number of
such sequences considered present in the B. quintana genome.
The sensitivity is defined as the number of PCR amplified
sequences correctly reported as missing on the array divided by
the total number of such sequences considered absent in the B.
quintana genome.

For the single-copy sequences, we estimated the specificity
to be 99.0% (1,136 correctly detected/1,147 classified as
present by the 75% sequence criterion) and the detection sen-
sitivity to be 87.1% (242 reported missing/278 classified as
absent by the 75% sequence criterion). Only 52 of 65 se-
quences present in lower copy numbers in B. quintana were
correctly recognized as present, corresponding to an average
specificity for cross-hybridizing sequences of only 80%. The
sensitivity for the cross-hybridizing sequences was 90.2%, with
138 probes correctly predicted to be absent out of the 153
multicopy probes missing from the B. quintana genome.

The single-copy sequences correctly recorded as present and
absent on the array had average sequence identity values of
88.0 and 48.2%, respectively, whereas those incorrectly classi-
fied had average percent identity levels of 78.7% (falsely re-
corded as absent) and 60.3% (falsely recorded as present), i.e.,
the erroneous calls often represented borderline cases. PCR
products giving very strong hybridization signals to the

genomic DNA of B. quintana were found to correspond to
sequences with atypically high levels of sequence identity to
their homologs in B. henselae.

Genome size estimates of B. koehlerae. The genome size of B.
koehlerae relative to B. henselae was estimated from hybridiza-
tion experiments to the B. henselae custom microarray. The
lengths of the segments reported as absent were estimated by
defining the borders between absent and present sequences as
the midpoints between the corresponding probes. Upper and
lower boundaries in the classification of sequence absence
were inferred by including estimates based on cutoff levels of
both —2 and —2.7 in hybridizations with B. koehlerae DNA
(see Materials and Methods).

Using these criteria, 164 to 226 kb of sequence data was
estimated to be missing in B. koehlerae compared to 391 kb in
B. quintana. Of the absent sequences in B. quintana, 177 to 234
kb generated a positive hybridization signal to the genomic
DNA of B. koehlerae, whereas only 4 to 16 kb of the sequences
reported to be missing in B. koehlerae were present in B.
quintana. A more detailed comparison of the genome content
of B. koehlerae to that of B. henselae revealed that most of the
absent genes correspond to sequences in the GEIs or the
chromosome II-like region in the B. henselae genome. Approx-
imately 20 genes in other regions of the genome were also
reported missing in B. koehlerae.

From these results, the size of the B. koehlerae genome was
estimated to be 1.70 to 1.77 Mb compared to B. henselae and
to 1.76 to 1.81 Mb compared to B. quintana, which should be
considered a minimal estimate since genes uniquely present in
B. koehlerae are not represented in the B. henselae microarray.
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FIG. 2. PFGE-RFLP analysis of isolates of Bartonella. Lanes 1 and
8, DNA size standard (lambda ladder). Lanes 2 to 4 (digestion with
Ascl): lane 2, B. koehlerae; lane 3, B. quintana strain Toulouse; lane 4,
B. henselae Houston 1-980517. Lanes 5 to 7 (digestion with NotI): lane
5, B. koehlerae; lane 6, B. quintana strain Toulouse; lane 7, B. henselae
strain Houston 1-980517.

The genome size of B. koehlerae was also estimated to 1.7 to 1.8
Mb by PFGE analysis of DNA digested with the restriction
enzymes Ascl and Notl (Fig. 2). Thus, the estimates obtained
from the microarray and PFGE analyses are in agreement and
suggest that there are few, if any, unique sequences in B.
koehlerae. We conclude that the B. koehlerae genome is inter-
mediate in size (30) compared to the 1.58-Mb genome of B.
quintana and the 1.93-Mb genome of B. henselae (1).

Sequence loss in the GEIs of B. koehlerae. Notable was the
lack of hybridization of B. koehlerae to a majority of PCR
products generated from the 57-kb prophage region (Fig. 3,
left panel). Interspersed among putatively absent sequences in
this region were 24 to 30 PCR products from 12 to 15 segments
that yielded a positive hybridization signal, using M-value cut-
offs of —2 and —2.7, respectively. However, several of these
gave false-positive signals to the B. quintana DNA. Others
were present in B. henselae in multiple copies, indicating that
paralogs of these genes may be present in the phage region or
elsewhere in the B. koehlerae genome. This suggests that the
prophage is probably missing from the B. koehlerae genome
but as in B. quintana remnants of phage genes may still be
present in the genome.

In addition, B. koehlerae lacks most of the 72-kb genomic
island (HGIa) in B. henselae (Fig. 3, left side). The missing
genes include three copies of the fhaC/hecB and fhaB gene
clusters that code for a two-partner secretion system where the
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transporter encoded by fhaC/hecB mediates the secretion of
filamentous hemagglutinin encoded by fhaB. Each of the
fhaCB gene clusters is flanked on one side by a gene that is
repeated 20 times in the B. henselae genome; also, this gene
yielded no hybridization signal to the genomic DNA of B.
koehlerae. The middle segment of the genomic island HGIa,
which contains genes of unknown function as well as genes
coding for phage proteins, yielded a positive hybridization sig-
nal to B. koehlerae, but not to B. quintana consistent with the
absence of this segment in the B. quintana genome (Fig. 3, left
panel).

Of the 30 genes located within this segment, 14 are dupli-
cated and form part of the 3’ end of the prophage in B.
henselae. The hybridization experiments suggest that these are
present as single-copy genes in B. koehlerae. Since all of the 30
genes in the 72-kb island of B. henselae gave a positive hybrid-
ization signal to B. koehlerae, it seems most likely that part of
the island HGIa was retained in this species and that the entire
prophage region, including the duplicated segment, was lost.
Interestingly, the retained segment is flanked on one side by an
integrase gene in B. henselae, a finding indicative of a phage
integration event.

Approximately 20 short genes of unknown function at the
5'-terminal end of the 34-kb B. henselae genomic island
(HGIb) were not identified, although another 30 genes at the
3’ end of the island, most of which are Bartonella specific,
yielded a strong positive signal to the B. koehlerae genome
(Fig. 3, left panel). In this case, a tRNA gene is located in the
B. henselae genome at position corresponding to the down-
stream border of the segment that is missing in B. koehlerae.
One of the smaller genomic islands (HGIc, 9 kb in size) con-
tains a fourth fhaC/hecB gene, as well as disrupted fragments
of the fhaB gene in B. henselae, and appears to be entirely
missing from the B. koehlerae genome (Fig. 3, left panel).

However, since the fhaBC genes are multicopy sequences for
which the specificity was estimated to be only 80%, it is not
excluded that the fhaBC gene cluster is present as a single-copy
gene and incorrectly predicted to be absent in the B. koehlerae
genome. Partial retention of the prophage, as well as the
genomic islands, lends additional support to the hypothesis
that B. koehlerae is a genomic intermediate of B. henselae and
B. quintana, corroborating that the absence of the prophage in
B. quintana is due to gene deletion rather than to an infection
in B. henselae after its divergence from the other two species.

Sequence divergence and loss of Bartonella-specific genes in
the chromosome II-like segment. Overall, 75 and 98% of the
128 coding sequences in the chromosome II-like segment
yielded a positive hybridization signal in B. quintana and B.
koehlerae, respectively (Fig. 4a). A search for genes with an-
notated gene functions and host-specific hybridization patterns
(i.e., present in B. henselae and B. koehlerae but absent from B.
quintana) suggested five candidate genes at an M-value cutoff
of —2; however, only one was considered significant after a
more rigorous inspection.

Of these five genes, two were erroneously reported to be
missing in the B. quintana genome because of low levels of
sequence identity, 72 to 73%, which is below our cutoff level
for gene presence. In another two cases the hybridization sig-
nals were weak and no PCR products were obtained, suggest-
ing that the genes have been lost also from B. koehlerae. This
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FIG. 3. Regions missing from B. koehlerae in the B. henselae prophage, the genomic islands HGIa, HGIb, and HGIc (left panel) and the
chromosome II-like region (chrll) (right panel). Both panels show, from the top: repeat number of B. henselae sequences (the number at which
each sequence occurs in the genome with more than 80% sequence identity over 100 bp); the B. henselae genes on “+” and “—” strands (green,
annotated gene; pink, hypothetical conserved; yellow, Bartonella specific); expected array results for B. quintana (red, absent [<75% identity]; blue,
present [>75% identity]); obtained array results for B. quintana (red, absent [M < —2]; blue, present [M > —2]); and obtained array results for
B. koehlerae (red, absent [M < —2.7]; blue, present [M > —2.7]; pink, uncertain [M between —2.7 and —2]). In the right panel, the gene order
in B. quintana is shown above the B. henselae genes. Orthologous sequences are highlighted by vertical lines between genes in B. henselae and B.
quintana. Triangles show the position of tRNA genes and rhombi the position of integrase genes.

left one gene, parA1, which codes for a plasmid partitioning
protein, as putatively present in B. koehlerae (Fig. 3, right
panel), which was also confirmed by a PCR analysis. However,
the parA1 gene in B. henselae is shorter than normal and is not
flanked by a homolog to parB, as are most other parA genes,
indicating that it may be a pseudogene. Thus, it is highly un-
likely that the parA41 gene per se is involved in host specificity.

However, this entire region may stem from an integrated
plasmid, in which the parA41 gene mediated the partitioning of
the ancestral plasmid or replicon. Interestingly, the genes
flanking the parA gene display variable retention profiles (Fig.
3, right panel). These include seven genes in B. henselae and
four genes in B. quintana that encode Bartonella-specific effec-
tor proteins BepA-BepG that are translocated into the host
cell via the recently described type IV secretion system VirB/
VirD4 (45, 47). Positive hybridization results were obtained for
six of the bep genes in B. koehlerae compared to only one gene
in B. quintana. The lack of hybridization signals in B. quintana
is partially an effect of high sequence divergence levels, as
inferred from a K, value (substitution frequency at nonsynony-
mous sites) of 0.31 on the average compared to a K, value of
only 0.042 on the average for the genes virB2-4, virB6, and
virB8-11. The substitution frequencies at synonymous sites (K)
are similar for the virB and the bep genes (ranging from 0.40 to
0.82), with a K, /K ratio of 0.107 for the virB genes and 0.44 for
the bep genes, on average.

Upstream of the parA gene is another stretch of Bartonella-
specific genes, most of which are truly absent in B. quintana but
reported to be present in B. koehlerae by the microarray anal-
ysis (Fig. 3, right panel). This region contains several large
noncoding spacer sequences in B. quintana, a finding indicative
of recent gene degradation. Both of these two regions are
solely present in the feline-associated species. Finally, we ob-
tained conflicting hybridization signals for a few additional
genes, such as the multiple rwL genes. This is probably due
high copy numbers in B. henselae and high levels of sequence
divergences for orthologs (48).

Sequence divergence and loss of noncoding DNA. Species-
specific gene retention patterns may not solely be attributed to
different functional constraints but may also reflect species-
specific fixation rates for deletions. Of the 48 noncoding se-
quences in the chromosome II-like region, 52 to 71% yielded a
positive hybridization signal in B. koehlerae compared to only
13% in B. quintana (Table 1 and Fig. 4). Most of the missing
noncoding sequences in B. koehlerae were also considered to
be absent in the B. quintana genome, with additional sequences
reported missing in B. quintana. To distinguish the elimination
of noncoding sequences from false negatives caused by highly
diverged sequences, we examined the positions, lengths, and
hybridization signals for each of the 71 spacers represented on
the array.

Of the 54 spacers in all classified as absent in B. quintana by
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FIG. 3—Continued.

the microarray analysis, orthologs could be identified for the
flanking genes in 14 cases. From the remaining 40 spacers, 25
are located in the chromosome Il-like region and were lost due
to deletions or rearrangements involving associated coding se-
quences. The mean lengths of the 14 “absent” spacers flanked
by orthologous genes (only three of which are located in the
chromosome II-like region) were 784 bp in B. quintana and
1,780 bp in B. henselae. The difference in size indicates that

these spacers represent deteriorating sequences and that the
rate of sequence elimination is much higher in B. quintana than
in B. henselae.

Of the 17 spacers classified as present in B. quintana by the
array, orthologs could be identified for the flanking genes in 13
cases. As expected, the difference in size between the two
species was smaller for the present spacers with a mean length
of 659 bp in B. quintana compared to a mean size of 877 bp in
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FIG. 4. Content of coding (a) and noncoding (b) DNA in the chro-
mosome II-like region of B. henselae (BH), B. koehlerae (BK), and B.
quintana (BQ). Upper and lower levels for B. koehlerae show the
estimated number sequences classified as present based on M cutoff
values of —2.7 and —2, respectively.

B. henselae. The divergences for B. henselae and B. quintana
spacers reported to be present are on the average 60% iden-
tical over the entire spacer sequences or 74% identical over the
array probes. In comparison, the sequence identity for spacers
flanked by orthologs and reported to be absent by the array was
only 37% on the average over the entire spacer sequences or
41% over the array probes. We speculate that the most highly
diverged spacers represent the remains of longer sequences
that are deteriorating differently in the three species. In effect,
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nonorthologous sequences will be located at homologous po-
sitions, leading to negative hybridization results and errone-
ously high estimates of sequence loss.

DISCUSSION

In this study, we have characterized the genome content of
B. koehlerae by hybridization to a microarray containing PCR
products amplified from the 1.93-Mb B. henselae genome.
Since B. koehlerae has one of the smallest genomes of isolates
from feline blood samples (30; the present study), we antici-
pated this analysis to reveal the full extent of sequence loss in
bacterial populations adapted to hemotropism in feline hosts.
Thus, the results obtained should help define the natural vari-
ation for zoonotic agents associated with coincidental infec-
tions in humans.

Our study identified the GEIs and the chromosome II-like
region as the most variable segments among the three species
here analyzed, with B. koehlerae showing an intermediate re-
tention pattern of both coding and noncoding sequences.
Uniquely present in both of the feline pathogens B. koehlerae
and B. henselae are Bartonella-specific genes of unknown func-
tion in HGIb. Uniquely absent in both B. koehlerae and B.
quintana is the prophage, a majority of genes in HGIla and
HGlc, along with the 5'-terminal segment of HGIb, including
genes for filamentous hemagglutinin, and many sequences in
the chromosome II-like region.

When and how did these different genome variants arise?
Since B. koehlerae is a sister clade with B. henselae to the
exclusion of B. quintana (16, 19, 24, 26, 54), the absence of a
shared set of genes in B. koehlerae and B. quintana is most
readily explained by independent excision events mediated by
integrases. Given that more than 40 integrase gene remnants
are present in the B. henselae genome (1), many functional
integrases were presumably encoded by the ancestors of both
B. quintana and B. koehlerae, allowing independent excisions
and transfers of GEIs to other recipients.

TABLE 1. Preferential loss of pseudogenes, intergenic DNA, and genes of unknown function in B. koehlerae and B. quintana in the
chromosome II-like region (rRNA-tRNA)

No. of genes”

Sequence type Single copy Cross-hybridizing
B. henselae B. koehlerae B. quintana B. henselae B. koehlerae B. quintana
Annotated 53 53-53 48 7 4-7 3
Conserved hypo” 25 23-24 20 5 5-5 3
Bartonella specific 33 29-31 20 3 2-3 0
r/tRNA 0 0-0 0 2 2-2 4
Pseudogenes 5 3-3 3 6 1-3 0
Intergenic DNA 25 14-20 1 6 5 2
Mix? 3 0-1 0 3 2 0
Coding DNA 111 105-108 88 17 13-17 8
Noncoding DNA 33 17-24 3 15 8-10 2
Total 144 122-132 92 32 21-27 10

“The data are shown separately for sequences represented by single-copy and cross-hybridizing sequences in the 274-kb segment flanked by an rRNA and a

tRNA-Leu gene in the B. henselae genome.

The lower and upper estimates in B. koehlerae are based on M-value cutoff levels of —2 and —2.7, respectively.

The number of sequences classified as present by microarray hybridization in B. quintana is based on M-value cutoff levels of —2.
> The conserved hypothetical genes have homologs in other species but their function is not known.

¢ The Bartonella-specific genes are only present in one or more of the Bartonella species.

4 Mix, PCR products that cover both coding and noncoding sequences.
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Alternatively, sequences reported to be “absent” from the B.
koehlerae and B. quintana genomes may have been uniquely
acquired in B. henselae. However, arguing against a recent
phage integration event is the identification of phage remnants
in B. quintana (1) and of prophage sequences in the genome of
an outgroup species, B. grahamii (C. Frank and S. G. E.
Andersson, unpublished data). Furthermore, a phylogenetic
analysis of the phage lysozyme proteins indicate a complex
evolutionary scenario with multiple, ancestral phage invasions
followed by rearrangements (Frank and Andersson, unpub-
lished). It is not excluded that some GEIs are the result of
acquisition in B. henselae, followed by rearrangements, losses,
and immobilization.

If we assume that most of the differences among the three
species are caused by sequence loss, we may ask whether these
occurred prior or subsequent to the host-species transmission
event for B. quintana. Short transmission cycles among hosts
due to the short generation time of lice could result in more
generations per time unit for B. quintana and thereby lead to
higher rates of sequence deterioration (1). However, if the
cross-species transmission event of B. quintana coincided with
events such as cat domestication (>5,000 years ago) or the
divergence of the human body louse from the head louse
(<100,000 years ago) (27), exceptionally high deletion rates
have to be inferred to explain the reduced B. quintana genome
solely as an effect of the short life cycle of lice.

Since we have shown in the present study that sequence loss
also occurs in feline-associated Bartonella species, albeit to a
lower extent than in B. quintana, it is perhaps more likely that
an already-reduced clone entered the human-louse-human cy-
cle or another enzoonotic cycle. Such reduced clones may arise
frequently in the natural population of feline Bartonella species
but, if less successful in establishing infections in the cat than
their relatives with larger genomes, their frequency in the
global pool of feline Bartonella species may be low, perhaps
explaining the rare recovery of B. koehlerae from cats (16, 41)
and their low frequency in cat fleas (42).

The different retention patterns of genes in the GEIs raise
questions about their role in Barfonella spp. In many patho-
gens, GEIs have been shown to contribute virulence factors
and thereby to play an important role in the development of
disease (14, 46). However, since GEIs are missing from the
human pathogen B. quintana, there is no obvious relationship
between the presence of GEIs and virulence in humans in the
case of Bartonella (1). Other human pathogens that also do not
contain genomic islands include Rickettsia, Chlamydia, and My-
cobacterium spp. (3-6, 9, 14). Furthermore, the presence or
absence of GEIs in Brucella spp. does not mirror the virulence
characteristics of the different strains; GEIs are present in one
pathogenic species, Brucella neotome, but absent from another,
Brucella ovis (38). All of these genera are obligate or faculta-
tive intracellular and infect a broad variety of hosts.

It is tempting to speculate that genes in the Bartonella GEIs
play a role in host or vector specificities. However, we also
observed no simple relationship between gene content and
host adaptation patterns. Both B. henselae and B. koehlerae
utilize the same host-vector system (42), and yet only very few
genes with annotated functions are shared by the two species.
Among those uniquely present in B. henselae and B. koehlerae
are circa 20 genes located in HGIb and a stretch of genes of the
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parA gene in the chromosome II-like region, none of which
encodes a known function.

Alternatively, host specificity may be conferred by sequence
changes or gene expression differences of surface proteins.
Putative candidates are proteins that mediate host cell binding,
such as, for example, the highly repetitive nonfimbrial adhesin,
designated badA in B. henselae (40) and Vomp in B. quintana
(56). For this protein, expression level variation is achieved by
deletions across the repeated sequences (56). Adhesins and
other surface proteins encoded by multicopy genes with intra-
genic repeats may easily be modified to fit any given host cell
structure.

In this context, it is interesting to recall that although most
of the observed variation in the hybridization patterns reflects
true differences in gene contents, the signals were occasionally
lost because of high rates of sequence evolution. Such errone-
ous results were observed mostly for spacer sequences but also
in some rare cases for very rapidly evolving genes, such as, for
example, the #rwL genes which encode the structural compo-
nent of the pilus of the type IV secretion system (48). Incon-
sistent hybridization results were also observed for the bep
genes, which encode translocated effector proteins known to
mediate cellular changes after bacterial invasion, such as F-
actin rearrangements, apoptotic cell death, proinflammatory
response, and cytotoxic effects (47). To the extent that these
negative results reflect adaptive sequence evolution in re-
sponse to host specific receptors and structures, erroneous
hybridization signals may prove to hide some of the most
interesting genes from the perspective of host-pathogen inter-
actions.

A third hypothesis is that the content and organization of the
GElIs is associated with the persistence of the infection rather
than with vector utilization and host specificity patterns per se.
If sequences in the GEIs are important for the establishment
of long-term bacteremia, a prediction is that GEIs should be
present in species that cause chronic infections irrespective of
whether the host is a cat or a human. On the other hand, if the
emergence of human pathogens correlates with genome size
reductions (31), we expect the GEISs to contain fewer genes or
be absent from Bartonella species for which the human is the
definitive host. To distinguish between these scenarios, the
genomes of other feline and human Bartonella pathogens need
to be determined.

One species of particular interest is Bartonella clarridgeiae,
which is adapted to feline hosts but is phylogenetically unre-
lated to B. henselae and B. koehlerae. A recent study showed
that 3.7 and 11.1% of cat fleas were infected with B. koehlerae
and B. henselae compared to 67.9% with B. clarridgeiae (42).
Another investigation of blood samples from domestic French
cats suggested that 16.5% were Bartonella bacteremic, 65% of
which were infected with B. henselae and 20% of which were
infected with B. clarridgeiae (20). It should be of interest to find
out whether GEIs are present in B. clarridgeiae and, if so,
whether they confer a selective advantage to Bartonella strains
and species that are successful colonizers of cats.

Another species that should be the focus of further exami-
nation is Bartonella bacilliformis, the agent of Carrions disease,
which causes both acute and chronic infections. The acute
phase of the disease, Oroya fever, has one the highest mortality
rates of infectious diseases if left untreated. B. bacilliformis and
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B. quintana are the only Bartonella species for which humans
are the definitive host. The influence of genome sizes and
structures on the transmission dynamics, host range, and du-
ration of the infection can be substantiated by investigating the
genomes of these additional Bartonella species and their in-
traspecies heterogeneity.
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