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A B S T R A C T

Bartonella henselae is a facultative intracellular pathogen that occurs worldwide and is responsible primarily for
cat-scratch disease in young people and bacillary angiomatosis in immunocompromised patients. The principal
source of genome-level diversity that contributes to B. henselae's host-adaptive features is thought to be hor-
izontal gene transfer events. However, our analyses did not reveal the acquisition of horizontally-transferred
islands in B. henselae after its divergence from other Bartonella. Rather, diversity in gene content and genome size
was apparently acquired through two alternative mechanisms, including deletion and, more predominantly,
duplication of genes. Interestingly, a majority of these events occurred in regions that were horizontally
transferred long before B. henselae's divergence from other Bartonella species. Our study indicates the possibility
that gene duplication, in response to positive selection pressures in specific clones of B. henselae, might be linked
to the pathogen's adaptation to arthropod vectors, the cat reservoir, or humans as incidental host-species.

1. Introduction

The Bartonella genus consists of roughly forty-five species, 13 of
which are implicated in a diverse array of emerging zoonoses that occur
worldwide [1,2]. Pathogenic Bartonella are typically transmitted from a
mammalian reservoir species (e.g., cats, dogs, rodents) to humans
through bites or contaminated feces of hematophagous arthropods,
such as ticks, lice, fleas and sand flies. Bartonella henselae is arguably the
most frequent cause of Bartonella infections in humans and is trans-
mitted by animal bites or scratches. B. henselae is the etiologic agent of
cat-scratch disease (CSD) in children and bacillary angiomatosis in
immune-suppressed individuals [3,4]. It is also a causative agent of a
febrile and paucisymptomatic bacteremia and endocarditis in humans
[3]. B. henselae is a facultative intracellular pathogen and has been
reported to show several characteristic features of host adaptation
[5,6]. Genetic diversity is the crucial factor governing genome evolu-
tion, and it is largely directed in pathogens by the corresponding host
niche [5,7]. It has been reported that gene variation in B. henselae is
associated with extensive rearrangements and DNA amplifications in
certain strains [8]. The evolution of Bartonella quintana and Bartonella
koehlerae, close relatives of B. henselae, is associated with extensive

gene deletions and partial retention of genomic islands, respectively,
suggesting similar scenarios occurred in the intra-species evolution of B.
henselae [8–10].

Additional mechanisms such as gene recombination and horizontal
gene transfer (HGT) are important players in bacterial evolution [5].
Previous analyses have highlighted the relatively minor role of non-
homologous recombination events compared to mutations in the evo-
lution of B. henselae [7]. HGTs were also studied in B. henselae with
different host preferences [5,7]. However, the role of HGT as a primary
player in the genome evolution of B. henselae has not been clearly es-
tablished. In addition, previous studies reported minimal novel gene
acquisitions, indicative of a closed pan-genome in B. henselae [7]. On
the other hand, genes coding for surface proteins were reported to
evolve rapidly by duplication, deletion, nucleotide substitution and
recombination processes [5,7]. In consideration of the diverse array of
mammalian reservoirs, arthropod vectors and the human host, patho-
genic bartonellae like B. henselae provide exceptional models for ex-
amining genomic evolution in response to various selective pressures.
In this study, we performed a comparative pan-genomic profiling of the
four available B. henselae genomes to define the relative genome-wide
contribution of HGT vs. gene deletions and duplications after
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divergence of this species from other Bartonella.

2. Methods

2.1. Profiling of pan-genome

The PanCoreGen tool [11] was applied to determine core and ac-
cessory (i.e., mosaic and genome-specific) genes across the completed
genomes from four B. henselae isolates – Houston-1 from USA [9], and
BM1374163, MVT02 and BM1374165 from France [3]. Threshold va-
lues for both nucleotide sequence identity and gene-length coverage
were set to 75%, since the isolates are phylogenetically close to each
other as depicted from the relatedness of 16S rRNA and multi-locus
sequence typing (MLST) loci (see Results and Discussion below for
details) [12]. Thus, anything below that cut-off was not considered as
an ortholog for a given reference gene sequence in other strains.

2.2. Detection of prophage regions

We used the PHASTER (PHAge Search Tool Enhanced Release) Web
Server (http://phaster.ca/) [13] in order to identify prophage regions
present in each genome (last access date: December 06, 2017). The
GenBank-formatted file was uploaded to the PHASTER web-server and
the output results were downloaded for each genome. All prophage
regions designated as “intact”, “incomplete” or “questionable” by
PHASTER were considered in the analysis.

2.3. Duplicated gene identification

All the duplicated genes (paralogs) within a genome were identified
by an intra-genome gene homologous identification method. We per-
formed BLASTn for every gene within a genome with all other genes of
that genome by an in-house developed Perl program with a sequence
identity and length coverage threshold of 75%. Given the BLASTn re-
sult, the in-house Perl script parses specific BLAST hits, based on user-
defined nucleotide sequence identity and length coverage thresholds,
and constructs a tab-delimited matrix as output.

2.4. Detection of genomic islands

Earlier work [9] detected five genomic islands in B. henselae. Using
that report, along with information about tRNA genes (retrieved from
“*_feature_table.txt” files of NCBI GenBank for the respective genomes)
and considering the conserved regions present beside tRNA genes, we
finally identified the GI regions for each of the genomes. Then, from the
genomic position information of ST1/9-specific genes, ST6-specific
genes and Houston-1-specific genes, we determined the gene-sets,
which were present within the GI-region identified.

2.5. Identification of orthologs

Using the entire set of genes specific to ST1/9, ST6 and Houston-1,
we carried out a BLASTn search against ‘nr database’ (using 75% as
both identity and alignment length cut-offs, while using defaults for the
remaining parameters in the BLASTn run), to identify orthologs. If a hit

satisfied our required BLASTn criteria from a bacterial genome other
than B. henselae, then that gene was referred to as an ‘inserted gene’.
However, a gene with sequence identity ≥75%, but with an alignment
length value< 50%, then the corresponding region was inferred to be a
‘truncated gene’.

All these methodological approaches are outlined in Fig. S1 as a
schematic pipeline, sequentially as used.

3. Results and discussion

3.1. Completed genomes represent multiple clones of B. henselae

We determined the genotypes of all available completed genomes
from B. henselae, including strains BM1374163, BM1374165, Houston-1
and MVT02, based on 16S rRNA and internal fragments of seven
housekeeping genes that constitute the MLST loci for B. henselae (i.e.,
batR, ftsZ, gltA, groEL, nlpD, ribC and rpoB; https://pubmlst.org/
bhenselae/). The Houston-1, BM1374163 and MVT02 strains were
found to have identical MLST profiles but different types of 16S rRNA.
Specifically, the American strain Houston-1 possessed 16S rRNA gen-
otype 1, whereas the BM1374163 and MVT02 strains were found to
contain 16S rRNA genotype 2. Based on these results, the strains were
designated as ST1 (with genotype 1) and ST9 (with genotype 2), even
though all three isolates had identical housekeeping genes as part of
their MLST loci. In contrast, a second French strain, BM1374165, re-
presented ST6 (Table 1). Previous work on B. henselae isolates from
Australia, Europe and North America showed that ST1 and ST6 were
abundant STs on all three continents [14]. Although ST9 was found at
much lower frequencies in isolates from Europe and USA, and none
were from Australia [14], this ST is basically identical to ST1 in terms of
the MLST housekeeping loci background. These two STs, as stated
above, were given different names because of their distinct 16S rRNA
types. Therefore, based on MLST background, our four analyzed gen-
omes represent two sequence types – ST1 (or ST9), and ST6. From this
point forward, we group the lone isolate of ST1 and the two isolates of
ST9 as representatives of ST1/9 (Table 1).

Differences between ST1/9 and ST6 were observed in the sequences
of batR (4 changes), ftsZ (3 changes), gltA (1 change), groEL (1 change)
and rpoB (1 change). Polymorphisms in batR and ftsZ were distributed
across the entire length of each locus, suggesting that the changes in
each gene accumulated through independent mutations, not via a single
recombination event. For the concatenated sequence of these seven
protein-coding genes, the pairwise nucleotide diversity (π) and the rates
of synonymous (dS) and non-synonymous (dN) changes were only
0.3%, 1.2% and 0.1% respectively, as calculated by using mutation-
fraction method [15]. Our recent analysis with B. bacilliformis showed a
within-subspecies MLST diversity of 0.5% [12]. Although an even lower
diversity was detected in B. henselae, we were dealing with only two STs
(ST1/9 and ST6) here. Interestingly, the diversity values between any
two STs in B. bacilliformis ranged from 0.03% to 1.02% [12]. This si-
milar low diversity values suggest that clonal differentiation in these
two human pathogens might be following a similar pattern.

Table 1
List of analyzed B. henselae isolates along with their 16S ribosomal RNA and MLST profiles.

B. henselae strains Country of isolation Genome size (bp) 16S rRNA genotype batR ftsZ gltA groEL nlpD ribC rpoB Sequence Type (ST)

Houston – 1 USA 1,931,047 1 1 1 1 1 1 1 1 1
BM1374163 (MVT01) France 1,905,383 2 1 1 1 1 1 1 1 9
MVT02 France 1,905,383 2 1 1 1 1 1 1 1 9
BM1374165 (MVT03) France 1,975,503 2 3 2 2 2 1 1 2 6

The isolates BM1374163 and BM1374165 are synonymous with MVT01 and MVT03, respectively, as described earlier [3].
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3.2. Limited horizontal gene transfer precedes species divergence

We next performed a pan-genomic profiling based on the four B.
henselae genomes. Each genome was considered as a reference to se-
quentially blast against the others for orthologs using 75% threshold
values for both nucleotide sequence identity and gene-length coverage.
We found 1513 (95%) core genes out of a total of 1599 genes in the
pan-genome (Fig. 1 and Table S1). The average pairwise nucleotide
diversity (π), dS and dN of core genes were 0.9%, 2.1% and 0.7%, re-
spectively, where 1258 genes (83%) were found to be polymorphic.

Of the four strains, BM1374163, MVT02 (both ST1/9 with 16S
rRNA genotype 2) and BM1374165 (ST6 with 16S rRNA genotype 2)
were isolated from the blood of patients with tick bites in France. In
contrast, Houston-1 (ST1/9 with 16S rRNA genotype 1) was isolated
from the blood of an HIV-positive male in Houston, Texas, USA. Despite
the isolation of ST1/9 strains from different continents (although being
represented by different 16S rRNA genotypes in two continents), the
within-clonal diversity of core genes of three genomes was significantly
lower (π=0.3%, z-test P < .0001) than the overall values. This in-
dicates the robustness of a stable clonal structure of ST1/9 in B. henselae
across continents. An alternative possibility could be a relatively recent
emergence and/or spread of this clonal group.

Among the 5% accessory genome fraction, 66 genes were mosaic,
i.e., present in multiple but not all genomes (Fig. 1 and Table S1). In-
terestingly, all of these genes were present in the three ST1/9 genomes
but were missing from the ST6 (BM1374165) genome. There were only
five genes specific to the Houston-1 genome, while 15 genes were found
only in the BM1374165 (ST6) genome (Fig. 1 and Table S1).

Previous studies showed the presence of one prophage cluster (de-
noted here as PI_1) and three genomic islands (denoted here as GI_1,
GI_2 and GI_3) primarily in ST1 isolates but also in other STs to different
degrees, along with a Bartonella-specific genomic island (GI_4 in this
study) [8,9]. As we searched for these horizontally-transferred regions
in the analyzed genomes, all of the strains were found to harbor all five
genomic islands (Fig. 2 and Table S2).

Importantly, two-thirds of the apparently ST1/9-specific genes (44
genes) were part of either the prophage cluster or one of the genomic
islands (Table S1). We found the closest homologs of these genes in
Bartonella grahamii, Bartonella tribocorum and Bartonella vinsonii (not
shown). Although we defined the set of 66 genes as mosaic based on
75% cut-off limits for finding orthologs (see Methods), we found that
many of these genes were truncated (and mentioned as pseudogenes in
the annotated genome file) or deleted in BM1374165 (Table S1). Out of
five Houston-1-specific genes, one had a truncated copy in BM1374163,
while the remaining genes were part of GI_3, with closest homologs in
B. grahamii and B. tribocorum (Table S1). Of the BM1374165-specific
gene set, eight were distributed in PI_1, GI_2 and GI_4 (again showing
closest homologs in the same three Bartonella species), while truncated
copies of the remaining seven genes were found in BM1374163 and
Houston-1. However, all eight genes were missing in MVT02 (Table S1).
Overall, our analyses could not detect any horizontally-transferred is-
land unique to any genome or ST examined here. Taken together, these
results strongly suggest that the relevant horizontal transfer events
preceded the divergence of B. henselae, and they did not contribute to
any intra-species mosaicism. This leads to the hypothesis that the ac-
cessory gene fraction of B. henselae originated by gene deletion, gene
duplication or by a combination of both mechanisms. Moreover, the
differential presence/absence of genes in the islands was mostly specific
to ST, e.g., not separately in any single strain of ST1/9 (although ST6 in
our sample set had a single representative strain), suggesting that such
deletion/duplication occurred after clonal divergence at the MLST
level, but prior to the diversification of 16S rRNA genotypes (as evi-
denced for ST1/9 with genotypes 1 and 2).

3.3. Gene content mosaicism is primarily contributed by gene duplication

The genome length of ST6 strain BM1374165 is ~1.98Mb, com-
pared to the ~1.91–1.93Mb genomes of the ST1/9 strains (Table 1).
Almost 80% of the difference in genome lengths between ST1/9 and
ST6 could be attributed to differences in total lengths of five islands in
ST1/9 (as averaged from data in Table S2) vs. the ST6 isolate. Although
there was not much difference in gene content for the GI_1 and GI_4
islands between ST1/9 and ST6, the PI_1 and GI_3 sequences in the ST6
isolate were much reduced. The PI_1 was found to be about 20 Kb
smaller in the ST6 genome versus ST1/9 genomes, while the length
difference in the GI_3 region was 14 Kb between BM1374165 (ST6) and
BM1374163/MVT02, and as high as 23 Kb between BM1374165 (ST6)
and Houston-1 (Table S2). In contrast, the GI_2 island in ST6 was more
than six times longer than that of ST1/9 (Table S2).

The complete or partial presence of all the horizontally-transferred
islands in the analyzed ST1/9 and ST6 genomes (Fig. 2 and Table S2)
rules out the possibility that new genes were acquired via any unique
horizontal transfer event that led to mosaicism. Therefore, an alter-
native explanation is gene deletion, as evidenced by several genes in the

Fig. 1. Pan-genomic profile of analyzed B. henselae isolates.

Fig. 2. Map of horizontally-transferred prophage (PI) and genomic (GI) islands detected in the analyzed B. henselae genomes.
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mosaic and genome-specific sets being either truncated or deleted from
one or more genomes (Table S1). However, this does not explain the
larger genome of BM1374165 relative to other strains. Therefore, to
assess the contribution of a third possibility, i.e., the duplication of
existing genes, we computed the number of duplicated genes in all four
analyzed genomes. These results showed that BM1374165 (ST6) had
almost twice the copies of duplicated genes relative to those in ST1/9
genomes (Table 2A), and>70% of these duplications happened inside
the horizontally-transferred regions in each of the analyzed strains.
Importantly, the number of duplicated gene copies both inside and
outside of all the islands except GI_2 in any of the ST1/9 strains (ran-
ging from 135 to 148) was not much different from the number in the
ST6 strain BM1374165 (165). In contrast, the increase in frequency of
duplications in GI_2 of BM1374165 was>18 times higher (Table 2A).

These results show that while the length difference in GI_2 could be
responsible for the increased length of the BM1374165 genome com-
pared to the other genomes, the major underlying mechanism was gene
duplication, primarily in GI_2 and outside of the horizontally-trans-
ferred regions (Table 2). There could always be a possibility that the
errors or differences in sequencing and/or assembly methods might
have led to the increased length and an excess of gene duplications in
the BM1374165 genome. However, such a possibility can be ruled out
given the fact that this genome (synonymous with MVT03) was se-
quenced along with BM1374163 (synonymous with MVT01) and
MVT02 with the same Nextera XT DNA sample prep kit and 2×250
paired-end protocol using Illumina MiSeq pyrosequencer as part of the
same study [3] and then annotated by the same NCBI Prokaryotic
Genome Annotation Pipeline (release version 2013).

Out of a total of 109 duplicated copies of GI_2 in BM1374165
(versus six in other genomes), 81 duplications represented genes that
were duplicated exclusively in the ST6 genome (Table 2B). Functional
classification showed that the majority of these genes included clusters
of replication and repair, translation and metabolic pathways of co-
factors/vitamins, lipids, amino acids and carbohydrates (Fig. 3). While
the reason for duplicating these gene families is unclear, the importance
of gene duplication in the adaptive evolution of microbial species is
well documented, especially when populations must adapt to changing
environments [16–18]. Moreover, gene duplications in the context of
overall genome reduction have previously been observed in other pa-
thogenic alphaproteobacteria, such as rickettsiae [19]. Under selection
pressures, gene duplication events can help bacteria by increasing ex-
pression of genes encoding proteins for specific needs such as nutrient
transport, stress management under varying environmental conditions,
antibiotic resistance, etc. [20–22]. Extra gene copies may also be mu-
tagenized and become nonfunctional or adopt new functions that help
bacteria deal with selective pressures [23]. Since B. henselae is vectored
by arthropods, reservoired by cats and infects the human host in-
cidentally, it is expected that such drastic changes and disparate habi-
tats would provide strong selection pressures and require adaptation by
the pathogen [24].

While both horizontal gene transfer and gene deletion essentially
alter the number of non-redundant gene-sets in the genome, gene du-
plication leads to an increase in the number of pre-existing gene-copies
without the incorporation of new genes. This study reveals gene du-
plication, in association with some deletion events, as the principal
contributor to a considerable difference in the genome-size of B. hen-
selae strains from two different clonal groups. It would be important to
study whether gene duplications arose as adaptive responses to selec-
tion pressures. It is noteworthy that although the results are intriguing,
we realize that our conclusions are based on the four available genomes
of B. henselae. As such, future comparative genomic studies involving
supplementary B. henselae genomes, as they become available, are
warranted. By the same token, our findings highlight the need for
functional assessment of gene duplication events in bacterial genome
evolution, especially in relation to host-(patho)adaptation and in-
tracellularity as exemplified by B. henselae.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2019.03.009.
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