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Abstract

Gene transfer agents (GTAs) are domesticated bacteriophages that have evolved into molecular machines for the transfer
of bacterial DNA. Despite their widespread nature and their biological implications, the mechanisms and selective forces
that drive the emergence of GTAs are still poorly understood. Two GTAs have been identified in the Alphaproteobacteria:
the RcGTA, which is widely distributed in a broad range of species; and the BaGTA, which has a restricted host range that
includes vector-borne intracellular bacteria of the genus Bartonella. The RcGTA packages chromosomal DNA randomly,
whereas the BaGTA particles contain a relatively higher fraction of genes for host interaction factors that are amplified
from a nearby phage-derived origin of replication. In this study, we compare the BaGTA genes with homologous bac-
teriophage genes identified in the genomes of Bartonella species and close relatives. Unlike the BaGTA, the prophage
genes are neither present in all species, nor inserted into homologous genomic sites. Phylogenetic inferences and sub-
stitution frequency analyses confirm codivergence of the BaGTA with the host genome, as opposed to multiple integra-
tion and recombination events in the prophages. Furthermore, the organization of segments flanking the BaGTA differs
from that of the prophages by a few rearrangement events, which have abolished the normal coordination between
phage genome replication and phage gene expression. Based on the results of our comparative analysis, we propose a
model for how a prophage may be transformed into a GTA that transfers amplified bacterial DNA segments.
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Introduction
Nearly half of all sequenced bacterial genomes contain inte-
grated prophages, with lysogeny being most frequent in small
and slowly growing bacterial cells (Touchon et al. 2016). The
size of 300 complete and defective prophage segments in
enterobacterial genomes follows a bimodal distribution,
with one peak represented by intact, functional prophages
in the 30–70 kb range, and another by defective prophages in
the 5–30 kb range (Bobay et al. 2014). Some of the defective
phages provide beneficial functions to the bacterium, for ex-
ample protecting the bacterium against further phage infec-
tions, or by increasing its tolerance to antibiotics (Waldor and
Friedman 2005; Wang et al. 2010; Rabinovich et al. 2012).

Another adopted function that has recently gained atten-
tion due to its widespread occurrence is the transfer of ge-
nomic DNA by gene transfer agents (GTAs), which are
bacteriophage-like particles that mediate the transfer of chro-
mosomal DNA between bacterial cells (Lang et al. 2012; Soucy
et al. 2015). Given their biological implications, the origin and
evolution of GTAs constitute important evolutionary ques-
tions for which little evidence is available. It is generally ad-
mitted that GTAs originate from bacteriophages, but no close
phage relatives have been identified that could help under-
stand the mechanisms and selective forces driving the trans-
formation of a prophage into a GTA.

The best-studied GTA (RcGTA) is encoded by the genome
of Rhodobacter capsulatus, a member of the Rhodobacterales
in the Alphaproteobacteria. An unusual mechanism of ge-
netic exchange via a novel type of vector was discovered in R.
capsulatus already four decades ago (Marrs 1974; Rapp and
Wall 1987; Humphrey et al. 1997). Since then, it has been
shown that genes encoding the RcGTA are located in one
large structural gene cluster and several smaller clusters that
are regulated by quorum sensing (Schaefer et al. 2002;
Brimacombe et al. 2013; Hynes et al. 2016). The RcGTA par-
ticles are produced by only a few percent of the bacterial cells,
and these die after expression and release of the RcGTA (Fogg
et al. 2012; Hynes et al. 2012). Genes that are homologous to
the RcGTA have been detected in several alphaproteobacte-
rial lineages, consistent with a long coevolutionary history
between the RcGTAs and their hosts (Lang and Beatty 2007).

A novel GTA (BaGTA) was discovered in Bartonella, a ge-
nus in another order of the Alphaproteobacteria (Rhizobiales)
that do not contain the RcGTA. Bartonella infect endothelial
cells and erythrocytes of mammals with the aid of type IV and
type V secretion systems (Engel et al. 2011; Eicher and Dehio
2012). The genus Bartonella has undergone an explosive ra-
diation and colonizes a broad range of mammalian hosts,
possibly aided by adaptive evolution of the secretion systems
and their effector molecules to match a divergent set of host
cells (Chomel et al. 2009; Engel et al. 2011; Guy et al. 2013).
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Intriguingly, the BaGTA gene cluster is highly conserved, it is
present in the same genomic location in all Bartonella spp.,
and is flanked by various gene clusters for type IV and type V
secretion systems (Alsmark et al. 2004; Berglund et al. 2009;
Guy et al. 2013).

The chromosomal region that contains the genes for the
BaGTA and the secretion systems was shown to be present in
higher copy numbers than genes located elsewhere in the
genomes of the cat-associated species Bartonella henselae,
with the peak of the amplification located at a putative phage
replication initiation site (Lindroos et al. 2006). It was thus
suggested that the higher copy numbers were due to repli-
cation from an alternative origin derived from a defective
prophage, in a process referred to as run-off replication.
Experimental studies performed in the rodent-associated spe-
cies Bartonella grahamii confirmed that the BaGTA particle
contains random fragments of bacterial DNA, with an over-
representation of sequences flanking the phage replication
initiation site (Berglund et al. 2009). Subsequently, it was
demonstrated that the chromosomal DNA that is packaged
into the GTA could be transferred from donor to recipient
B. henselae strains (Guy et al. 2013). More recently, it was
shown that expression of the BaGTA is normally repressed
by ppGpp and only induced in a subset of cells under rapid
growth conditions when the levels of ppGpp are low
(Quebatte et al. 2017). Uptake of the particles is restricted to
actively dividing cells and dependent on the competence and
recombination machinery of the bacterial host cell (Quebatte
et al. 2017). It has been proposed that the BaGTA increases the
rate of transfer and recombination of beneficial mutations in
genes for host-adaptability factors that accumulate in the vi-
cinity of the Bartonella run-off replication (BaROR) gene cas-
sette (Berglund et al. 2009; Guy et al. 2013).

The recent emergence of the BaGTA within a restricted set
of species in the Rhizobiales lacking the RcGTA, combined
with the identification of homologous bacteriophage genes,
provides an opportunity to study the mutational events as-
sociated with the recent conversion of a bacteriophage into a
GTA that is beneficial for the bacterial population. The trans-
fer of phage-replicated DNA segments by the BaGTA has
been regarded as a primitive feature since replication and
transfer of short DNA fragments are typical bacteriophage
properties. However, in Bartonella it is bacterial genes rather
than phage genes that are amplified prior to transfer by the
GTA. Given the implications of GTAs for bacterial population
models, it is of general interest to learn more about their
emergence. In this study, we compare the BaGTA with ho-
mologous bacteriophage genes in Bartonella and propose a
model for the evolution of GTAs with specialized bacterial
functions.

Results and Discussion

Phyletic Distribution Patterns of the RcGTA and
BaGTA
The genes for the RcGTA in R. capsulatus code for structural
phage proteins such as the capsid and tail proteins as well as
enzymes involved in the assembly of the particle (fig. 1A).

Likewise, the BaGTA gene cluster in Bartonella australis
NH1 (here used as a representative species of the
eubartonellae—the radiating Bartonella clade; Zhu et al.
2014) codes for structural phage proteins as well as enzymes
involved in the assembly of the phage particle (fig. 1B).

To assess the potential overlap in the phyletic distribution
profiles of these two GTAs, we searched for RcGTA and
BaGTA homologs in all species in the Rhizobiales,
Rhodobacterales, and Caulobacterales for which complete
genome data are available using two iterative PSI-BLAST
searches (supplementary tables S1 and S2, Supplementary
Material online). As also shown previously (Lang and Beatty
2007), the RcGTA gene cluster (more than ten consecutive
genes) is widely distributed in these bacterial orders. Previous
single-gene phylogenies inferred from fewer taxa have indi-
cated that the RcGTA has codiversified with the bacterial
genome (Lang et al. 2002; Lang and Beatty 2007).
Consistently, a maximum likelihood phylogeny inferred
from a concatenated alignment of seven RcGTA genes
yielded a tree topology that matched the bacterial phylogeny
(supplementary fig. S1, Supplementary Material online). Thus,
the occurrence pattern of the RcGTA indicates vertical inher-
itance with multiple independent losses (fig. 1C and supple-
mentary table S1, Supplementary Material online).

In contrast to the wide distribution of the RcGTA in the
Alphaproteobacteria, the BaGTA gene cluster (more than ten
consecutive genes) was only identified in the Bartonellaceae
family, and shorter fragments were found in a very small
number of genomes in other families (fig. 1C and supplemen-
tary table S2, Supplementary Material online). Although all
members of the Bartonellaceae family with sequenced
genomes contained clusters with hits to over five BaGTA
genes, no trace of the RcGTA could be identified in any of
them. Clusters of eight to ten homologous genes syntenic
with the BaGTA were detected in Rhodopseudomonas pal-
ustris TIE-1, Azorhizobium caulinodans, and
Methylobacterium radiotolerans (fig. 1C and supplementary
fig. S2, Supplementary Material online), all three of which also
contain the RcGTA. The identified BaGTA homologs in these
three species were embedded in regions that also contained
integrases, phage replication genes, and other phage-
associated genes. Since the genes were not conserved among
close relatives, and given their genetic context, we hypothe-
size that their behaviour is representative of integrated pro-
phages, rather than GTAs.

In order to gain a deeper understanding of the evolution of
the BaGTA structure within Bartonellaceae, we performed
additional PSI-BLAST searches in a group of genomes that
contained incomplete and recently published genomes (sup-
plementary table S3, Supplementary Material online). We
identified intact BaGTA gene clusters in all eubartonellae
(fig. 2A and supplementary table S4, Supplementary
Material online) as well as in the earlier diverging human
pathogen Bartonella tamiae strain Th307 (Kosoy et al.
2008) and in the honeybee gut symbiont Bartonella apis
(Kesnerova et al. 2016). Additionally, we identified
homologs of seven BaGTA genes in the genome of the
ant-associated species Candidatus Tokpelaia hoelldoblerii
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(Neuvonen et al. 2016). This shorter gene cluster contained
genes for capsid proteins but no genes for tail proteins (fig. 2A).

We also examined the phyletic distribution pattern of the
BaROR gene cluster, which contains six contiguous genes in

B. australis (fig. 2B) including BaROR-04 (brrC), which is
thought to contain the phage-derived origin of replication.
Homologs to the first (brrH) and the fourth (brrC) gene in the
BaROR gene cluster were identified in eubartonellae species
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FIG. 1. Phyletic distribution pattern of the RcGTA and the BaGTA. Gene order structure of the (A) RcGTA in Rhodobacter capsulatus (Lang and
Beatty 2001; Lang et al. 2012) and (B) BaGTA in Bartonella australis NH1 (Guy et al. 2013), drawn using GenoPlotR (Guy et al. 2010). Arrows
represent genes, which in (B) are numbered and named as in supplementary table S4, Supplementary Material online. (C) Number of genes within a
region (three or more syntenic hits at< 25 kb distance) showing similarity to the RcGTA and BaGTA gene products in complete genomes of the
orders Rhizobiales, Rhodobacteriales, and Caulobacterales (supplementary tables S1 and S2, Supplementary Material online). Only the region with
most hits per genome is shown. The leftmost boxes (“X” mark) represent genomes with no identified GTA region, defined as above. The column
next to the phylogeny shows the number of analyzed genomes per family (N). The tree topology was taken from Viklund et al. (2012).
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as well as in B. tamiae Th307, but not in B. apis or Ca. T.
hoelldoblerii (fig. 2C). In eubartonellae, the BaROR genes are
located in close proximity to the BaGTA genes, at a distance
of <60 kb. The two homologs in B. tamiae Th307 were also
located in the vicinity of the BaGTA genes within a genomic
segment that showed overall synteny with B. australis and the
other Bartonella spp. (supplementary fig. S3, Supplementary
Material online). In comparison, the genome of Ca. T. hoell-
doblerii is highly rearranged (Neuvonen et al. 2016), and the
genes flanking the BaGTA have homologs elsewhere in the
genomes of the eubartonellae (supplementary fig. S4,
Supplementary Material online).

The BaGTA Has Codiversified with the Bartonella
Genome
To test the hypothesis that the BaGTA genes have codiversi-
fied with their host bacterial genome, like the RcGTA, we
performed a phylogenetic analysis from a concatenated align-
ment of the gene products of bgtJIHG (BaGTA02-05) (fig. 3A)
as well as from single protein alignments of all BaGTA genes
obtained from the selected genomes (supplementary table
S3, Supplementary Material online) and public databases
(supplementary fig. S5, Supplementary Material online; sum-
marized in fig. 3B). The four genes selected for the phyloge-
netic analysis were conserved in both presence and order in
all species including Ca. T. hoelldoblerii, consistent with the
hypothesis of a shared evolutionary history. The
concatenated protein tree confirmed that the BaGTA homo-
logs form a distinct monophyletic clade with 100% bootstrap
support in the maximum likelihood analysis and with a pos-
terior probability of 1 in the Bayesian analysis (fig. 3A), con-
sistent with a shared, common origin. Furthermore, the tree
indicated a series of expansion events in the ancestor of the
eubartonellae, resulting in three paralogous BaGTA-like line-
ages each of which is highly supported: the BaGTA clade itself,
plus two additional groups that we have here named

BaGTA-like 1 (BGL1) and BaGTA-like 2 (BGL2).
Consistently, despite reduced phylogenetic signal, the large
majority of the single protein trees supported the presence of
one BaGTA (10 out of 14 trees) and two BaGTA-like clades (9
out of 12 trees for both clades) (fig. 3B and supplementary fig.
S5, Supplementary Material online).

The diversification pattern within the BaGTA clade
(fig. 3A) matched the species topology, especially regarding
the monophyly and inner topology of the major phylogroups
(Guy et al. 2013), suggesting that the BaGTA genes have
codiversified with the host bacterial genome. Moreover, the
general congruency of the deeper branches of the BaGTA
phylogeny with recent phylogenomic reconstructions of bac-
terial sequences (Neuvonen et al. 2016; Segers et al. 2017)
indicates that the association between the genes that origi-
nated the BaGTA and the bacterial host goes back to, at least,
the Bartonellaceae common ancestor.

The tree further indicated that the two BGL clades are
sister groups with full posterior probability and >80% boot-
strap support in the concatenated protein tree (fig. 3A), as
also indicated by 4 of the 12 single protein trees (fig. 3B and
supplementary fig. S5, Supplementary Material online).
However, the BGL1 and BGL2 clades contained only subsets
of the Bartonella species and, in the BGL1 clade, B. tribocorum
clustered with B. henselae instead of with its closest relative
B. grahamii, as in the BaGTA clade (fig. 3A and supplementary
fig. S5, Supplementary Material online). The BGL2 genes could
only be identified in B. grahamii and B. tribocorum. There
were two copies of BGL2 in B. tribocorum, representing the
only case in our data set of two coresident copies of a single
type, probably generated by a recent duplication or integra-
tion event. Notably, both BGL1 and BGL2 were absent from B.
quintana, B. bacilliformis, B. vinsonii, and B. australis. These
patterns indicate duplication and diversification of the BGL
genes followed by independent losses and occasional hori-
zontal transfers of the BGL gene clusters. The BGL2
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FIG. 2. Comparison of the BaGTA and BaROR gene clusters. (A) Comparison of the BaGTA gene cluster. (B) Gene order structure of the BaROR
region in Bartonella australis. (C) Comparison of the BaROR gene cluster. Arrows represent genes numbered and named as in supplementary table
S4, Supplementary Material online. Genes in (A) are colored as in figure 1B. Connecting lines represent reciprocal PSI-BLAST hits after two
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gene maps were plotted using genoPlotR (Guy et al. 2010).
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occurrence pattern could also be explained by a separate
integration event of the BGL ancestor in the lineage leading
to B. grahamii and B. tribocorum. Moreover, contrary to the
conserved location of the BaGTA, the insertion sites for the
BGL1 and BGL2 regions differed among the genomes where
they were detected (see below). Therefore, we conclude that
neither BGL1 nor BGL2 have codiversified with the host bac-
terial genome.

Consistent with long-term coevolutionary processes for
the BaGTA genes, the GC content at third codon synony-
mous sites (GC3s) was more similar to the GC content of the
bacterial genome in which they are located (ca. 30% for
Bartonella and ca. 60% for Ca. T. hoelldoblerii) than they
were to each other (supplementary table S5,
Supplementary Material online). However, the three extra
genes in Ca. T. hoelldoblerii, which are inserted between
the fourth and fifth genes in the BaGTA cluster (fig. 2A),
displayed lower GC3s (between 25% and 40%) than the
BaGTA gene homologs, possibly indicating more recent
acquisitions. Likewise, a gene for a lysozyme at the 30-end of
the cluster is more AT-rich than the core structural genes,
suggesting that also this gene may have been added to the
cluster subsequent to its formation.

Surprisingly, no BaGTA region could be identified in
B. tamiae strain Th239. However, a closer inspection of the
positional homologs in this strain using PSI-BLAST against a
data set of alphaproteobacterial genomes showed a weak

similarity to the RcGTA (supplementary fig. S6,
Supplementary Material online). Phylogenies inferred from
the putative terminase and portal proteins revealed excep-
tionally long branch lengths for the B. tamiae Th239 sequen-
ces, with no affiliation to any of the two GTA groups
(supplementary fig. S7, Supplementary Material online).
However, manual inspection of the portal protein alignment
showed a few short stretches (<10 aa) with sequence identity
to the RcGTA (supplementary fig. S8, Supplementary
Material online). The phage portal and phage prohead pro-
tease protein sequences belong to families of conserved struc-
tural proteins that are widely used across tailed phages. The B.
tamiae genes may thus represent a distantly related or rapidly
evolving prophage. Although the functionality and evolution-
ary origin of this region is unclear, a possible GTA replace-
ment event is likely to have occurred.

Vertical Inheritance of the BaROR
Next, we examined the occurrence and genomic location of
the region containing the phage-derived origin of replication
(BaROR). The BaROR region had been found to contain six
conserved genes (Guy et al. 2013), which here we refer to as
BaROR-01 to -06 (supplementary table S4, Supplementary
Material online). We used PSI-BLAST searches to detect
Bartonella regions with homology to these six genes, and
found several such cases. A comparison of the gene neighbor-
hoods of the BaROR region and its newly found homologs
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revealed frequent linkage of BaROR-01, BaROR-02, and
BaROR-04, with tandem duplications of the latter gene in
several cases (supplementary table S6 and fig. S9,
Supplementary Material online). A short seventh gene was
found to be present in all surveyed Bartonella genomes be-
tween BaROR-01 and BaROR-02, thus possibly constituting
an additional BaROR gene. However, the phylogenetic signal
in this and all the other BaROR genes was insufficient to yield
conclusive single-gene phylogenies (supplementary fig. S10,
Supplementary Material online).

A phylogenetic inference based on a concatenated align-
ment of BaROR-01 and BaROR-04 provided support for two
distinct lineages: the BaROR clade containing genes located in
the vicinity of the BaGTA in the canonical Bartonella species,
and another paraphyletic clade, here called BaROR-like, which
consisted of all the homologous gene copies located else-
where in these genomes (fig. 4). The average branch length

from the common ancestor of the eubartonellae to the tips of
the branches was �3-fold higher for the BaROR-like clade
compared with the BaROR clade (distances¼ 0.85 vs. 0.30,
Standard Deviations 0.23 and 0.08), suggesting relaxed selec-
tive constraints in the former. The diversification pattern
within the BaROR-like clade did not match the species diver-
gence patterns, indicative of multiple integration events. For
example, the phylogeny showed that the single copy of
BaROR-like region identified in B. tamiae strain Th307 did
not cluster with the BaROR clade, but with the BaROR-like
clade and with phage sequences from Liberibacter (>80%
bootstrap support in the maximum likelihood tree) (fig. 4).
This suggests that the BaROR homologs might have either
been transferred to other alpha-proteobacteria from
Bartonella, or that the BaROR homologs in B. tamiae have
a different origin than both the BaROR and the BaROR-like
genes in the other Bartonella species.
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FIG. 4. Phylogeny of the BaROR and BaROR-like gene clusters showing their distinct origins. Phylogenetic tree constructed from a concatenated
alignment of the proteins BaROR-01 and BaROR-04 and homologs thereof, using Mr. Bayes and RAxML. The topology of the tree is as taken from
Mr. Bayes. Circles in nodes represent posterior probabilities (higher half) and bootstrap support (lower half) with values as shown in the inset. Next
to the BaROR-like external nodes, numbers represent the order in which that sequence appears in the genome, as showed in supplementary figure
S9, Supplementary Material online. Symbols indicate proximity to a BaGTA (*), BGL1 (†), or BGL2 (‡) region.
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Previous studies have shown that the higher recombina-
tion rates caused by the local amplification near the
BaROR regions causes GC-biased gene conversion
(Berglund et al. 2009; Guy et al. 2013). However, to the
contrary of what is seen in other Bartonella genomes, no
general increase in GC3s values was observed in the ge-
nomic region flanking the BaROR-like genes in B. tamiae
(supplementary fig. S11, Supplementary Material online).
This suggests that the surrounding segments may not be
amplified and thereby not be recombining more fre-
quently than the rest of the genome. Thus, if the GTA-
like region in B. tamiae strain Th307 does have a function
that transfers host DNA, it is most likely a generalist GTA
that transfers host DNA randomly, without prior ampli-
fication of specific regions in the genome. However, it still
remains to be experimentally shown that the GTA-like
region in B. tamiae acts as a GTA.

BGL1 and BGL2 Segments
Although the genomic location of BGL1 and BGL2 was not
conserved, these were in most cases in the vicinity of BaROR-
like genes (fig. 5). We compared the organization of the
segments flanking BGL1 and BGL2 in B. grahamii and
B. schoenbuchensis, which indicated the presence of five ho-
mologous gene blocks, which are structured in the same or-
der and orientation in BGL1 and BGL2 in the two species (fig.
6). Based on the conserved order of the five gene blocks, we
suggest that the gene neighborhoods of BGL1 and BGL2 rep-
resent the order of genes in their shared bacteriophage an-
cestor. In comparison, the segments flanking the BaGTA have
been rearranged, potentially abolishing a coordinated regula-
tion of the initiation of phage replication and the expression
of phage structural genes.

We noted that the genes in region BGL2 in B. grahamii are
separated by multiple short insertions, including two genomic
islands that code for the hemolysin activator protein HecB
and the filamentous hemagglutinin protein FhaC, which is a
two-component type V secretion system, together with
phage proteins and integrases. One of the islands has been
inserted into the homolog of bgtF (BaGTA-06) for the major
capsid protein and the second has been inserted into the
intergenic region between the homologs of bgtE (BaGTA-
07) and BaGTA-08. A third genomic island with genes for
filamentous hemagglutinin, has been inserted inside a cas-
sette of unknown function immediately upstream of BGL2
(fig. 6).

The genes for HecB/FhaC have been identified as highly
variable in their chromosomal presence/absence patterns,
being absent from about one-third of 27 B. grahamii strains
isolated at sites located within 30 km from each other
(Berglund et al. 2009). Interestingly, 8 of 11 strains that lack
the hecB/fhaC genes show a higher hybridization signal over
the BGL2 region, indicating that this region and the other
surrounding phage genes may be replicating and
reintegrating (Berglund et al. 2009). In contrast, strains that
contain the hecB/fhaC insertion showed no indications of any
gene copy number variation (Berglund et al. 2009). Genes for
secretion systems may have been inserted into these phage-

like regions due to the lack of counter-selection, or driven by
selection to inactivate the prophage-induced lytic cycle.

Nucleotide Sequence Divergence
Prophage genes are normally less conserved than bacterial
core genes, due to recombination and high rates of nucleotide
substitutions and insertion–deletions. To test the hypothesis
that the BaGTA genes evolve under purifying selection similar
to bacterial core genes, whereas BGL1 and BGL2 evolve more
like prophages, we estimated the nonsynonymous (dN) and
synonymous (dS) substitution frequencies for the most
closely related pairs of genomes for which the dS values
were not saturated (dS< 1). These include pairwise compar-
isons of B. henselae, B. grahamii, and B. tribocorum and of B.
schoenbuchensis and B. bovis. The dS values were similar for all
genes of the BaGTA and not significantly different to the dS
values of single-copy core genes present in all Bartonella spe-
cies (Mann–Whitney test, P> 0.15 for all pairwise compar-
isons including B. grahamii, B. tribocorum, and B. henselae)
(supplementary fig. S12A, Supplementary Material online).
Only the comparison between the GTA and panorthologs
dS values in B. schoenbuchensis and B. bovis yielded a signif-
icant difference (Mann–Whitney test, P¼ 0.039), with the
GTA values being slightly lower than those of the panortho-
logs, although this difference was not found after correcting
for multiple testing (Holm–Bonferroni-corrected P¼ 0.156).

Furthermore, the dN/dS ratios for the BaGTA genes were
also comparable with those of the single-copy core genes
(Mann–Whitney test, P values for the four comparisons
>0.25) (supplementary fig. S12B, Supplementary Material on-
line). The BaGTA genes with higher dN/dS values corre-
sponded to shorter genes, and no gene longer than 750 bp
(over half of the BaGTA genes) showed a dN/dS >0.12. This
negative correlation between dN/dS and gene length
(P¼ 1.4�10�4 and 1.9�10�6 for Kendall’s and Spearman’s
rank correlations, respectively) may be caused by uncertainty
in the calculation of the higher dN/dS values (0.11–0.30) for
the short genes. Thus, in each pairwise comparison the sub-
stitution frequencies for the BaGTA genes were as expected
for genes that have coevolved with the bacterial genome
since the two species diverged.

In comparison, the dS values of the genes in the BGL1
region showed much more variability (supplementary fig.
S12A and table S7, Supplementary Material online). For ex-
ample, the unsaturated dS values between B. grahamii and B.
tribocorum ranged from 0.3 for the capsid gene (bgtG—
BaGTA-05) up to 0.9 substitutions per synonymous site for
the portal gene, with the dS values for four genes being well
above (dS> 0.6) the median genomic dS value of 0.35 sub-
stitutions per synonymous site. On the other extreme, the dS
value was only 0.19 for the portal gene in BGL1 in B. henselae
and B. tribocorum, and four out of five dS values were well
below the median genomic dS value of 0.8 substitutions per
synonymous site for this pair of strains. Furthermore, the
comparisons between B. henselae and B. tribocorum
(Mann–Whitney test, P¼ 0.040), and B. tribocorum and B.
grahamii (Mann–Whitney test, P¼ 0.014) showed signifi-
cantly lower and higher dS values, respectively, than the
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core genes although the differences were not found to be
significant after correcting for multiple testing due to the
small BGL1 sample sizes (Holm–Bonferroni-corrected P val-
ues of 0.123 and 0.055, respectively).

The phage genes represented by BGL2 could only be iden-
tified in B. grahamii and B. tribocorum, with two copies in B.
tribocorum. However, the dS values approached saturation
(>0.7 substitutions per site) for all genes in the BGL2 segment,

and were thus higher than the dS values of both the BaGTA
and the BGL1 genes. We conclude that the BaGTA genes have
mostly diverged by vertical descent, whereas the BGL1 and
BGL2 genes show signs of rapid sequence evolution, recombi-
nation between strains and/or multiple, independent phage
integration events. However, the effect is species-specific, prob-
ably due to the stochastic nature of such events and the time
elapsed since the species diverged.

FIG. 5. Genomic location of BaGTA, BaROR, and homologous sequences in Bartonella and close relatives. Colored boxes represent BaGTA, BaROR,
and homologous regions, as defined in the upper part of the inset legend. Gray boxes below the genome lines represent regions encoding genes
annotated as “phage” at distances shorter than 20 kb. Homology lines represent BLASTn hits of at least 600 nucleotides and 30% identity (gray),
overlaid with reciprocal PSI-BLAST hits for BaGTA gene homologs (following colors in fig. 1B, shown in the lower part of the inset legend). The tree
topology was taken from Guy et al. (2013). B. schoen., Bartonella schoenbuchensis.
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A Model for the Origin and Evolution of the BaGTA
In this study, we have traced the evolution of the BaGTA and
suggest that it has evolved from a bacteriophage that was
acquired in the last common ancestor of Bartonella and Ca.
Tokpelaia. A series of observations suggest that the BaGTA is
coevolving with the bacterial genome: the BaGTA tree topol-
ogy matches the species topology, the gene order structure
and genomic location of the BaGTA is conserved across spe-
cies and the base composition patterns are similar to those of
other genes in the bacterial host genome. However, we could
not find any trace of an ortholog copy of the phage-derived
origin of replication in a genome outside of the eubartonellae.
Furthermore, the phylogenetic analysis indicates that the only
BaROR homologs present in these earlier diverging genomes
belong to a separate group that is associated with the BGL
rather than with the BaGTA regions, and they do not show
the peak in the GC3s values normally observed in the BaROR

region in the eubatonellae. Therefore, the BaROR is likely to
have a distinct, more recent origin than the GTA itself. Here,
we propose that the BaGTA has evolved from an integrated
prophage that has been connected with the BaROR through
a series of events, as briefly outlined below.

Bacteriophage Integration
The first step in the evolution of the BaGTA was the integra-
tion of a bacteriophage into the bacterial genome (fig. 7A).
The primordial bacteriophage probably belonged to a diverse
lineage, with variants infecting a variety of hosts, because
homologous phage sequences are present in a few species
outside the genus Bartonella. Moreover, the multiplicity and
relatedness of the BaGTA homologs in Bartonella spp. sug-
gests extensive proliferation of these sequences, with rates
and patterns of sequence evolution rather resembling a
phage-like mobile element than a GTA. On the other hand,

FIG. 6. Gene order conservation around BaGTA and BaGTA-like gene clusters in other Bartonella spp. Plot showing similarity in the arrangement of
gene blocks surrounding the BaGTA and BaGTA-like regions in B. grahamii and B. schoenbuchensis, as an example of a canonical Bartonella species
with a BGL1 gene cluster. Horizontal arrows represent groups of genes with general gene order conservation. Colors and connecting lines indicate
homology between genes. Events of gene insertion, rearrangements, and duplications are shown as indicated in the inset. Insertions are shaded in
gray when they represent a repeated mobile element containing genes for hemolysin activator and filamentous hemagglutinin.
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FIG. 7. Model for the evolution of the Bartonella GTA. Throughout the scheme, colored, and gray horizontal arrows represent phage and bacterial
genes, respectively; vertical arrows toward capsids represent the control over capsid formation and DNA packaging processes; and colored glow
represents DNA amplification by a phage-derived origin of replication (ori). (A) A prophage with basic modules encoding functions such as
regulation, capsid formation (lined), bacterial lysis, and replication (dotted) inserts in the chromosome. The prophage regulates the replication
and expression of its own genes; upon induction, phage particles are produced containing bacteriophage DNA, with the rare inclusion of bacterial
DNA. (B) The prophage accumulates mutations and deletions, which reduces the efficiency of phage DNA replication and capsid production.
(C) The loss of the phage-derived replication genes causes the structural genes to incorporate random bacterial DNA into their capsids, as an early
stage generalist GTA. A subsequent insertion of a different phage (not to scale), including replication machinery and origin, causes independent
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the overall congruency between phylogenies of BaGTA
homologs and trees reconstructed from genomic data of
the hosts (Neuvonen et al. 2016; Segers et al. 2017) suggests
that the integration event that would generate the BaGTA
was at least as old as the Bartonellaceae lineage. The gene
segment represented by BGL1 in B. grahamii provides an
example of what the content and order of genes may have
looked like in the ancestral bacteriophage.

The Initiation of Phage Replication Became
Uncoupled from the Genes for Phage Capsid Proteins
We hypothesize that the inserted bacteriophage started to
accumulate mutations, deletions, insertions, and rearrange-
ments, which affected the integrity and regulation of the
prophage, and thereby prevented the lytic cycle (fig. 7B).
We further suggest that the uncoupling of genes for the
phage capsid proteins from genes involved in the initiation
and termination of phage replication was a key event in the
evolution of the GTA (fig. 7B and C). The BGL2 segment in B.
grahamii provides an example of how the inserted phage
genes may have become disconnected from each other
through the insertion of novel genes, such as the fha/hec
repeat genes. Consistently, a previous gene content study of
27 B. grahamii strains by microarray comparative genome
hybridization indicated an inverse correlation between the
presence of the fha/hec repeat genes and an increased copy
number of the flanking phage genes (Berglund et al. 2009).
The simplest interpretation is that the insertion of the fha/hec
genes abolished replication of the integrated phage genes.
However, complete genome sequence data and experimental
studies from multiple B. grahamii strains with and without
the fha/hec insertion would be needed to test this hypothesis.

Phage Particles Started Packaging and Transferring
Random Fragments of Bacterial DNA
The loss of coordination between the initiation of phage rep-
lication and expression of phage particles enabled random
fragments of chromosomal DNA to be packaged into the
phage particle (fig. 7B and C). We hypothesize that noneu-
bartonellae Bartonella species, such as B. apis and B. tamiae,
which contain homologs to the BaGTA genes but not to the
BaROR genes, encode generalist GTAs that package genomic
DNA randomly, thus resembling the RcGTA.

Run-off Replication by a Phage Replication Initiation
Site Amplified Flanking Bacterial DNA
Our analysis revealed multiple copies of genes for a putative
phage-derived origin of replication in most of the Bartonella
genomes, often but not always associated with other phage
genes. Any of these may incidentally have started to replicate
the surrounding genes, including in some cases bacterial
genes, in a process referred to as run-off replication (fig. 7C

and D). The BaROR genes, which contain such a replication
initiation site, may have been derived from the same or from
a different bacteriophage than the one that evolved into the
BaGTA. We hypothesize that the amplification of bacterial
genes from the phage replication initiation site may have
conferred a selective advantage due to higher gene expression
levels or a higher propensity for gene transfer, recombination,
and diversification, thereby facilitating adaptation to diverse
host species (fig. 7D).

The Bacterium Controls the Amplification of the
Bacterial Genes Near the Phage Replication Initiation
Site and the Expression of the GTA
Finally, the bacterial host may have started to regulate the
expression of the BaGTA and the phage-derived origin of
replication (fig. 7D). It has been shown in R. capsulatus that
both the production of the RcGTA particle and flagellar mo-
tility is under regulatory control of the host cell via the CtrA
phosphorelay system, and induced by quorum sensing dur-
ing stationary phase (Brimacombe et al. 2013; Mercer and
Lang 2014). It is interesting to note that flagellar genes present
in some Bartonella species are located in the secretion system
cassette near the genes for the BaGTA and the BaROR, and
thus may be regulated by similar control mechanisms.
However, bacteriophage-like particles that package chromo-
somal DNA were produced during both exponential and
stationary phase in B. grahamii, suggesting that the regulatory
systems that activate GTA-mediated transfer of bacterial
DNA might differ (Berglund et al. 2009). Furthermore, it
has been recently found that high levels of ppGpp inhibit
the activity of the BaGTA, thus suggesting that gene transfer
via the BaGTA is restricted to actively replicating bacterial
cells (Quebatte et al. 2017).

Although there are many similarities between the RcGTA
and the BaGTA, a main difference is that the RcGTA packages
bacterial DNA randomly and there are no indications of spe-
cific regions in the bacterial genome are transferred more
frequently than the genome overall (Hynes et al. 2012). Our
results suggest that the BaGTA replaced the RcGTA; however,
exactly how this happened is still unclear. Once the replace-
ment occurred, the BaGTA precursor integrated within the
host physiological processes, probably co-opting preadapted
regulatory networks, and behaved as a generalist GTA.
Subsequently, it evolved a specialist behavior by coupling its
action with a phage-derived origin of replication that ampli-
fied the surrounding DNA consisting of potentially adaptive
genes. Although the BaGTA would still package DNA ran-
domly, the effective result of this ternary system would result
in the frequent transfer of DNA from the amplified regions,
thereby increasing the evolvability of the eubartonellae and
facilitating their radiation to multiple mammalian hosts.
These results highlight the complex evolutionary patterns

FIG. 7. Continued
regulation and amplification of separate gene repertoires. (D) The bacterial genome takes over the regulation of the replication from the phage-
derived origin of replication as well as the production of phage particles through optimization of the GTA by streamlining and modification. The
more likely encapsidation of amplified DNA generates an advantage for adaptive genes to relocate to the amplified region.
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dictating the replacement of GTA systems and their ensuing
acquisition of more sophisticated behaviors. The finding that
one strain of B. tamiae contains the BaGTA while a closely
related strain contains a highly divergent putative GTA at the
exact same site with a few short matches to the RcGTA
indicates that GTA replacements may be more common
than previously thought. Further analyses of closely related
strains of B. tamiae may provide insights into the process of
GTA replacement and divergence, as well as into the func-
tionality and dynamics of early stage GTA regions.

Materials and Methods

BaGTA Sequence Retrieval and Searches
The genomes of the radiating Bartonella species, B. tamiae,
B. apis, and Ca. T. hoelldoblerii strains were retrieved from the
public databases (supplementary table S3, Supplementary
Material online). In order to find homologs from BaGTA
and BaROR in Bartonella species and relatives, all 14 genes
comprising the canonical BaGTA and 6 genes comprising the
BaROR region were selected from 8 canonical Bartonella
genomes (supplementary table S4, Supplementary Material
online). Each gene was aligned using Mafft-linsi v6.857b
(Katoh et al. 2002; Katoh and Toh 2008), and the alignments
were used to perform PSI-BLAST searches (Altschul et al.
1997) against NCBI’s database nr and the local genomes (sup-
plementary table S3, Supplementary Material online) and us-
ing an E-value cutoff of 10�3 and two search iterations.

BaGTA Identification and Phylogenetic Analyses
The hits were retrieved, aligned with Mafft-linsi v6.857b, sites
with over 50% gaps were trimmed with TrimAl v1.2rev59
(Capella-Gutierrez et al. 2009), and the alignments were
used for phylogenetic inference using FastTree v2.1.7 (Price
et al. 2009, 2010). The obtained trees were manually checked
and sequences belonging to overrepresented groups and
well-supported groups placed far from the Tokpelaia-
Bartonella ingroup were removed from the alignment. The
remaining sequences were aligned this time using ProbCons
v1.12 (Do et al. 2005) and trimmed as before. Duplicated
sequences were removed, and the resulting alignment was
used for phylogenetic inference with RAxML v7.2.6
(Stamatakis 2006) under the PROTGAMMALG model and
performing 100 bootstrap pseudoreplicates. If necessary, the
last iteration was repeated following the removal of still over-
represented groups. Given the lack of several BaGTA homo-
logs in Tokpelaia, in contrast with the presence and synteny
conservation of genes bgtJIHG (BaGTA-02 to BaGTA-05), the
final alignments obtained for these four genes were
concatenated and two trees were constructed, one using
RAxML as before, and another using Phylobayes v4.4f
(Lartillot et al. 2009) using the CAT model until convergence
with a MaxDiff value <0.3 and an Effective size >50. The
sequences from the newly published B. apis genomes (Segers
et al. 2017) were added to the concatenated alignment of
genes bgtJIHG (BaGTA-02 to -05), and were used for a
maximum-likelihood phylogenetic reconstruction as above,
confirming the monophyly of the B. apis clade (supplementary

fig. S13, Supplementary Material online) and justifying the use
of B. apis PEB0122 as representative for the rest of the analyses.

BaGTA Sequence and Synteny Analyses
GC3s values were calculated using the CodonW package
(Peden 1999); and plotted using R (R Core Team 2017).
Calculation of dN and dS values was performed using the
Yang and Nielsen (2000) method implemented in PAML
v.4.9a (Yang 1997, 2007). Statistical tests and plotting were
performed using R. The identification of single-copy panor-
thologs for the used genomes was taken from a previous
study (Neuvonen et al. 2016), with the addition of the ortho-
logs of B. bovis m02, identified by a best reciprocal BLAST hit
analysis with B. schoenbuchensis m07a. PSI-BLAST with the
above-mentioned settings was used to search for homology
and gene order conservation in genes surrounding the BaGTA
and BaGTA-like regions in Ca. T. hoelldoblerii and the differ-
ent Bartonella spp., and comparative figures were drawn using
the R package genoPlotR (Guy et al. 2010).

Phyletic Comparison of BaGTA and RcGTA
In order to identify GTA regions in other
Alphaproteobacteria, the complete genomes from
Rhizobiales, Caulobacterales, and Rhodobacterales were
downloaded from NCBI in April 2016, adding the genome
of Ca. T. hoelldoblerii (Neuvonen et al. 2016). PSI-BLAST
searches against these genomes were performed as above
for the 14 BaGTA genes. The 17 genes that comprise the
RcGTA (Lang and Beatty 2001) were taken from
Rhodobacter capsulatus SB 100 (CP001312), and from
Rhodobacter sphaeroides strains ATCC 1702 (CP000577),
KD13 (CP001150), MTBLJ (CP012960), and WS8
(CM001161). Homolog detection in these genomes was
done as for the BaGTA genes above. For the purpose of parsing
and plotting the hits, a GTA region was defined as a single
region, at most 50 kb long, containing at least three hits to the
GTA, with a distance of at most 25 kb between each hit.
Regions were discarded if they contained one or more synteny
breaks when compared with the original GTA. Genes for the
concatenated RcGTA phylogenetic tree were chosen to max-
imize the number of genes and genomes included, and com-
prised genes g2, g3, g4, g5, g6, g9, and g12. The genes were first
aligned with Mafft-linsi and a tree reconstructed with FastTree
to search and remove recent paralogs; the resulting sequences
were then aligned with Probcons and a tree was reconstructed
with RAxML as explained earlier. The portal and terminase
sequences used for this tree, together with the portal and
terminase sequences used in the concatenated BaGTA align-
ment, were joined with the B. tamiae Th239 homologs, were
used for a phylogenetic reconstruction as above,

BaROR Region Identification and Synteny Analysis
PSI-BLAST hits to the local Bartonella spp. and Tokpelaia
genomes (supplementary table S3, Supplementary Material
online) for the six ROR genes were used to identify Bartonella
regions with homology to the BaROR. These regions were
defined by extending ten genes at either side of the ROR
homologs, and regions were joined if they overlapped.
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Thus, 173 BaROR hits yielded 46 BaROR regions. One of them
was found to contain two contiguous inverted regions, and
two were found to have one and two additional inserted
regions, yielding a total of 50 gene neighborhoods to study.
Gene homologs were defined as all genes in a network formed
by genes as nodes, and edges being PSI-BLAST reciprocal hits
between each pairs of genomes, with PSI-BLAST parameters
as before. The synteny of BaROR regions was analyzed visually
using custom perl and R scripts. For visualization purposes,
the regions were ordered based on hierarchical clustering,
which was applied to the logarithm of the number of shared
reciprocal PSI-BLAST hits between each region, and per-
formed as implemented by default in the R function heat-
map.2 in the package gplots (Warnes et al. 2013).

BaROR Phylogenetic Analyses
Phylogenies for each of the six BaROR genes were constructed
following the same pipeline as described earlier for the BaGTA
genes. Additional PSI-BLAST searches were performed for
each BaROR gene and homologs thereof, against a local data-
base containing all complete alphaproteobacterial genomes
in NCBI (as of February 2016). Given that BaROR-01, BaROR-
02, and BaROR-04 homologs were found in several BaROR-
like regions in Bartonella spp., we selected those genomes
where homologs of BaROR-01 and BaROR-04 were found
at a distance of <20 kb, because BaROR-02 could not be
found in combination with these. We then joined these
hits to the ones from Bartonella spp. local genomes and, as
above, we aligned the sequences obtained for each gene with
ProbCons and trimmed them with TrimAl. Then we
concatenated them and obtained phylogenetic trees using
RAxML and MrBayes (Huelsenbeck and Ronquist 2001;
Ronquist et al. 2012), with the LG model with four categories
under Gamma distribution. MrBayes ran for 50 milliion gen-
erations until SD was lower than 0.04. The tree was drawn in
FigTree (Andrew Rambaut, available at: http://tree.bio.ed.ac.
uk/software/figtree/; last accessed November 26, 2017) and
edited in Adobe Illustrator.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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