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Abstract

The intracellular flea symbiont, Rickettsia felis, may meet other organisms intracellularly such as R. typhi. We used a single-gene
phylogenetic approach of the 1375 R. felis genes to look for horizontal transfers that occurred as a result of the bacterial
promiscuity with other organisms. Our results showed that besides genes that are linked to the Spotted Fever Group, 165
genes have a different history and are linked to other Rickettsia such as R. bellii (107 genes), R. typhi (15 genes), or to other
bacteria such as Legionella sp. and Francisella sp. or to eukaryotes. Among these genes, we identified 73 individual genes and
34 spatial clusters containing 2–4 adjacent genes, a total of 79 genes, with evidence of en bloc transfer. We described 13
chimeric genes resulting from gene recombination with sympatric R. typhi. The transferred DNA sequences present different
sizes and functions, suggesting that the horizontal transfer in R. felis is random and neutral within its specific host. Our study
shows that the strict intracellular bacteria R. felis exhibits a mosaic genome. We therefore developed a new representation for
the evolutionary history of R. felis showing its different putative ancestors in the form of a rhizome.

Key words: bacterial rhizome, sympatry, Rickettsia felis, gene recombination, horizontal gene transfer.

Introduction
According to the Darwinian principle of ‘‘descent with mod-
ification through natural selection,’’ all species arise and de-
velop through the natural selection of small, inherited
variations that increase an individual’s ability to compete, sur-
vive, and reproduce. Organismal descents have been repre-
sented as a tree-like process (Darwin 1859). Later on,
biologists have developed genetic methods to map represen-
tatives from all groups of living organisms to a tree referred to
as the ‘‘tree of life’’ (Woese 1987). In this framework, all living
organisms are considered to be descended from a common
ancestor; nonvertical transfers are incorporated in this model,
but they are considered to be rare enough not to challenge
the notion of a core organism that effectively represents the
whole organism in the tree of life. This simple vision has been
challenged considerably by the emergence of large-scale se-
quencing, and many approaches have emerged (Doolittle
and Bapteste 2007) that propose replacing the tree-like pat-
tern of evolutionary relationships with more complex models
such as the ‘‘synthesis of life’’ (Bapteste et al. 2004), the ‘‘for-
est’’ of evolutionary trees (Puigbo et al. 2009; Schliep et al.
2010), the genetic network (Puigbo et al. 2010; Popa et al.
2011), and the ‘‘rhizome of life’’ (Raoult 2010). Instead of
the dichotomous topology of a phylogenetic tree, the differ-
ent roots of a rhizome model illustrate the multiple sources
of the genetic information of bacteria, with inheritance
occurring not only vertically but also laterally. Indeed, com-
parative genomics approaches have revealed that horizontal

gene transfer (HGT) is a driving force in the innovation and
evolution of bacterial genomes (Ochman et al. 2000; Jain et al.
2003). Bacteria evolve not only through the modification of
inherited genetic information but also through the acquisi-
tion of sequences from other organisms. These horizontal
transfer events account for a significant fraction of single-
gene phylogenies incongruences observed when doing phy-
logenomic surveys (Doolittle 1999a; Lerat et al. 2003; Santoyo
and Romero 2005; Puigbo et al. 2009).

Rickettsia spp. are obligate intracellular a-proteobacteria
that are small and rod shaped. They are best known as
agents for vector-borne diseases in humans (Raoult and
Roux 1997). The genus Rickettsia has traditionally been sub-
divided into three major groups on the basis of molecular
genetic methods: 1) the Typhus Group (TG), which in-
cludes the etiological agents of epidemic and murine ty-
phus, Rickettsia prowazekii and R. typhi, respectively, 2)
the Spotted Fever Group (SFG), which includes the etiolog-
ical agents of Mediterranean spotted fever (R. conorii),
Rocky Mountain spotted fever (R. rickettsii), African tick
bite fever (R. africae), flea-borne spotted fever (R. felis),
and rickettsial pox (R. akari) (Merhej and Raoult 2010)
and 3) the ‘‘Ancestral Group,’’ containing R. bellii and R.
canadensis that are associated with ticks (Stothard et al.
1994; Stothard and Fuerst 1995). Later, R. akari and R. felis
were placed in a separate group called the ‘‘Transitional
Group’’ because they present phenotypic and genotypic
characteristics that are intermediate of the SFG and the
TG (Gillespie et al. 2007).
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Nevertheless, single- and multigene analyses have often
yielded conflicting tree topologies with many ambiguities,
especially with regard to the phylogenetic position of R. can-
adensis and the phylogenetic relationships within the SFG.
Advances in molecular tools and biological approaches have
uncovered other groups that include species with a broad
host range and diverse effects on the host (Perlman et al.
2006; Weinert et al. 2009; Merhej and Raoult 2010). Rickett-
siae with unknown pathogenic effects such as R. bellii seems
to form a distinct group with other species that act as sym-
bionts for different hosts including insects (Perlman et al.
2006; Merhej and Raoult 2010). The phylogeny from core
gene concatenation of the 11 available sequenced genomes
has produced a robust phylogeny that showed 4 groups in
the Rickettsia genus: SFG, TG, R. bellii group, and R. canaden-
sis group (Blanc, Ogata, Robert, Audic, Suhre, et al. 2007;
Fournier et al. 2009; Merhej et al. 2009). A polyphasic taxo-
nomic approach helped to define four different subgroups
within SFG: the R. rickettsii subgroup (same as R. conorii sub-
group), the R. massiliae subgroup, the R. helvetica subgroup,
and the R. akari subgroup containing R. akari and R. felis
(Roux and Raoult 1999) (supplementary file 2, fig. S1, Sup-
plementary Material online).

Evidence for HGT events has been presented for R. bellii
(Ogata et al. 2006) and R. massiliae (Blanc, Ogata, Robert,
Audic, Claverie, and Raoult 2007), and amoebae have been
suggested as a site of this genetic exchange. Recently, these
findings have led to reconsider the intracellular environment
of bacteria with specific attention to the type of speciation
according to an allopatric or sympatric model of evolution
(Moliner et al. 2010; Boyer et al. 2011). As defined for eukar-
yotes, the allopatric speciation assumes that reproductive
isolation between former populations of a species evolves
as a consequence of physical isolation through an extrinsic
barrier (Mayr 1942). While in sympatric speciation, the repro-
ductive isolation between former populations of a species
evolves without any extrinsic barrier (Johannesson 2001).
Indeed, the obligate intracellular habitat of Rickettsia con-
tributes to the physical isolation of these bacteria and sub-
sequently to an allopatric evolutionary lifestyle with limited
rate of gene exchange. Nevertheless, the host of an obligate
intracellular may harbor different organisms that share the
same habitat, leading to a sympatric lifestyle. Thereby the in-
tracellular habitat of amoeba may offer a considerable oppor-
tunity for gene exchange, leading to a sympatric evolution of
rickettsial species, like R. bellii, that have the capacity to live
within it (Ogata et al. 2006; Boyer et al. 2009; Moliner et al.
2010). Likewise, insects and other rickettsial hosts that can be
coinfected by different intracellular bacteria may represent
a melting pot for genetic exchange (Thomas and Greub 2010).

Rickettsia felis has a reduced genome of 1.48 Mb that
contains a considerable proportion of mobile genetic ele-
ments termed the ‘‘mobilome’’ (Smets and Barkay 2005),
including 2 plasmids, 61 genes encoding transposases,
and 8 phage-related proteins (Ogata et al. 2005). Moreover,
in arthropods, R. felis exhibits a sympatric lifestyle and may
coexist with R. typhi in fleas (Eremeeva et al. 2008). Alto-
gether, these features suggest the possibility for HGT and

gene recombination (Frost et al. 2005), probably facilitated
by coinfection of R. felis hosts. The genome organization of
R. felis is very close to other rickettsia (with the exception of
R. bellii), and we suspected that most gene exchange was
carried out through recombination rather than transposi-
tion. We examined the origin of every gene in the genome
of R. felis using a single-gene phylogenetic approach. When
evidence was found for HGT, we studied the neighboring
sequences to evaluate en bloc transfer. Furthermore, we
carried out an in-depth study of gene recombination be-
tween R. felis and the sympatric R. typhi. We also described
the mosaic gene repertoire of R. felis, including genes shared
by all or some Rickettsia spp., genes with no homologs in
Rickettsia and genes with no significant similarities in the
NCBI database ‘‘ORFans.’’ Finally, we determined the possible
origin of all R. felis genes, including those that were vertically
inherited, duplicated, converted and horizontally acquired.

Materials and Methods

Data
At the beginning of the study, the sequences of 11 rickettsial
genomes were available. The rickettsial genomes were re-
trieved from the Genbank database. The species used were
R. prowazekii strain Madrid E (NC_000963) (Andersson et al.
1998), R. typhi strain Wilmington (NC_006142) (McLeod
et al. 2004), R. conorii strain Malish 7 (NC_003103) (Ogata
et al. 2000, 2001), R. felis URRWXCal2 (NC_007109) (Ogata
et al. 2005), R. akari strain Hartford (NC_009881), R. rickettsii
strain ‘Sheila Smith’ (NC_009882) (Ellison et al. 2008), R. afri-
cae (NC_012633) (Fournier et al. 2009), R. massiliae MTU5
(NC_009900) (Blanc et al. 2007), R. bellii RML369-C
(NC_007940) (Ogata et al. 2006), R. canadensis strain MacK-
iel (NC_009879), and R. slovaca (CP002428).

Search for Orthologs and Homologs of R. felis
Open-Reading Frames
Orthologous relationships between the 11 rickettsial pro-
teomes were determined using all-against-all reciprocal
best-hit (RBH) analysis (Tatusov et al. 1997; Bork et al.
1998). All pairwise sequence comparisons among the pro-
teins encoded in the 11 complete genomes were per-
formed, and for each protein, the best hit (BeT) in each
of the other genomes was detected. We set an E value cut-
off of equal to or less than 10�5 and required that the size
of high scoring pairs be at least 60% of the query size (cov-
erage). In the BeT graph thus defined, we looked for highly
connected components in which each sequence is the RBH
of at least two other sequences (Tatusov et al. 2003). Se-
quences belonging to such a cluster are said to belong to
the same cluster of orthologous groups of proteins (COGs).
COGs that were detected in all of the 11 genomes formed
the core genes of the studied Rickettsia spp. In the case of
two copies of orthologous genes in the same genome, we
included the open-reading frames (ORFs) with the best bit
score in the corresponding cluster of orthology.

Sequence similarity searches were performed with BlastP
at the National Center for Biotechnology Information
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(Bethesda, MD; http://blast.ncbi.nlm.nih.gov/Blast.cgi. The
100 best matches with an E value less than 10�4 and se-
quence similarity higher than 30% were selected for phylo-
genetic analysis. ORFs for which we identified no similar
sequences in the nonredundant (NR) protein sequence da-
tabase were compared with a metagenomic database using
BlastP software. Conserved domain search was performed
with Reverse PSI-Blast (RPS-Blast; Marchler-Bauer et al.
2003) (http://www.ncbi.nlm.nih.gov/Structure/cdd/). The
coverage of RPS-Blast alignments between the query se-
quences and conserved protein domains was used to infer
putative domains to the protein query.

Phylogenetic Analysis
Individual gene sequences were aligned using the MUSCLE
algorithm (Edgar 2004), using the nucleotide data set of
the core gene and the amino acid data set for the other
genes. Phylogenetic analyses were performed using the
neighbor-joining (NJ) (Saitou and Nei 1987) and maximum
parsimony (MP) methods within PHYLIP package version
3.5c (Felsenstein 1993) and maximum likelihood (ML) within
PHYML (Guindon and Gascuel 2003) with 100 bootstrap
replicates. The NJ and ML were calculated with a variety
of implemented substitution matrices (Kimura, F84 and
HKY for nucleotides and JTT and WAG for amino acid se-
quences). We compared the topologies of the phylogenetic
trees inferred from the core genes. Therefore, the approxi-
mately unbiased (AU) and Shimodaira–Hasegawa (SH) to-
pology tests as implemented in CONSEL (Shimodaira and
Hasegawa 2001; Shimodaira 2002) were used to compare
ORF and core-gene trees. Finally, Cochran’s test (Cochran
1950) was used to evaluate the significance of differences
among gene tree topologies; the significance level was set
to 5%. Moreover, the incongruence between tree topologies
was estimated using the Robinson–Foulds metric (Robinson
and Foulds 1981), which consists of counting the number of
bipartitions (splits) that differ between two trees. We used
the T-coffee implementation for this measure that makes it
possible to efficiently compare and enumerate topologies
(Notredame et al. 2000). This approach made it possible
to identify the most common topologies and the most fre-
quent splits observed across the dataset.

Recombination Analysis
We hypothesized that aberrant gene tree topologies showing
R. felis outside the SFG, especially those showing it within the
TG, could be the result of horizontal transfer events through
transposition or intergenomic recombination, and the cor-
responding genes were subjected to further analysis. We con-
ducted a pairwise genome comparison of R. felis versus R.
conorii and R. akari; indeed, R. felis genes with no correspond-
ing partners in the SFG spp. might be highly suggestive of
horizontal transfer through transposition. Recombination
was analyzed using the RDP, GENECONV, BOOTSCAN,
MAXCHI, CHIMAERA, SISCAN, and 3SEQ methods imple-
mented in the program RDP3BETA30 (Martin et al. 2010).
For all the gene trees showing R. felis in a phylogenetic clade

with TG, we checked manually for recombination hot spots.
Therefore, we examined the gene alignments of R. felis, R.
conorii, R. akari, and R. typhi looking for significant clusters
of polymorphic sites. The polymorphic sites consist of re-
gions (of more than 10 nucleotides) that were more similar
between R. felis and R. typhi than between R. felis and R. con-
orii (or between R. felis and R. akari). The detected regions
with possible gene recombination were analyzed using an
alternative to McNemar’s test to compare paired propor-
tions: the Liddell’s exact test (Liddell 1983). P values ,

0.05 were considered significant.

Statistical Analysis of Transferred Sequences
All data were analyzed with the R statistical software pack-
age [http://cran.r-project.org/] using chi-squared test for
independence and the unpaired two-tailed Welch’s t-test
for samples with size of 30 or more per group. P values ,
0.05 were considered significant.

Results

Classification of R. felis Genes
Rickettsia felis has a genome of 1.48 Mb with a considerable
proportion of mobile genetic elements (Smets and Barkay
2005) including plasmids, genes encoding transposases, and
phage-related proteins (Ogata et al. 2005). We compared
the 1,375 chromosomal protein-coding genes in R. felis to
the NR database using BlastP software.

There were 1,299 ORFs (94.5%) that exhibited significant
sequence similarity with other Rickettsia spp. (i.e., their
BlastP E value was lower than 10�4, and they had more than
30% identity). Of these, 1,225 ORFs exhibited homologs in
Rickettsia from the SFG, whereas 74 ORFs had no homolog
in the SFG. Of these 74 ORFs, 65 had homologs in R. bellii.
There were 76 ORFs in R. felis with no homolog in the Rick-
ettsia spp. studied here (supplementary file 1, Supplementary
Material online). Among these ORFs, 16 matched preferen-
tially with sequences from b-proteobacteria, including the
plasmid of Burkholderia phymatum, 9 with a-proteobacteria,
9 with c-proteobacteria, 5 with the Bacteroidetes/Chlorobi
group, and 3 with d-proteobacteria and with sequences from
Actinobacteria, Cyanobacteria, Spirochetes, Firmicutes, un-
cultured bacteria, archae, and Eukaryota. The 76 ORFs with
no homolog in the Rickettsia spp. mainly encode genes with
poorly characterized functions and transposases. These ORFs
may have been lost by the other Rickettsia spp. or may have
been acquired through HGT. This HGT hypothesis is sup-
ported by the fact that these ORFs had homologs in phages
and prophages (22 ORFs) and plasmids (26 ORFs). Finally, 22
ORFs had no homologous sequences in the NR database or
paralogs in R. felis and could be defined as ORFan singletons
(Boyer et al. 2010). We found homologs for three of these
ORFans (rfeORF0778. rfeORF0822, rfeORF0823) in an envi-
ronmental metagenomic database, which classified them in-
to a ‘‘MetaORFan’’ category (Boyer et al. 2010).

This complex taxonomic distribution of homologs suggests
for R. felis a genome with a mosaic structure, made of a com-
plex assembly of genes from putative diverse origins (fig. 1).
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Position of R. felis among Rickettsia spp.
We constructed single-gene phylogenies of the 701 chro-
mosomal genes shared by the 11 currently available rickett-
sial genomes, using three construction methods (NJ, MP,
and ML) and nucleotide sequences to resolve the phyloge-
netic position of R. felis. These analyses revealed extensive
incongruence and produced more than 200 alternative to-
pologies (supplementary file 2, tables S1–S3 and figs. S2–S5,
Supplementary Material online). Concerning the placement
of R. felis, robust phylogenies could be estimated from 494
genes (bootstrap values of the branch supporting R. felis
clade � 75%, with at least one construction method), with
476 trees (328 trees with ML method) placing R. felis within
SFG. Out of these, 267 trees (220 ML trees) supported its
presence within a sister group containing R. akari. In seven
cases (out of which three ML trees), R. felis was placed in
the TG, in three cases with TG and R. akari, in three cases
(three ML trees) with R. bellii, in two cases (2 ML trees) with
R. canadensis, in two cases (two ML trees) with R. canadensis
and R. bellii, and in one ML tree with R. canadensis and R.
akari (supplementary file 2, fig. S6, Supplementary Material
online). These unconventional albeit robust phylogenies
from core genes are highly suggestive of horizontal transfer
events. The 207 core gene that did not generate reliable trees
may be the result of hidden recombination, see subsequent
analyses.

We then constructed phylogenies from the 598 R. felis
genes common to some Rickettsia spp. using amino acid
sequences extracted from BlastP matches. These genes
placed R. felis reliably in 420 trees (corresponding to 326

robust ML trees) and 262 trees (184 ML trees) placed R.
felis within the SFG, including 73 trees (44 ML trees) placing
it in a sister group with R. akari. Interestingly, in 107 trees
(96 ML trees), R. felis was placed in a clade with R. bellii; in
three ML trees, with TG (supplementary file 2, fig. S7, Sup-
plementary Material online); in four cases (3 ML trees), with
R. canadensis; in two cases (1 ML tree), with R. canadensis
and R. bellii; and in one NJ tree, with R. canadensis and R.
akari (supplementary file 2, figs. S6 and S8, Supplementary
Material online). These differentially distributed genes among
Rickettsia spp. with unusual topologies may have been from
horizontal transfer events; alternatively, they may have been
from vertical transfer events but may have been lost from the
other SFG species.

Finally, the identifiable gene ancestors of R. felis among
the Rickettsia were mainly from the SFG in the R. conorii
subgroup (43.5% of the total of 914 robust phylogenies ob-
tained from R. felis genes common to all or some Rickettsia
spp.), the R. akari subgroup (37%), the TG (1%), R. bellii
(12%), and R. canadensis (0.1%). Based on this analysis,
R. felis belongs primarily to the SFG of the Rickettsia genus,
and the putative transitional group is inconsistent.

Gene Recombination with the Sympatric Species R.
typhi
Recombination occurs in sympatric organisms, contribut-
ing to their genetic diversity (Iredell et al. 2003; Santoyo and
Romero 2005; Viezens and Arvand 2008; Vos and Didelot
2009; Touzain et al. 2010). The promiscuity of some Rick-
ettsia spp. within the same host (e.g., R. felis and R. typhi

FIG. 1. Schematic representation of the mosaic structure of the Rickettsia felis genome. Each dot represents an ORF. ORFs were classified into
the different functional categories of COGs: information storage and processing, cellular processes and signaling, metabolism, and poorly
characterized function. The colors of the dots represent significant Blast match results: red for the SFG, yellow for the TG, green for R.
canadensis, blue for R. bellii, purple for ORFs with no significant match with Rickettsia spp. other than R. felis, and gray for ORFans. HGT events
through transposition are shown by disrupted, unfilled dots. Yellow dots with a red circle indicate ORFs that significantly match the SFG but
seem to have been subject to recombination with the TG. ORFs were represented in the order of their position within the genome.
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within flea (Eremeeva et al. 2008; Bitam et al. 2009) suggests
the possibility of gene recombination.

When using the RDP3 program, putative recombination
events were found between Rickettsia spp. in 420 out of 701
core genes (60%). Interestingly, R. felis presented the high-
est number of recombination events (supplementary file 3,
Supplementary Material online). We investigated all the R.
felis gene trees to verify the plausibility of these recombi-
nation events. Among the gene trees that show R. felis in
a clade with R. typhi, we found 13 genes with pairwise re-
gions of similarity between R. typhi and R. felis, and further
statistical analyses identified these regions as potential hot
spots for recombination (fig. 2) (supplementary file 3, Sup-
plementary Material online). Four of these genes are in-
volved in metabolic functions; five are involved in
information storage and processing; one is involved in cel-
lular processes and signaling, and three encode proteins
with unknown functions. The recombined genes are evenly
distributed around the genome showing genome-wide re-
combination. They are located in regions that are rich in
repeats and split genes and exhibit a high level of colinear-
ity with SFG species like R. conorii and R. akari.

Here, we limited our study to recombination between R.
felis and R. typhi due to their known common habitat and
found that recombination has played an important role in
the genome evolution of these sympatric Rickettsiae. Other
recombination events seem to have taken place as indicated
by the RDP method, but we did not further verify this hy-
pothesis owing to the lack of documentation on microorgan-
isms that coinfect arthropods together with R. felis.

Transferred Genes
Previous studies have provided evidence for HGT between
the early ancestors of the Rickettsiales and amoebal parasites
(Ogata et al. 2006) and for recent HGT events in the R. mas-
siliae genome (Blanc et al. 2007). Our phylogenetic analysis of
all R. felis genes revealed 73 individual genes that seem to
have been acquired through HGT. Of these, two genes gave
robust phylogenies that showed R. felis within the TG. The
alignment of these gene sequences did not provide any ev-
idence for gene recombination. Fifty genes displayed highly
supported trees placing R. felis in a clade with R. bellii, includ-
ing 12 genes that are present only in R. bellii and R. felis. Rick-
ettsia felis was placed in a clade with R. bellii and Francisella
spp. in two gene trees, with R. bellii and Dictyostellium spp. in
one gene tree, with R. bellii, Chthoniobacter spp., and Burkhol-
deria spp. in one gene tree, with R. bellii and R. canadensis in
one gene tree, and with R. canadensis in one gene tree. Trees
from 4 genes showed R. felis in a clade with Alphaproteobac-
teria spp. other than rickettsia. Rickettsia felis was placed in
a clade with Gammaproteobacteria spp. (5 gene trees), with
Betaproteobacteria spp. (1 gene trees), with Deltaproteo-
bacteria spp. (1 gene tree), with bacteria from Bacteroides/
Chlorobi spp. (2 gene trees), and with eukaryotes (2 gene
trees) (supplementary files 1 and 2, fig. S9, and supplemen-
tary file 4, Supplementary Material online).

Furthermore, our single-gene phylogenetic approach
that examined the whole genome, exploring it gene by gene

allowed us to locate 79 additional genes that are organized
in 34 spatial clusters of 2 to 4 genes, giving similar topol-
ogies that were noncongruent with the dominant SFG
clade (supplementary file 2, fig. S5, Supplementary Material
online). These spatial clusters were distributed throughout
the genome; the presence of many transposase sequences,
especially in the flanking regions, suggests ‘‘en bloc’’ trans-
mission. These spatial clusters might have been exchanged
with other proteobacteria or with amoebae. Indeed, phy-
logenies from these genes showed R. felis in a clade with R.
bellii (23 spatial clusters); with R. bellii and Gammaproteo-
bacteria spp. such as Legionella spp. or Francisella spp. or
Burkholderia spp. (7 spatial clusters); with R. canadensis (1
spatial cluster); with Alphaproteobacteria spp. other than
Rickettsia such as Wolbachia spp. and Orientia spp. (2 spatial
clusters); and with uncultured bacteria (1 spatial cluster)
(figs. 3 and 4) (supplementary file 1, fig. S5, and supplemen-
tary file 4, Supplementary Material online). As some of these
species share the amoebae as a common possible habitat,
amoebae may have been the site of the horizontal transfer
(Ogata et al. 2006; Thomas and Greub 2010).

Evidence for Random Exchange
Genome analyses have suggested that the ‘‘informational’’
genes involved in replication, transcription, and translation
are more refractory to HGT than ‘‘operational’’ genes in-
volved in metabolism and cellular processes (Jain et al.
1999; Sorek et al. 2007).

Our analysis of the 420 recombined genes in Rickettsia spp.
showed that 105 out of 190 in the core gene encode for in-
formation storage and processing functions, 117 out of 174 in
the core gene encode for cellular processes and signaling 128
out of 198 encode for metabolism, and 80 out of 139 encode
proteins with poorly characterized functions (9 genes are in-
volved in 2 functions categories). These findings indicated
that recombination in Rickettsia occurred independently of
the gene function (P value 5 0.064, chi-squared test for in-
dependence 5 7.27, degrees of freedom [df] 5 3). Similarly
the functional analysis of the 132 recombined genes of R. felis
showed that 47, 40, 39, and 30 recombination events concern
genes encoding for information storage and processing func-
tions, for cellular processes and signaling, for metabolism, and
for proteins with poorly characterized functions, respectively.
Hence, recombination in R. felis occurred independently of
the gene function (P value 5 0.679, chi-squared test for in-
dependence 5 1.52, df 5 3).

Among the 152 horizontally transferred genes in R. felis, 42
genes encode for information storage and processing func-
tions (out of 315 in R. felis genome), 25 genes encode for cel-
lular processes and signaling (out of 280 in R. felis genome), 9
genes encode for metabolism (out of 270 in R. felis genome),
and 76 genes encode proteins with poorly characterized func-
tions (out of 497 in R. felis genome). When we excluded the
ORFs encoding transposases, our data showed that the trans-
fers in Rickettsia did not occur independently of the gene
function (P value 5 1.98 �10�06, chi-squared test for inde-
pendence 5 29.25, df 5 3). More precisely, genes encoding
for metabolic functions and the genes encoding for poorly
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characterized functions are less and more horizontally
transferred than expected, respectively. Informational genes
were not exempted from HGT; indeed, there was no signif-
icant preference between cellular or information functions
(P value 5 0.91, chi-squared test for independence 5 0.012,
df 5 1).

Moreover, in our analysis of sequence length, we found
great variation in the length of the transferred sequences
(fig. 4). The recombined sequences ranged from 12 to 83 nu-
cleotides, with an average of 35 nucleotides. The average
length of the genes where recombination has been detected
was 1,156.67 ± 695.77 bp versus 789.76 ± 528.19 bp for the
genes where no recombination event has been detected.
Thus, recombined genes were significantly longer than genes
that were not concerned by recombination (P value 5 9.55
� 10�15, Welch’s t-test, t5 7.92, df 5 687.9). The length of
the horizontally transferred sequences ranged from 135 to
9,366 nucleotides, with an average of 1081.99 ± 1082.79
bp. The length of the horizontally transferred genes slightly
differs from that of the other genes in the genome (average
length 925.54 ± 711.06 bp), but the result is not relevant
enough to conclude that HGT is length dependent
(P value5 0.145, Welch’s t-test, t 5 1.466, df 5 114.5).

These results reveal random transfers of DNA sequences
in the R. felis genome that occur independently of gene
function or sequence length. The DNA transfer seems to

depend on the only chance of meeting another organism
in an intracellular community lifestyle.

Discussion
Our phylogenetic analysis showed that the genome of R.
felis is to some extent a collection of genes potentially hav-
ing different evolutionary histories. The majority of the
genes gave phylogenies in a general agreement with the
phylogeny based on the core gene concatenation, showing
R. felis in the SFG clade. However, some gene trees incon-
gruence gave evidence for nonvertical inheritance. Al-
though the percentage of horizontally transferred genes
varies from 1.5% to 14.5% in bacterial genomes
(Garcia-Vallvé and Palau 2000) or even 18% for Escherichia
coli (Lawrence and Ochman 1998), our data showed that
12% of the genome of R. felis genome is of nonvertical in-
heritance. These results are consistent with previous work
quantifying the amount of HGT in Legionella spp. (Coscollá
et al. 2011); they emphasize the important role played by
HGT in the composition of intracellular bacteria. The mul-
tiple origins of the R. felis gene repertoire make it impos-
sible to represent its organismal evolution in the form of
a tree, as illustrated in Darwin’s book (Darwin 1859). This
model of inheritance, which assigns a unique descent to
every species, is inconsistent with data obtained in the

FIG. 2. Phylogenetic tree revealing the presence of recombination and a sample of multiple sequence alignment from five nucleotide sequences
from R. conorii, R. akari, R. felis, R. typhi, and R. prowazekii. These schematic phylogenetic trees depict the probable evolutionary histories of the
five sequences as inferred from different portions of the nucleotide sequence alignment. The A-C tree corresponds to the topology obtained
from the concatenation of the whole genomes. It shows two groups of Rickettsia: the SFG containing the R. conorii and the R. akari subgroups
and the TG containing R. typhi and R. prowazekii. The recombinant sequence (R. felis) changed clades: it belonged to the R. akari or the R.
conorii subgroup (in blue) in the A-B fragment tree and to the TG (in red) in the B-C fragment tree. The recombinant sequence inherited the
A-B fragment from a sequence resembling an R. conorii sequence and the B-C fragment from a sequence resembling an R. typhi sequence.
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genomic era (Doolittle 1999b). Indeed, the fact that spatial
clusters of genes sometimes share the same incongruence
suggest that, at least in some cases, these are not the con-
sequence of tree reconstruction artifacts but rather the ef-
fect of genuine differences in the evolutionary histories of
these genes brought about by horizontal transfer events
(Boucher et al. 2003; Gogarten and Townsend 2005;
Ochman et al. 2005). Horizontal transfer seems to challenge
the traditional tree-based view of genome evolution de-
scribed in terms of vertical descent in the organisms repro-
ducing only sexually (Doolittle 1999a, 2000; Pennisi 1999;
Koonin et al. 2001). Distinct from the concept of isolation,
intracellular bacteria living sympatric lifestyles (e.g., in
amoebae (Ogata et al. 2006)) seem to exchange genes
and DNA, leading to large chimeric genome repertoires
(Moliner et al. 2010). These chimeras constitute a formal
refutal of the evolutionary vision derived from the tree
of life. As a result, it is clear that a single gene tree, or even
a tree from several highly conserved concatenated genes, is
not informative enough to reflect the history of a whole
genome (Doolittle 1999b; Dagan and Martin 2006). An ad-
equate representation of the evolutionary relationships

and life histories of species might take the form of a forest,
a synthesis of life, a network of genetic exchanges, or a rhi-
zome of life showing the multiple roots and intertwining
origins of currently living species, rather than a single tree
(Bapteste et al. 2004; Doolittle and Bapteste 2007; Puigbo
et al. 2009; Puigbo et al. 2010; Raoult 2010; Schliep et al.
2010). We applied a rhizome model showing the evolution-
ary relationships of R. felis as an alternative model to a single
phylogenetic tree (fig. 3).

A phylogenetic reconstruction method combining the
core of orthologous genes shared by members of a mono-
phyletic group has been adopted by many studies (includ-
ing previous analyses of our own [Merhej et al. 2009]) as the
best way to infer organismal phylogeny (Lerat et al. 2003;
Rokas et al. 2003). This assumption has been supported by
arguments that core genes, which are largely comprised of
essential genes, are inherited vertically. The single-gene
phylogenies from the rickettsial core gene, however, ex-
hibited a high degree of incongruence. The majority of
the genes gave phylogenies in general agreement with
the phylogeny based on core gene concatenation, showing
R. felis in the SFG clade. To simplify the complex genealogy

FIG. 3. The different origins of Rickettsia felis genes. The organismal phylogeny on the upper side of the figure was deduced from the
concatenation of 31 universal protein families (Ciccarelli et al. 2006). The genome of R. felis was represented on the lower side of the figure with
genes classified into functional categories of COGs. Arrows link R. felis genes to its closely phylogenetic species on the basis of the
corresponding gene phylogeny. The number of arrows is proportional to the number of genes in the corresponding functional category.
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FIG. 4. DNA transfer to Rickettsia felis from different sources. The horizontal transfer in R. felis concerns different length of DNA and various
genes functions. The different ORFs at the left axis displayed original gene-single phylogeny showing R. felis in a cluster with the species at the
right axis. The bars show the ORFs, and the different colors refer to their corresponding functions.
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of R. felis, we have considered these genes as vertically in-
herited; nevertheless, some of these genes might result
from recombination with Rickettsia spp. in SFG. Some gene
trees had topologies that differed in only one or a few
branches, for example, showing R. felis within the TG clade.
The analysis of sequence alignments of these genes re-
vealed cases of gene recombination likely due to the fact
that R. felis and R. typhi can cohabit within the same flea
(Eremeeva et al. 2008; Bitam et al. 2009). Coinfection limits
bacterial allopatry and improves the ability of bacteria to
undergo horizontal DNA transfer (Iredell et al. 2003; Chafee
et al. 2009; Thomas and Greub 2010). Finally, some gene
trees varied greatly from these topologies such that they
placed R. felis in a clade with R. canadensis or R. bellii, often
with low bootstrap support. These phylogenies might hide
other instances of recombination that are more difficult
to elucidate because unlike exchange with R. typhi, the
places where these genetic exchanges occurred are more
difficult to determine. Advances in molecular biology have
revealed that these bacteria are quite ubiquitous: R. bellii
can be found in both ticks and insects (Chen et al. 1996)
and R. felis can live in many different hosts (Stevenson
et al. 2005; Bitam et al. 2006; Venzal et al. 2006; Eremeeva
et al. 2008; Reif and Macaluso 2009). Moreover, our analysis
showed that nine genes in R. felis present high sequence
similarity with amoebae and bacteria living in amoebae.
Thus, it is possible that R. felis and these bacteria cohabited
within an insect, tick, or protist that promotes horizontal
DNA transfer. The frequency of recombination in R. felis
seems to have been underestimated. Accordingly, the dis-
covery of coinfection of related bacteria associated with
atypical gene tree topologies should direct future research
toward in-depth analysis of sequence alignments to iden-
tify eventual gene recombination events.

Previous studies have suggested that barriers might exist
that select transferable genes according to their function. In
fact, HGT occurs more often among operational genes
(those involved in metabolic and cellular processes) than
among informational genes (those involved in replication,
transcription and translation) (Jain et al. 1999; Sorek et al.
2007; Wellner et al. 2007). Moreover, many studies have
looked for the transfer of single genes, and the transfer
of a block of genes has been investigated in the case of
pathogenicity islands due to the importance of this transfer
in pathogenicity (Hacker and Kaper 2000). Our phyloge-
netic analysis of the whole genome of R. felis allowed us
to detect apparent horizontal transfer of DNA segments
with different sizes corresponding to genes in various func-
tional categories. These results indicate that any segment of
DNA might have the opportunity to be horizontally trans-
ferred. Thus, the transfer of large DNA segments containing
genes with diverse functions is possible; in fact, Wolbachia
spp. can transfer their entire genomes to their eukaryotic
host cells (Nikoh et al. 2008). Transferred genes are subse-
quently sorted and then kept or eliminated depending on
whether or not they confer evolutionary advantages. Many
of the transferred genes identified in this study have un-
known functions. In some cases, the transferred genes were

present next to gene fragments, which may indicate
random transfer and subsequent degradation. Our results
refute the idea of bacteria with a thoughtful character in
which intelligent donors and recipients select and promote
the transfer of genes.

Conclusion
Using a whole-genome approach, which examined the his-
tory of every gene, we found evidence that the R. felis ge-
nome not only evolves through vertical inheritance but
also exhibits a mosaic structure of genes from different pa-
rental sources. These findings allowed us to reconstruct
a partial rhizome of R. felis representing the different as-
cents of genes. This rhizome highlights the fact that con-
trary to predictions based on perfect colinearity of the
rickettsiae and obligate intracellular isolation, a significant
fraction of the R. felis genes have been subject to horizontal
transfer. The amount and sources of horizontal transfer
may be linked to the sympatric lifestyle of R. felis within
arthropods. HGT events challenge the Darwinian vision
of purely vertical inheritance from parents and stress
the importance of considering pervasive random horizon-
tal transfer in the representation of evolutionary relation-
ships to more reliably map species history.

Supplementary Material
Supplementary files 1–4 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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Coscollá M, Comas I, González-Candelas F. 2011. Quantifying
nonvertical inheritance in the evolution of Legionella pneumo-
phila. Mol Biol Evol. 28(2):985–1001.

Ciccarelli FD, Doerks T, von Mering C, Creevey CJ, Snel B, Bork P.
2011. Toward automatic reconstruction of a highly resolved tree
of life. Science 311:1283–1287.

Dagan T, Martin W. 2006. The tree of one percent. Genome Biol. 7:118.
Darwin CR. 1859. On the origin of species by means of natural

selection. London: John Murray.
Doolittle WF. 1999a. Lateral genomics. Trends Cell Biol. 9:M5–M8.
Doolittle WF. 1999b. Phylogenetic classification and the universal

tree. Science 284:2124–2129.
Doolittle WF. 2000. Uprooting the tree of life. Sci Am. 282:90–95.
Doolittle WF, Bapteste E. 2007. Pattern pluralism and the tree of life

hypothesis. Proc Natl Acad Sci U S A. 104:2043–2049.
Edgar RC. 2004. MUSCLE: multiple sequence alignment with high

accuracy and high throughput. Nucleic Acids Res. 32:1792–1797.
Ellison DW, Clark TR, Sturdevant DE, Virtaneva K, Porcella SF,

Hackstadt T. 2008. Genomic comparison of virulent Rickettsia
rickettsii Sheila Smith and avirulent Rickettsia rickettsii Iowa.
Infect Immun. 76:542–550.

Eremeeva ME, Warashina WR, Sturgeon MM, Buchholz AE,
Olmsted GK, Park SY, Effler PV, Karpathy SE. 2008. Rickettsia
typhi and Rickettsia felis in rat fleas (Xenopsylla cheopis), Oahu,
Hawaii. Emerg Infect Dis. 14:1613–1615.

Felsenstein J. 1993. PHYLIP (Phylogeny Inference Package) version 3.5c.
Distributed by the author. Seattle: Department of Genetics,
University of Washington.

Fournier PE, El Karkouri K, Leroy Q, Robert C, Giumelli B, Renesto P,
Socolovschi C, Parola P, Audic S, Raoult D. 2009. Analysis of the
Rickettsia africae genome reveals that virulence acquisition in
Rickettsia species may be explained by genome reduction. BMC
Genomics. 10:166.

Frost LS, Leplae R, Summers AO, Toussaint A. 2005. Mobile genetic
elements: the agents of open source evolution. Nat Rev
Microbiol. 3:722–732.
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