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Abstract

Rickettsiae are obligate intracellular bacteria that have small genomes as a result of reductive evolution. Many Rickettsia species of the
spotted fever group (SFG) cause tick-borne diseases known as “spotted fevers”. The life cycle of SFG rickettsiae is closely associated
with that of the tick, which is generally thought to act as a bacterial vector and reservoir that maintains the bacterium through
transstadial and transovarial transmission. Each SFG member is thought to have adapted to a specific tick species, thus restricting the
bacterial distribution to a relatively limited geographic region. These unique features of SFG rickettsiae allow investigation of how the
genomes of such biologically and ecologically specialized bacteria evolve after genome reduction and the types of population
structures that are generated. Here, we performed a nationwide, high-resolution phylogenetic analysis of Rickettsia japonica, an
etiological agent of Japanese spotted fever that is distributed in Japan and Korea. The comparison of complete or nearly complete
sequences obtained from 31 R. japonica strains isolated from various sources in Japan over the past 30 years demonstrated an
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extremely low level of genomic diversity. In particular, only 34 single nucleotide polymorphisms were identified among the 27 strains
of the major lineage containing all clinical isolates and tick isolates from the three tick species. Our data provide novel insights into the
biology and genome evolution of R. japonica, including the possibilities of recent clonal expansion and a long generation time in
nature due to the long dormant phase associated with tick life cycles.

Key words: rickettsia, intracellular bacteria, intra-species genomic diversity, genome evolution, generation time.

Introduction

Rickettsiae are Gram-negative bacteria that together with the
genus Orientia constitute the family Rickettsiaceae in the order
Rickettsiales (Dumler et al. 2001). Rickettsiae have an obligate
intracellular life cycle and a small genome (1.1-1.6 Mb) as a
result of the reductive evolution that occurred after their spe-
cialization to an intracellular niche (Blanc et al. 2007).
Members of the genus Rickettsia are divided into four
groups. the spotted fever group (SFG), the typhus group
(TG), the R. belli group, and the R. canadensis group. The
former two groups cause various arthropod-borne diseases
in humans (Parola et al. 2005). The SFG consists of more
than 25 validated species, and more new species or subspecies
are being proposed. Among these species/subspecies, at least
24 are known or suspected to be pathogenic in humans,
causing tick-borne diseases, or “spotted fevers” such as
Rocky Mountain spotted fever, which is caused by R. rickettsii
(Parola et al. 2013). The most notable biological and ecological
aspect of SFG rickettsiae is their life cycle, which is closely
associated with that of ticks. Ticks of the family Ixodidae
(known as “hard” ticks) are generally thought to act as
both vectors and reservoirs for most SFG rickettsiae, because
the bacteria are maintained in ticks through transstadial (trans-
fer of bacteria from stage to stage in the tick life cycle) and
transovarial transmission (Burgdorfer and Brinton 1975;
Socolovschi et al. 2009). However, the mode of association
with ticks varies among species. Some are probably beneficial
symbionts, whereas others have undetermined benefit to
hosts despite transstadial and transovarial maintenance for
generations. Others appear to be harmful to arthropod
hosts. Moreover, soft ticks (Argasidae) are increasingly
known to harbor SFG rickettsiae (Kawabata et al. 2006;
Reeves et al. 2006; Duh et al. 2010; Lafri et al. 2015).
Rickettsia akari and R. felis are associated with mites and
fleas, respectively (Merhej and Raoult 2011).

Although the life cycle of each species is not yet fully un-
derstood, each SFG member is thought to have adapted to a
specific tick species, thus restricting the bacterial distribution
to a relatively limited geographic region and causing a region-
specific “spotted fever”. These unique features of SFG rick-
ettsiae allow investigation of how the genomes of such
biologically and ecologically specialized bacteria evolve after
genome reduction and the types of population structures gen-
erated. Owing to improvements in sequencing technology
and the small genome sizes of rickettsiae, over 17 species of
SFG rickettsiae have been sequenced. Comparative genome

analyses using these sequences have demonstrated that the
genomes of SFG rickettsia are very similar in size, mostly rang-
ing from 1.2 to 1.3 Mb, with some exceptions (Ogata et al.
2005). Although relatively well-conserved genome synteny
has been observed in most genomes, significant differences
exist in the level of gene loss/decay (Merhej and Raoult 2011).
Remarkable genomic rearrangement, mostly due to mobile
genetic elements, have been described for R. felis and R. pea-
cockii (Ogata et al. 2005; Felsheim et al. 2010; Gillespie et al.
2014). The presence of plasmids and conjugation genes have
also been observed in several species (Merhej and Raoult
2011; El Karkouri et al. 2016). These inter-species genomic
differences may translate to clinical and biological differences
among species (Merhej and Raoult 2011). However, to the
best of our knowledge, a large-scale intra-species genomic
comparison at the whole genome level has not been con-
ducted for any of the SFG rickettsiae. Only a few reports
have analyzed intra-species genomic diversity, but these
have been small-scale genomic comparisons using only a
few strains (Ellison et al. 2008; Massung et al. 2011;
Gillespie et al. 2014; Clark et al. 2015). Although multiple
genomes have been sequenced for several species, the work
was often performed by different laboratories using different
sequencing platforms. Large-scale analyses of genetic diversity
and population structure have been conducted in several SFG
species, but these studies were based on the sequence diver-
sity in several selected genomic regions (Fournier et al. 2004,
Karpathy et al. 2007; Eremeeva and Dasch 2009; Fournier
et al. 2009; Massung et al. 2011; Paddock et al. 2014).
Rickettsia japonica is an etiological agent of Japanese (or
Oriental) spotted fever (referred to as JSF in this article) that
was first discovered in 1984 in Japan (Mahara et al. 1985;
Uchida et al. 1986, 1992). JSF patients have been identified
in southwestern and central Japan (Mahara 2006) and in
Korea (Chung et al. 2006). Although the details of host and
reservoir association for R. japonica have not yet been ana-
lyzed, the bacterium has been isolated from or detected by
PCR in the following eight tick species: Dermacentor taiwa-
nensis, Haemaphysalis hystericis, H. cornigera, H. flava, H.
longicornis, H. fromosensis, H. megaspinosa, and Ixodes
ovatus (Ando and Fujita 2013). Rickettsia japonica has also
been detected in H. longicornis collected in Korea (Lee et al.
2003). A human pathogenic SFG rickettsiae closely related to
R. japonica appears to exist in Thailand (Gaywee et al. 2007,
Takada et al. 2009). Because R. japonica was isolated from the
unfed larvae of D. taiwanensis and H. hystericis (strains DT-1
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and HH-1; both analyzed in this study; see Takada et al. 1994
for the reference of DT-1), transovarial transmission occurs in
at least these two tick species.

Here, we report the results of a nation-wide phylogenomic
analysis of R. japonica. We performed a high-resolution phy-
logenetic analysis of high-quality genome sequences of 31
strains (11 complete sequences and 20 nearly complete se-
guences containing a single gap in a tandem repeat-contain-
ing region) isolated from various regions and sources in Japan
over the past 30 years. The analysis revealed an extremely low
level of genomic diversity for R. japonica, thereby providing
novel insights into the biology and genomic evolution of R.
Japonica, including the possibilities of recent clonal expansion
or a long generation time in nature, due to the long dormant
phase associated with tick life cycles.

Materials and Methods

Bacterial Strains, Cultivation, and Genomic DNA
Preparation

The R. japonica strains analyzed in this study are listed in sup-
plementary table S1, Supplementary Material online, in which
detailed strain information for each isolate (location and year
of isolation, number of in vitro passages, etc.) is also pre-
sented. Bacterial cells were inoculated onto confluent mono-
layers of 1929 or Vero cells and incubated at 34 °C for 4-7
days in 5% CO,. After cultivation, the infected cells from two
25-cm? culture bottles were mechanically exfoliated and dis-
rupted with glass beads, and the cell suspension was sepa-
rated by centrifugation at 200 x g for 5min. The supernatant
was transferred to a 15-ml tube and kept on ice. The cell pellet
was resuspended in a small volume of supernatant, homoge-
nized gently with a glass Dounce homogenizer (GPE Scientific,
Bedfordshire, UK), and separated by centrifugation at 200 x g
for 5min. The resulting supernatant was mixed with the first
supernatant. Before extraction of the bacterial genomic DNA,
the mixture was incubated with DNase | (Invitrogen, Carlsbad,
CA) at a final concentration of 1,000 U/ml for 1h at 37 °C to
digest host DNA. DNase | was inactivated by heating at 65 °C
for 5min, and bacterial genomic DNA was then extracted
using the DNeasy Blood and Tissue Kit (Qiagen, Tokyo,
Japan) according to the manufacturer’s instructions.

Genome Sequencing and Genome Annotation

Two strains (YH_M and MZ08014) were sequenced using the
Roche 454 FLX titanium platform. We produced 287,137 and
298,014 shotgun reads of 400-500bp in length. The se-
guence reads were assembled with GS Assembler ver. 2.3,
and gaps were filled with sequencing PCR products that
spanned the gaps, by using an ABI3730 capillary sequencer.
The remaining 29 strains were sequenced on the lllumina
MiSeq platform. Libraries for paired-end sequencing (average
fragment sizes 250-300 bp) were generated using a Nextera

XT DNA sample prep kit (lllumina) according to the manufac-
turer’s instructions, and paired-end sequences (250 bp from
each end) were obtained. After trimming of low-quality se-
guences (quality score; <10), reads were mapped onto the
C57BL/6) mouse genome sequence (accession  Nos.
NC_000067 to NC_000087) using the Burrows—Wheeler
Alignment tool (BWA) software (Li and Durbin, 2009) to
remove the reads derived from the mouse L929 cells used
for R. japonica propagation. The remaining lllumina reads
(final coverage ranged from 150x to 800x) were assembled
using Platanus version 1.1.4 (Kajitani et al. 2014), which usu-
ally produced four contigs per strain. Three of the four gaps
were filled by sequencing PCR products. To fill the remaining
gap derived from the tandem repeat-containing region of the
rompA gene, low-coverage PacBio sequences were generated
with an RS Il system for nine of the 29 strains to determine the
numbers of tandem repeats in the rompA gene by using long
PacBio sequences spanning the repeat region in the gene. The
final sequences of the rompA gene in the nine strains were
determined by correcting the PacBio sequences by mapping
lllumina reads. The gap sequences in the rompA gene of 20
strains were not determined.

Automated annotation was performed with the Microbial
Genome Annotation Pipeline (MiGAP) (www.migap.org/).
Manual curation of the annotated data was performed
using in silico Molecular Cloning software (in silico biology,
inc., Tokyo, Japan). All sequence data obtained in this study
(assembled sequences and raw read sequence data) have
been deposited in the GenBank/EMBL/DDBJ database. Their
accession numbers are shown in supplementary table ST,
Supplementary Material online.

|dentification and Characterization of SNPs and InDels
and Phylogenetic Analysis

A multiple sequence alignment of 31 R. japonica genomes
was constructed using GENETYX ver. 16.0, and the alignment
was manually curated. The sequence of strain HH-13 was
used as a reference for SNP and InDel calling. On the basis
of the identified SNPs, phylogenetic trees were constructed
using an in-house program (fig. 1) or RAXML (Stamatakis
2014) with 1,000-fold bootstrapping (other figures). The R
version 3.2.4 package was used for statistical analysis. The
evolutionary analysis of R. rickettsii strains was conducted in
MEGA7 (Kumar et al. 2015). The numbers of all possible syn-
onymous and non-synonymous mutations were calculated by
computationally changing each nucleotide in all CDSs to the
other three bases along the entire YH_M genome by using the
Biopython package (Cock et al. 2009).

Strain Set and Genome Sequencing

We analyzed a total of 31 R. japonica isolates collected from
various regions of Japan between 1985 and 2014 (fig. 1 and
supplementary table S1, Supplementary Material online). The
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Fic. 1.—Geographic distribution of Rickettsia japonica analyzed in this study and associated phylogenetic relationships. Isolation locations for the 31
analyzed strains are shown (see Supplementary fig. S2, Supplementary Material online, for more precise information of the strains isolated in Miyazaki
prefecture). Clinical and tick isolates are indicated by red and blue circles, respectively. Larger circles that are divided into two or three parts indicate two or
three strains isolated from ticks collected in the same location (within a few kilometers) on the same day. The names of the prefecture where the strains were
isolated are indicated. The abbreviations of each prefecture are shown in parentheses. In the box, a phylogenetic tree of the 31 R. japonica strains is shown.
The tree was constructed by using 112 SNP sites that were identified among the 31 strains. Clinical and tick isolates are indicated by red and blue circles,
respectively. Larger circles that are divided into two, three, or four parts represent 2-, 3-, or 4-member strain sets with identical genome sequences in terms of
SNPs, respectively. Small dots represent hypothetical intermediates, and the dot-to-dot distance corresponds to one SNP difference. The years and locations
of strain isolation are shown in parentheses. Among the three lineages identified, Lineage Il contains strains HH-16/17/18, and Lineage Ill contains one strain
(OHH-1). Lineage | contains the other 27 strains. Among the 112 SNPs, we found no homoplasic SNP (the same mutation that occurred in different lineages
independently or in parallel).

oldest strain, YH, is the first-identified isolate of R. japonica sequenced it to obtain a highly accurate genome sequence
(Uchida et al. 1992). Although this strain was previously se- that was comparable to those of the other 30 strains analyzed
quenced (Dong et al. 2012; Matsutani et al. 2013), we re- in this study (referred to here as YH_M to distinguish this
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sequence from the published genome). Although the regions
of isolation were highly biased toward southwestern and cen-
tral Japan (fig. 1), this distribution exactly reflected the occur-
rence of JSF cases in Japan. The strain set included 17 clinical
isolates and 14 tick-derived isolates from three different tick
species (12 from Haemaphysalis hystricis, one from H. long-
icornis, and one from Dermacentor taiwanensis). One tick
strain was isolated from H. longicornis attached to a JSF pa-
tient, but other strains were from ticks collected in the envi-
ronment. Three sets of strains were isolated from ticks (all
from H. hystricis) collected in the same region (within a few
kilometers) on the same day. One set was composed of three
strains (HH06125/HH06154/HHO06116) isolated in Uwajima
city, Ehime, on Shikoku island. The second set was composed
of two strains (HH-12/HH-13) isolated in Onomichi city,
Hiroshima, on the main island, and the third was composed
of three strains (HH-16/HH-17/HH-18) isolated in the Amami-
oshima island close to the Okinawa islands located at the very
southern end of Japan.

We sequenced these strains completely (11 strains) or
nearly completely (20 strains with one gap in a complicated
tandem repeat-containing region of the rompA gene) using
Roche 454 or lllumina MiSeq followed by gap filling using
capillary sequencing of the gap-covering PCR products.
Sequence information from low-coverage PacBio sequencing
was also used to obtain the complete sequence of the rompA
gene. In addition, all sequence variations, single nucleotide
polymorphisms (SNP), and insertion/deletions (InDel) that
were identified in the 31 genomes were confirmed either by
PCR amplification and sequencing of the respective regions
(10 InDel sites) or by manual inspection of lllumina read map-
ping (other sites).

Results

General Features of R. japonica Genomes

AllR. japonica strain sequences contained a single circular chro-
mosome, and no plasmid was found in any strain. The chro-
mosomes were very similar in size (1,283,227-1,284,037 bp in
the 11 completely sequenced strains; see supplementary table
S1, Supplementary Material online) with almost identical G + C

Table 1
Summary of the SNP Analysis of the 31 Rickettsia japonica Genomes

content (32.4%). Consistently with results from previous re-
ports (Dong et al. 2012; Matsutani et al. 2013), the R. japonica
genomes contained one set of rRNA genes (not forming an
operon), 33 tRNA genes, and three non-coding RNA genes.
A total of 1,186 protein-coding regions (CDSs), including 63
split or truncated genes, were identified in the fully annotated
YH_M genome. The difference in the number of CDSs com-
pared with those previously reported was due to differences in
the completeness and accuracy of the genome sequences and
in the method and criterion used for annotation. In addition,
compared with the YH_M sequence obtained in this study, the
previously reported full genome sequence of strain YH
(Matsutanietal. 2013) contained 75 SNPs, 41 InDels, and trans-
locations of two small segments in the rompA gene. However,
these variations were found in only the YH genome and not in
any of the other 30 strains analyzed in this study, except for two
InDels that were derived from copy number differences in the
tandem repeats. Thus, all or almost all of the variations were
probably derived from sequence errors and misassembly in the
YH genome. All sequence differences found between the
YH_M and YH sequences are shown in supplementary table
S2, Supplementary Material online. The YH sequence of Dong
etal. (2012) is a draft sequence obtained by low-coverage 454
sequencing, and it contained more than 200 SNPs/InDels as
compared with our YH_M sequences. Therefore, we did not
perform a fine sequence comparison with our YH_M
sequence.

Phylogenetic Analysis of R. japonica Strains

We identified only 112 SNP sites and 44 InDels among the 31
R. japonica genomes (tables 1 and 2; see supplementary tables
S3 and S4, Supplementary Material online listing all identified
SNPs and InDels, respectively). On the basis of these SNPs, a
phylogenetic tree of the 31 strains was constructed (fig. 1).
Notably, we found seven groups of strains that did not contain
SNPs within each group. Additionally, no InDels were detected
in each group, with a few exceptions. Three of the seven
groups were the aforementioned strain sets, which were com-
posed of the strains isolated from ticks collected in the same
place on the same day, thus suggesting that ticks inhabiting
the same location carry a single R. japonica clone, although we

Number Of SNPs

Transition:Transversion

Intragenic:Intergenic Synonymous:Nonsynonymous

Total 112 87:25
Lineage I-specific 34 24:10
(Specific to a single strain) (14) (10:4)
(Shared by 2 or more strains) (20) (14:6)
Lineages Il & lll-specific 13 11:2
Lineage Il-specific 19 15:4
Lineage lll-specific 46 37:9

71:41 32:39
23:11 8:15
(10:4) (4:6)
(13:7) (4:9)
94 6:3
13:6 85
26:20 10:16
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Table 2
Summary of the InDel Analysis of the 31 Rickettsia japonica Genomes
Number of InDels Intergenic:intragenic PolyA Or PolyT Tandem repeats Others

Total 43 23:20 16 1 16
Only in Lineages Il and IlI 25 17:8 1 2 12
(Common to Lineages Il & III) 3) (0:3) (0) (1) )
(Specific to Lineage II) (10) (8:2) (5) (0) (5)
(Specific to Lineage Ill) (12) (9:3) (6) (1) (5)
Other distribution patterns 18 6:12 5 9 4

cannot fully exclude the possibility that some of these ticks
originated from the progeny of the same female. Other
groups were composed of strains isolated in different years
or locations or from different sources (fig. 1).

Despite such a low genomic diversity, the 31 strains were
separated into three distinct lineages—one major and two
minor. The major lineage (referred to as Lineage I) contained
27 strains, including all clinical strains isolated in various regions
and 10tick strainsisolated from three different species collected
invariousregions. Strain YH_Mwasalsoincludedinthislineage.
Lineage | was extremely homogenous, with a total of only 34
SNPs and a maximum difference of 14 SNPs between the
strains, whereas several sublineages were distinguished (fig. 1).

Of the two minor lineages, Lineage Il was composed of
three tick strains (HH-16/17/18) isolated from the Amami-
oshima island, which is geographically distant from the collec-
tion locations of the other strains. However, a strain of Lineage
Il (composed of the single strain OHH-1) was isolated from the
main island. Thus, distributions of genetically distant strains
are not limited to remote islands.

Characterization of SNPs

Most of the 112 SNPs identified (78%) were generated by
transition (table 1; see also supplementary fig. ST,
Supplementary Material online, for their genomic locations).
Of the 71 intragenic SNPs, 39 were non-synonymous substi-
tutions (table 1, fig. 2, and supplementary table S3,
Supplementary Material online). Among the Lineage I-specific
SNPs, the proportion of non-synonymous SNPs (15 out of 23)
was higher than that in other categories (table 1). Importantly,
a statistically significant difference was not detected between
this proportion and that expected by counting all possible
non-synonymous mutations (P=0.1218 by a two-sided bino-
mial test), thus suggesting that many of these non-synony-
mous substitutions are neutral or that insufficient time passed
for accumulating enough numbers of substitutions to make it
possible to detect selection. The 112 SNPs were distributed
across the entire genome, and most were sporadic (fig. 2).
However, we found two SNP clusters, one specific to Lineage
Il (@t nucleotide 273,160-273,161) and one specific to
Lineage Ill (at 686,049-686,060). All SNPs in these clusters
were generated by transversion (supplementary table S3,

Supplementary Material online). The clustering of these SNPs
suggests that these two clusters were introduced by
recombination.

Lineage | was highly homogeneous but contained various
strains isolated from different locations in different years.
Therefore, we analyzed the correlations of pair-wise SNP dis-
tances among the Lineage | strains and their geographical and
temporal distances (fig. 3). Whereas no correlation was de-
tected between the SNP distances and the temporal distances,
the SNP distances exhibited a low but positive correlation with
the geographic distances. In this regard, the genetic relation-
ship of the 10 strains isolated in the Miyazaki prefecture on
Kyushu island may be noteworthy. These strains were sepa-
rated into three sublineages (M00021/MZ08014/M13010,
M99023/M08024/HH07124/M99015, and M99123/
M14012/M114024 in fig. 1) and exhibited some geographic
separation according to lineage (supplementary fig. S2,
Supplementary Material online). However, in each sublineage,
only zero to two SNPs were generated over the 10-15 years
period, thus again highlighting the limited heterogeneity de-
tected for R. japonica genomes.

Characterization of InDels

All 44 identified InDels were small (up to 429 bp; supplemen-
tary table S4, Supplementary Material online) and distributed
throughout the genomes (fig. 2). More than half of the InDels
(25 InDels) were found in only Lineage Il or Il (table 2), and
many were derived from polyA or polyT sequences or tandem
repeats (16 and 11 InDels, respectively). Notably, eight of the
11 tandem repeat-associated InDels were found in four genes
encoding cell-surface proteins (rOmpA, rOmpB, Scal, and
Sca2 proteins), and one was found in a gene encoding an
ankyrin-repeat containing protein (supplementary fig. S3,
Supplementary Material online). The occurrence of these
InDels does not always follow the strain phylogeny as ex-
pected from their association with tandem-repeats; thus,
they cannot be used in a phylogenetic analysis.

Discussion

In this study, we collected 31 R. japonica strains isolated over
the past 30 years from various sources and locations in Japan,
and we obtained 11 complete and 20 nearly complete
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Fic. 2.—Distribution of SNPs and InDels in the 31 Rickettsia japonica genomes. The top line indicates the full-length R. japonica genome. Genomes from
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ordered according to the maximum likelihood phylogenetic tree shown on the left-hand side.

genome sequences. These high-quality sequences allowed us
to perform a nation-wide, high-resolution phylogenetic anal-
ysis of R. japonica. Although three lineages of R. japonica
(Lineages 1, II, and lll) were distinguished, only 112 SNPs and
44 InDels were detected among the 31 strains, thus demon-
strating a very low level of genomic diversity for R. japonica
inhabiting Japan (fig. 1 and tables 1 and 2). In particular, the
major lineage (Lineage ) was extremely homogeneous, and
only 34 SNPs were detected among the 27 strains of this lin-
eage. We detected a weak correlation of SNP distances and
geographic distances among the Lineage | strains (fig. 3) and
some geographical separation of sublineages. However, no
correlation was found between SNP distances and temporal
distances among the strains even though they were isolated
over 30 years, thus indicating a very low SNP accumulation

rate. In fact, none or only two SNPs were generated in the
local populations inhabiting the Miyazaki prefecture over 10
years (supplementary fig. S2, Supplementary Material online).
Because an accelerated rate of sequence evolution is well
known in endosymbionts such as Buchnera aphidicola
(Moran 1996; Itoh et al. 2002; Moran et al. 2009), the ob-
served low genomic diversity of R. japonica was an unex-
pected result. However, evolutionary rates can vary among
endosymbiont lineages (Bennett et al. 2014), and a similarly
low level of sequence diversity has been observed within each
clade of B. aphidicola from a single aphid host species inhabit-
ing North America (Moran et al. 2009).

How has such a low level of genomic diversity been main-
tained in R. japonica, particularly in Lineage I? One plausible
explanation is the recent geographic expansion of the Lineage
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Fic. 3.—Correlations of SNP distances and geographical or temporal
distances among the Lineage | strains. Pair-wise SNP distances and geo-
graphical and temporal distances among the Lineage | strains were deter-
mined, and the correlations of SNP distances and geographical (left panel)
or temporal (right panel) distances were investigated. Lineage | contains
two sets of strains (HH-12/13 and HH-16/17/19) that were isolated from
ticks that were collected in the same location on the same day. As no SNPs
were found in each set of strains, only one strain from each set was
included in this analysis. Pearson’s correlation coefficients were calculated
using the R package.

| clone. This hypothesis is supported by the finding that the
proportion of nonsynonymous SNPs in the Lineage I-specific
SNPs was not significantly different from that expected by
counting all possible mutations. If this explanation is true,
Lineage | may be progressing toward northern Japan, where
no victims of JSF have yet been reported even though four of
the eight potential tick host species of R. japonica (H. long-
icornis, H. flava, H. megaspinosa, and Ixodes ovatus) are lo-
cated there (Yamaguti et al. 1971; Ando and Fujita 2013).
Several Japanese research groups have repeatedly performed
surveys of rickettsia-infected ticks at several locations in the
northern part of the main island and in Hokkaido over the past
20 years, but no tick carrying R. japonica has ever been de-
tected (Fujita 2008; Ando et al., unpublished data). The lack of
JSF patients may be due to many factors; the idea of ongoing
expansion of Lineage | is just one possibility. However, this
hypothesis is of great public health importance and is
worthy of verification by a long-term, systematic survey of
JSF patients and R. japonica-infected ticks in these regions.
In addition, the genomes of Korean R. japonica strains and
an R. japonica-like agent detected in Thailand should be ana-
lyzed and should provide valuable information concerning this
issue.

Another possible explanation may be a long generation
time for R. japonica in nature. SFG rickettsiae, including R.
Japonica, have a unique life cycle that is closely linked to
that of ticks (Socolovschi et al. 2009). After hatching from
eggs, ticks develop into larvae and then into nymphs and
adults. The ticks must consume a blood meal at each stage
of this cycle (three times total). In the case of ticks inhabiting

temperate regions, two or more years are required to com-
plete the life cycle because inter-stadial periods generally last
more than one month and ticks enter diapause in the winter
(Saito 1960; Balashov 1972; Randolph 2008). Moreover,
unfed nymph and adult ticks of many species can survive for
a year or more before they have a chance to consume a blood
meal by eking out the limited energy from their previous meal.
Some argasid species can survive as long as 10 or 11 years
without a blood meal (Balashov 1972). During any period of
diapause or quiescence, rickettsia cells in ticks probably remain
in a dormant state. If so, rickettsia cells replicate fewer times in
a single tick’s life cycle. In addition, only rickettsia cells that
invade oocytes during active oogenesis, which occurs after
nymphal and adult meals, can be passed on to the next tick
generation (Socolovschi et al. 2009). Therefore, the actual
generation time of tick-associated rickettsia such as R. japon-
ica in nature may be very long, although the estimated dou-
bling time of the R. japonica strain YH in L1929 cells is
approximately six hours (Ando, unpublished).

In addition to these two possibilities, it may be necessary to
consider other mechanisms for the generation and mainte-
nance of the observed low level of sequence diversity of R.
japonica. These possibilities include the presence of a highly
efficient proofreading system and a high degree of selection
against variants. Regarding the generation time in nature, the
rate of autophagic destruction of rickettsial cells should be
considered. The difference in the replication rate among var-
ious tissues, particularly ovaries and eggs, may also be an
important factor, because rickettsia cells probably replicate
more in these issues, and these cells are the population in-
herited by the tick progenies. The experimental verification of
these possibilities may be technically difficult but worthwhile.
In addition, fine within-species phylogenetic analyses should
also be conducted in other SFG members to examine whether
similar genomic features are present. In such studies, consid-
erable attention should be paid to the quality of genome se-
guences, because the level of sequence diversity among
rickettsia strains may be within the range of sequencing
errors. If a long generation time truly occurs in nature, similar
genomic features may be observed in other SFG rickettsiae.

Another notable finding was that all clinical isolates be-
longed to Lineage |, a result that may simply reflect a higher
prevalence of ticks infected with this lineage or may be due to
a difference in pathogenicity in humans between this lineage
and the other two minor lineages. We observed no significant
differences in the growth of these lineages in cultured cells.
However, the 13 SNPs that are shared by Lineage | strains but
are not present in Lineages Il and Il may be noteworthy.
Among the 13 SNPs, nine were intragenic, and three of the
nine were non-synonymous (table 1). These non-synonymous
SNPs were found in the genes for the rOmpB protein, a two-
domain glycosyltransferase and a predicted transcriptional ac-
tivator. rOmpB is known to play important roles in adhesion
and invasion into host cells (Hackstadt et al. 1992; Uchiyama
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2003). Although the functions of the latter two proteins are
unknown, if the potential virulence of Lineage | is higher than
that of other lineages, some of these three SNPs may be as-
sociated with increased virulence potential. Additionally, three
InDels that were found in Lineages I/l but not in Lineage |
may also be of note. Two of these InDels occurred in the gene
for rOmpB and in a gene encoding the actin polymerization
protein RickA, which mediates the intracellular motility of rick-
ettsia (Gouin et al. 2004). However, to determine the potential
virulence of Lineage | in humans, the lineages of additional
clinical isolates should be searched for; these Lineage Il/
lll-specific mutations may also have deleterious effects on the
survival or persistence of R. japonica. The delineating SNPs and
InDels for each lineage should contribute to this surveillance.

Finally, from the perspective of host adaptation or coevo-
lution with host ticks, it may be noteworthy that Lineage |
contained tick strains from three different tick species. This
finding suggests that the transmission of R. japonica among
different tick species may occur relatively frequently in nature
and that such a host switch may not affect the genetic diver-
sity and population structure of R. japonica. This frequent
transmission may be related to the broad tick host range of
R. japonica, which is somewhat unusual among SFG rickett-
siae (Parola et al. 2013). A recent analysis of R. rickettsii, which
also has a broad tick host range, has suggested that its phy-
logeography is probably determined by ecological and envi-
ronmental factors that exist independently of the distribution
of a particular tick vector (Paddock et al. 2014). However, in
this study, we analyzed only one strain each from H. long-
icornis and D. taiwanensis. Therefore, we cannot exclude the
possibility that these ticks acquired R. japonica from H. hystricis
before sampling by mechanisms such as co-feeding and that
these R. japonica strains thus may not have adapted to new
tick species yet. This issue requires further investigation of
more R. japonica strains from different species and investiga-
tions in other SFG rickettsia species that have narrow or broad
tick host ranges.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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