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Scrub typhus is caused by the obligate intracellular rickettsia
Orientia tsutsugamushi (previously called Rickettsia tsutsuga-
mushi). The bacterium is maternally inherited in trombicuid mites
and transmitted to humans by feeding larvae. We report here the
2,127,051-bp genome of the Boryong strain, which represents
the most highly repeated bacterial genome sequenced to date. The
repeat density of the scrub typhus pathogen is 200-fold higher
than that of its close relative Rickettsia prowazekii, the agent of
epidemic typhus. A total of 359 tra genes for components of
conjugative type IV secretion systems were identified at 79 sites in
the genome. Associated with these are >200 genes for signaling
and host-cell interaction proteins, such as histidine kinases,
ankyrin-repeat proteins, and tetratrico peptide-repeat proteins.
Additionally, the O. tsutsugamushi genome contains >400 trans-
posases, 60 phage integrases, and 70 reverse transcriptases. Dele-
tions and rearrangements have yielded unique gene combinations
as well as frequent pseudogenization in the tra clusters. A com-
parative analysis of the tra clusters within the genome and across
strains indicates sequence homogenization by gene conversion,
whereas complexity, diversity, and pseudogenization are acquired
by duplications, deletions, and transposon integrations into the
amplified segments. The results suggest intragenomic duplications
or multiple integrations of a massively proliferating conjugative
transfer system. Diversifying selection on host-cell interaction
genes along with repeated population bottlenecks may drive rare
genome variants to fixation, thereby short-circuiting selection for
low complexity in bacterial genomes.

bacterial genome | duplication | repeats

he obligate intracellular bacterium Orientia tsutsugamushi is the

causative agent of scrub typhus (1). This disease is characterized
by fever, rash, eschar, pneumonitis, meningitis, and disseminated
intravascular coagulation, which, if left untreated, can lead to severe
multiple organ failure (2). Mortality rates from scrub typhus in
untreated patients range from 1% to 40%, depending on endemic
area and strain of O. tsutsugamushi encountered (3). During World
War II, Allied forces suffered more fatalities due to scrub typhus
than as a direct consequence of the fighting in South-East Asia (4).
Scrub typhus is restricted to a well defined geographic region that
extends from Eastern Russia and Northern Japan in the north and
Northern Australia in the south to Pakistan and Afghanistan in the
west (3). This distribution distinguishes scrub typhus from other
enzootic rickettsiosis and results from the ecology of the trombicuid
mite vector and their vertebrate hosts (3). O. tsutsugamushi is
harbored in the salivary glands of mites and is transmitted to
humans and other hosts during larval feeding (5).

www.pnas.org/cgi/doi/10.1073/pnas.0611553104

Scrub typhus cases can effectively be treated by using broad-
range antibiotics such as doxycycline or chloramphenicol. However,
treatment and disease control are complicated by frequent rein-
fection and relapses, which may be explained by the high antigenic
diversity of this bacterium (6). Recent increases in the number of
scrub typhus cases, coupled with observations of reduced effec-
tiveness of antibiotic treatments (7-10), have highlighted the need
for effective vaccines. However, vaccine development has been
hampered by a limited host immune response (11) and O. tsutsug-
amushi’s ability to immunosuppress the host (12).

We report here the complete genomic sequence of the O.
tsutsugamushi Boryong strain, isolated from a Korean patient. The
genome has an extraordinary structure, with 37% identical repeats
in the form of mobile genetic elements and accessory genes,
putatively involved in host—parasite interactions. These striking
features provide insights into the evolutionary aspects of intracel-
lular parasitism as well as the pathogenic properties of the scrub
typhus agent.

Results and Discussion

Overview of the 0. tsutsugamushi Genome. The complete genome of
O. tsutsugamushi strain Boryong is a single circular chromosome
consisting of 2,127,051 bp with an average G+C content of 30.5%
[supporting information (SI) Table 1]. The genome size and
estimated number of genes are the largest among the currently
sequenced genomes in the order Rickettsiales. We identified 2,179
potential protein-coding sequences, of which an estimated 963
sequences represents fragmented genes (Fig. 1; red first and second
circles), as a result of which the overall coding capacity of the
genome is estimated to be as low as 49.6%. Despite the larger
genome size, there is a core of 512 genes (Fig. 1; yellow third circle)
shared with seven other Rickettsia species. The majority of frag-
mented genes coincided with repeated DNA regions, which are
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distributed throughout the whole genome (Fig. 1; green fourth
circle). The O. tsutsugamushi genome showed little colinearity with
the other Rickettsia genomes, and there was no systematic pattern
in the GC-skew plot (Fig. 1; innermost circle), indicating that the
genome has been extensively shuffled in recent evolutionary time.

Repeated Genes and Mobile Elements. A unique feature is the
presence of 4,197 identical repeats >200 bp, which represents
37.1% of the O. tsutsugamushi genome (Fig. 2a). The mean size of
the perfect repeats was 947 bp, with a maximum size of 8,909 bp.
Approximately 60% are present in three or more copies. The most
abundant repeat was 211 bp in size and present in 16 copies. In
addition, we identified 147 tandem repeats of cluster sizes 2-27 with
8—470 bp per unit repeat, as well as 14 palindromic repeats, the
longest of which was 12,647 bp. As many as 90% of the tandem
repeats are located within predicted genes, including reverse tran-
scriptases, transposons, integrases, ankyrin repeat genes, tetratrico
peptide-repeat genes and hypothetical genes (SI Table 2). A
majority of the high-copy-number sequences represent mobile
genetic elements, such as conjugative transfer genes, transposons,
integrases, and phage genes (13, 14).

In total, we identified 1,146 mobile genetic elements, which
correspond to ~40% of the O. tsutsugamushi genome. Such a high
fraction of repeats and mobile elements is all the more impressive
in that repeat densities (>200 bp) for members of the Rickettsiales
have until now not exceeded 10% (Fig. 2d). For comparison, the
repeat density is 200-fold lower in the Rickettsia prowazekii genome
(15) (Fig. 2b). The number of long identical repeats (1-7 kb) in O.
tsutsugamushi is unprecedented among bacterial genomes (SI Fig.
5). Although tandem repeats represent only a small part of all
repeats, tandem repeat copy numbers approach those of Ehrlichia
ruminantium (SI Fig. 6), which has an atypical high content of
tandem repeats due to selection for antigenic variation. However,
the identity and size distribution profiles of the tandem repeats
differ (SI Fig. 6), suggesting different strategies for genetic diver-
sification in the two pathogens. With an overall repeat density twice
as high as the most repetitive bacterial genomes [19.2% in Myco-
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Fig. 1. Circular map of the O. tsutsugamushi genome.
The outer circle shows plus-strand genes and the second
circle, minus-strand genes; in red, fragmented genes,
and in orange, full-length genes. The third circle shows
Rickettsial core genes in yellow; the fourth circle, iden-
tical repeats >200 bp in green; the fifth circle, tra genes
for components of conjugative TFSSs in blue; the sixth
circle, transposases in pink; in the seventh circle, num-
bered color blocks represent the tra gene clustersin Fig.
3; in the eighth circle, colored letters represent tra-
associated gene clusters in Fig. 3; and the innermost
circle shows the GC skew plot (G—C)/(G+C).

plasma mycoides (16) and 12.9% in Phytoplasma (17)] (Fig. 2d), the
O. tsutsugamushi genome is outstanding.

Expansion of Genes for Conjugative Type IV Secretion Systems (TFSS).
Conjugative TFSS mediate the transfer of DNA among bacteria
(18), as well as the transport of bacterial effector proteins into the
host cell during the establishment of an infection (19). Conjugation
systems are rare in intracellular bacteria, which are estimated to
contain only a single plasmid gene per genome on the average (20).
The O. tsutsugamushi genome is exceptional in that it has 359 tra
genes for conjugative TFSS, which should be compared with four
plasmid-encoded fra genes in Rickettsia felis (21) and a single
chromosomal copy of a fra operon in Rickettsia bellii (22). A plot of
the gene-order structures in O. tsutsugamushi and R. bellii illustrates
the conservation and amazing proliferation of the fra operon in O.
tsutsugamushi (Fig. 2c) against a background of otherwise scram-
bled gene order structures. The fra genes are arranged into 24
fragmented repeat clusters with eight or more fra genes per cluster
(Fig. 3a), as well as shorter tra clusters at 15 additional sites. Cluster
24 contained the most complete set of genes, with the central part
of the repeat (traV-trbC-traN-traF) being preserved in most of the
other 23 clusters. As many as 19 of the fra clusters are flanked on
one side by integrase genes, another two contain internal integrase
genes, and four are flanked on the other side by tRNA genes,
consistent with the clusters being the amplified remains of one or
more integrated genomic islands.

Gene rearrangements and losses were seen in all clusters. Up-
stream of the central tral-trbC-traN-traF motif, 19 clusters showed
deletions in the traC gene and 18, in the raB gene. Downstream, 15
exhibited deletions in #raG and 4 in traH. The traA/l gene was
missing from four clusters, translocated to the upstream region of
the fra clusters in two cases, and another two clusters contained
large insertions within the #ra4/I gene. As a result of the fragmen-
tation process, gene and pseudogene sizes in the #ra clusters varied
extensively (SI Table 3). For example, the size of the #raC segment
was only 255 nucleotides in #ra cluster three as compared with 2,562
nucleotides in fra cluster 24.

Cho et al.
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Repeat density in obligate intracellular bacteria. The frequency of repeats in the genomes of (a) O. tsutsugamushi and (b) R. prowazekii, with each dot

representing a repeat >95% identical and >200 bp in size; blue, direct repeats; red, reverse repeats. (c) Scrambled gene order structures in O. tsutsugamushi
and R. bellii. The yellow box indicates the location of the single tra cluster for TFSSs in the R. bellii genome and the homologous amplified tra clusters in the O.
tsutsugamushi genomes. (d) Repeat density is plotted against genome size (% identical repeats >200 bp). Bacterial groupings are indicated by circles; red,
obligate intracellular members of the Rickettsiales including Orientia, O. tsutsugamushi; Ana, Anaplasma marginale; Ehl, Ehrlichia ruminantium; Rb, R. bellii;
Re, Rickettsia conorii; Rf, R. felis; Rp, R. prowazekii; Rt, Rickettsia typhi; Trs, Wolbachia endosymbiont; TRS, wMel, Wolbachia wMel; green, Hel, Helicobacter
pylori; Nei.c58, Neisseria meningitidis C58; Nei.z2491, N. meningitidis z2491; blue, the most highly repeated bacterial genomes until the time of this study are

those of Myco, Mycoplasma mycoides; and Phyt, Phytoplasma strain OY M.

The application of phylogenetic methods to the analysis indicated
that the amplified #ra genes in O. tsutsugamushi were in all cases
more similar to each other than either was to its homolog in R. bellii
(SI Fig. 7). The tree topologies suggested groups of nearly identical
genes, with different genes supporting different clustering schemes.
A plot of the Shannon-Weiner diversity index in sliding windows
along fra gene alignments revealed extensive sequence similarity
across the gene copies, with some of the centrally located #ra genes,
such as traU, traW, and #bC having no polymorphic sites over most
of the alignments (SI Fig. 8). Such a patched similarity pattern
across and within the repeated #ra genes is consistent with ongoing
sequence homogenization by gene conversion and also with mul-
tiple insertions in a short time span.

Gene Family Expansion of tra-Associated Genes. Located within or in
the immediate vicinity of the #ra clusters in O. tsutsugamushi are
>200 genes encoding paralogous proteins putatively involved in
signaling and host—cell interaction processes (Fig. 3b). For a list of
the proteins in each family, see SI Tables 4-9, and for a represen-
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tation of their domain structures, see SI Figs. 9-14. These include
27 TPR and 50 ankyrin-repeat proteins (23) and fragments thereof,
some of which may mediate DNA and protein interactions with the
eukaryotic host cell. Phylogenetic analysis of the TPR-repeat
protein family (SI Fig. 15) indicates three groups that share a
defined gene order and consists of one full-length “master” gene
and several additional nearly identical gene or pseudogene copies.
Based on phylogeny (SI Fig. 16), gene order, and domain structure
(SI Fig. 10), the 40 ankyrin-repeat proteins formed three broad
groups, and the remaining 10 single-copy genes showed a loose
association with these groups. All ankyrin-repeat genes were
flanked on one or both sides by fra genes, tfra-associated genes,
transposases, and/or reverse transcriptases.

Additionally, we identified 50 SpoT global regulators. O. tsutsug-
amushi is the only sequenced species in the Rickettsiales to have a
full-length spotTjrelA gene that contains both the synthase and
hydrolase catalytic residues, and the total number of spoT/rel4-like
genes is five times that described in R. bellii. The other 49 spoT/
relA-like ORFs identified contained either the synthase (» = 1) or
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