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Orientia tsutsugamushi is the causative agent of scrub typhus, a major cause of febrile illness in rural area
of Asia-Pacific region. A multi-locus sequence typing (MLST) analysis was performed on strains isolated
from human patients from 3 countries in Southeast Asia: Cambodia, Vietnam and Thailand. The phylog-
eny of the 56-kDa protein encoding gene was analyzed on the same strains and showed a structured
topology with genetically distinct clusters. MLST analysis did not lead to the same conclusion. DNA poly-
morphism and phylogeny of individual gene loci indicated a significant level of recombination and
genetic diversity whereas the ST distribution indicated the presence of isolated patches. No correlation
was found with the geographic origin. This work suggests that weak divergence in core genome and
ancestral haplotypes are maintained by permanent recombination in mites while the 56-kDa protein
gene is diverging in higher speed due to selection by the mammalian immune system.

1. Introduction

Orientia tsutsugamushi is an obligate intracellular bacterium clo-
sely related to the genus Rickettsia (o-proteobacteria) (Paris et al.,
2013). It is the causative agent of scrub typhus and is transmitted
to humans by the bite of trombiculid mites of the genus Leptotrom-
bidium (Watt and Parola, 2003). The endemic areas of scrub typhus
include rural areas of South-East Asia throughout the Asia Pacific
rim and Northern Australia. More than a billion people are believed
to be potentially exposed to scrub typhus and about one million
cases occur annually (Paris et al., 2013). The clinical manifestations
of scrub typhus are very variable, ranging from asymptomatic
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infection to deadly acute fever. Late diagnosis is the main problem
and subsequent late treatment can lead to severe organ failure
associated with a mortality rate of up to 50% (Chattopadhyay and
Richards, 2007). This frequent disease is a cause of febrile illness
that is largely under-recognized. O. tsutsugamushi is characterized
by a wide antigenic diversity, and isolates are conventionally clas-
sified by reactivity with Karp, Kato, and Gilliam antisera.

Rodents and other small mammals are suspected to be natural
hosts (Coleman et al., 2003) where recombination occurs through
multiple infections (Duong et al., 2013a). Trombiculid mite larvae
usually acquire the pathogen vertically from the mother and after
hatching, they feed on only one host without moving from host-to-
host. Horizontal transmission was demonstrated on naive chigger
feeding on previously infected rodents (Traub et al., 1975). It was
also reported to occur between mites co-feeding on infected
rodents (Frances et al., 2000). Chigger mites thus infect their host



with the strain they bear and could also become infected with O.
tsutsugamushi strains infecting previously this same host
(Takahashi et al., 1990). Humans are accidental hosts infected
when bitten by trombiculid larvae and evolutionary dead-end for
the pathogen since they do not allow to finalize the parasitic life-
cycle (Duong et al., 2013a).

The genome of O. tsutsugamushi displays unique traits including
an unusually high amount of repeats, transposons and conjugative
elements (Cho et al., 2007; Nakayama et al., 2008, 2010). O. tsuts-
ugamushi is characterized by an extremely high number of dupli-
cated gene sequences accounting for almost half of the genome
(Nakayama et al.,, 2008). Horizontal transfer of gene sequences
with other species was also demonstrated (Nakayama et al.,
2010). Another key aspect of the genomic plasticity is the frequent
occurrence of recombination and rearrangement (Duong et al.,
2013a; Sonthayanon et al., 2010). Altogether, these plasticity
mechanisms participate to host-driven selection, adaptation and
evasion of host-defenses (Nakayama et al., 2008, 2010).

The 56-kDa protein, located on the outer membrane surface, is
unique to O. tsutsugamushi. This protein is dedicated to neutraliz-
ing host antibody response and is also involved in cell invasion
through specific binding to fibronectin. The 56-kDa TSA is there-
fore interacting directly with the mammal host, i.e. rodent, and is
subjected to host-driven adaptive selection (Enatsu et al., 1999).

Consequently, five major serotypes were defined, namely Bor-
yong, Gilliam, Karp, Kato and Kawazaki (Tamura et al., 1995) along
with five serologically unique strains from Thailand: TA678,
TA686, TA716, TA763 and TH1817 (Elisberg et al., 1967). More
recently, molecular methods have been developed to target the
56-kDa type specific antigen (TSA) (Ohashi et al., 1990; Stover
et al,, 1990a,b). Kelly et al. (2009) reported the existence of at least
9 significant clusters: Karp-related, Saitama, Kuroki, TA763, Gil-
liam, Kawasaki, JG-related (Gilliam type in Japan), Kato and a group
of various strains which could be the result of sequencing errors.

Previous works have focused either on MLST analysis or 56-kDa
TSA molecular epidemiology in a specific country and no report
addressed altogether polymorphism, evolution and phylogeny of
0. tsutsugamushi at the regional scale. We thus undertook a global
analysis on previously characterized strains and newly isolated
samples using a comprehensive approach combining MLST mark-
ers, DNA polymorphism analysis and 56-kDa TSA phylogenesis to
analyze with the same set of tools O. tsutsugamushi strains isolated
from hospitalized patients diagnosed with scrub typhus in Thai-
land, Cambodia and Vietnam. We report that the same haplotypes
are found throughout South East Asia. We report that DNA poly-
morphism and phylogeny of individual MLST loci indicated a sig-
nificant level of recombination and genetic diversity with the
presence of the same alleles throughout the same region and no
significant clustering. We also report that the 56-kDa phylogenetic
analysis showed in contrary the presence of strongly clustered and
genetically isolated populations. The conclusion from this work is
that extensive recombination process specific to O. tsutsugamushi
most likely occurs in mites and pathogens populations are further
selected depending on the compatibility of the 56-kDa protein
with the rodent host. The mites therefore contribute to maintain
a genomic stasis and similar haplotypes throughout the region
regardless of the 56-kDa host specificity.

2. Materials and methods
2.1. Collection of patient samples
Samples were obtained from patients admitted in hospital with

symptoms of febrile illness associated with headache during the
year 2000 to 2010 in Cambodia, Vietnam and Thailand. Cambodia

samples (13 samples) were eschar biopsies and/or whole blood
samples anticoagulated with EDTA collected from suspect patients
admitted to Calmette hospital and Kuntha Bopha hospital between
2008 and 2010. Vietnam samples (7 samples) consist in blood sam-
ples obtained from dengue suspect patients who tested negative
for dengue infection and from patients suspect for scrub typhus
infection. Thailand samples (19 samples) were collected from
266 patients with laboratory confirmed scrub typhus in 6 hospitals
(3 in north, 2 in center and 1 in south) between January 2000 and
August 2009. Location of sample origin are shown in Supplemen-
tary Fig. 2 and Supplementary Table 3. The clinical study in Cambo-
dia and Vietnam was approved by the Cambodian National Ethics
Committee for Health Research, the Ethical Committee board of
the Institut Pasteur of Nha Trang, and the Institutional Review
Board of the Institut Pasteur, Paris, France. Samples from Thailand
were a part of the clinical study approved by the Ethical Review
Subcommittee of the Public Health Ministry of Thailand, and Siriraj
Institutional Review Board Faculty of Medicine Siriraj Hospital,
Mahidol University. Patients provided informed consent before
sample collection.

2.2. Reference strains and sequences

Five reference strains were used in this work along with those
isolated in Southeast Asia. Two of these strains are complete gen-
omes: O. Tsutsugamushi strains Boryong (NC 009488) isolated in
Korea (Cho et al., 2007) and O. Tsutsugamushi strain Ikeda (NC
010793) from Japan (Nakayama et al.,, 2010). The three other
strains are named Karp (AY956315), Kato (M63382) and Gilliam
(DQ485289). Information of the time and place of isolation of the
reference strains was collected from Kelly et al. (2009). All
sequences have been deposited in Genbank 8 separated sets corre-
sponding to each gene addressed in the work. Accession numbers
for each set of sequences are: KJ742066 to KJ742104, KJ742105
to KJ742143, KJ742144 to K]J742182, KJ742183 to K]J742221,
KJ742222 to KJ742260, K]J742261 to KJ742299, K]J742300 to
KJ742338 and K]742339 to KJ742371 for adk, lepb, lipa, lipb, secy,
sodb, suca and the 56-kda protein gene, respectively. All sequences
are provided in a Fasta format in Supplementary Table 1.

2.3. Detection of O. tsutsugamushi in clinical samples

In Cambodia and Vietnam DNA was extracted from blood clot,
buffy coat or eschar biopsies using QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) according to manufacturer’s instruc-
tions and analyzed by real time PCR targeting the chaperonin gene
groEL (Paris et al., 2009). For Thai samples, genomic DNA was
extracted from buffy coat using the minipreparation of bacterial
genomic DNA method (Ausubel et al., 2002). EDTA blood sample
was centrifuged and then buffy coat was collected. The contamina-
tion of red blood cells was eliminated by lysis with distilled water.
Chromosomal DNA of O. tsutsugamushi was extracted from buffy
coat by mixing the cell suspension with TE buffer (pH 8.0). Specific
extraction and PCR detection procedures were previously
described (Duong et al., 2013a,b; Wongprompitak et al., 2013).

2.4. Selection of MLST target loci and PCR reactions

The 7 MLST loci, i.e. adk, lepB, lipA, lipB, secY, sodB and sucA (Sup-
plementary Table 2) were selected on the basis of nucleotide anal-
ysis of whole genome sequences of 2 reference strains, Boryong
and Ikeda. Primer design and PCR amplification of MLST targets
were conducted as previously described (Duong et al., 2013a).
The 56-kDa gene was amplified as previously described
(Wongprompitak et al., 2013).



2.5. DNA sequencing

Amplicons from Cambodian and Vietnamese samples were
sequenced in an ABI 3730XL Analyzer (96 capillary type) using
the ABI Prism BigDyeTM Terminator Cycle Sequencing (Macrogen,
Seoul, South Korea) whereas amplicons from Thailand samples
were analyzed by gel electrophoresis and submitted to direct
DNA sequencing using the BigDye® Terminator v3.1 cycle sequenc-
ing (1st BASE company, Malaysia).

2.6. Sequence alignment and phylogenetic analysis

For individual genes phylogenies, alignments were conducted
with Muscle, in SeaView 4.2.6 (Gouy et al.,, 2010). JModelTest
(Posada, 2008) was used to select the optimal evolution model
by evaluation of the selected parameters using the Akaike Informa-
tion Criterion (AIC). This approach suggested the model TPM1uf+G
for adk and sucA; HKY+I for lepB and sodB; TPM1uf+I for lipA;
Trn+G for lipB; and GTR+G for secY. Under the selected models,
ML analyses were performed with phyML (version 2.4.4)
(Guindon and Gascuel, 2003). The robustness of nodes was
assessed with 500 bootstrap replicates.

2.7. MLST analysis

Identical DNA sequences at a given locus between strains were
arbitrarily coded with the same allele number (i.e. each allele or
haplotype was given a unique identifier), following MLST conven-
tions (Urwin and Maiden, 2003). Each unique allelic profile was
assigned a Sequence Type or ST (a unique series of allele or haplo-
type, identifiers). The reference isolates for sequence type (ST)
determination in this work was the Cambodian isolate, S005
(Duong et al., 2013b). MLST data were used to construct dendro-
gram by cluster analysis using the unweighted pair group method
with arithmetic mean (UPGMA) in the ClonalFrame software pack-
age (Didelot and Falush, 2007). Consensus MLST tree was built
from combined data from three independent runs with 75% major-
ity rule consensus for inference relatedness (program was run with
50,000 burn-in followed by 50,000 subsequent iterations). Index of
association (IA) (Maynard Smith et al., 1993) was calculated using
the LIAN software program, v3.5, significant values were deter-
mined using the Monte-Carlo method with 1000 resamplings.

2.8. Genetic and DNA polymorphism analyses

Genetic similarity and difference matrices were constructed
using Muscle in SeaView 4.2.6 (Gouy et al., 2010). DNA sequence
polymorphism, subsequent tests and statistical tests were per-
formed using functions from the DnaSP 5.10.01 package (Librado
and Rozas, 2009). The numbers of haplotype (alleles) were ana-
lyzed. The DNA polymorphism was investigated by calculation of
several measures. Nucleotide diversity, Pi (7), the average number
of nucleotide differences per site between two sequences was cal-
culated, using the Jukes and Cantor correction. Theta (Watterson’s
mutation parameter) was calculated for the whole sequence from
S. Eta () is the total number of mutations, and S is the number
of polymorphic sites. K, (the number of non-synonymous substitu-
tions per non-synonymous site), and Ks (the number of synony-
mous substitutions per synonymous site) for any pair of
sequences were calculated. Tajima'’s D test was used for statistical
testing the hypothesis that all mutations are selectively neutral.
Other test, the statistical tests D* and F* were used for testing
the hypothesis that all mutations are selectively neutral.

2.9. Most recent common ancestor

The analysis was conducted separately on the concatenated
MLST loci and on the 56-kDa protein gene sequences using BEAST
v 1.6 (Drummond and Rambaut, 2007). Several models were used
for each set of sequences (Table 3 and Table 4) with different sub-
stitution rate for each codon position (Shapiro et al., 2006) and
both strict and relaxed (uncorrelated lognormal) molecular clocks.
All Markov Chain Monte Carlo chains were run for sufficient time
at 100 million steps to ensure statistical convergence, with 10%
removed as burn-in. The degree of uncertainty in each parameter
estimate is provided by the 95% highest posterior density (HPD)
values, while posterior probability values provide an assessment
of the degree of support for each node on the tree.

3. Results
3.1. Identification and analyze of sequence types (ST)
A total of 44 strains of O. tsutsugamushi (13 from Cambodia, 7

from Vietnam, 19 from Thailand and 5 reference isolates from Gen-
bank) were identified (Table 1). Each locus was characterized by a

Table 1
Sequence types (ST) of O. tsutsugamushi isolated from patient samples.
Strains MLST loci
adk lepB lipA lipB secY sodB sucA

S005 1 1 1 1 1 1 1
S009 2 2 2 2 2 2 2
S072 3 3 2 3 2 3 3
S210 4 4 3 4 3 4 4
S257 5 5 4 5 2 5 5
S358 6 6 2 6 2 2 4
New 7 7 2 7 3 6 4
U0720315 13 6 18 7 17 12 4
U0809161 6 18 2 2 2 2 5
U0820321 6 21 2 2 2 2 5
u0902310 12 19 19 15 16 22 14
U1012321 16 20 17 4 2 24 4
U1014302 6 6 2 2 2 23 16
42BVKH 13 24 11 7 17 28 4
47BVKH 16 6 21 4 2 18 17
47QNg 18 2 2 4 18 26 4
49QNg 17 23 10 16 2 25 4
54BVKH 13 7 11 7 3 12 18
91BVKH 13 7 11 7 3 31 19
92BVKH 18 22 20 7 19 27 4
TH2011 6 15 22 10 20 12 4
TH2033 6 12 6 10 8 12 4
TH2037 11 13 7 7 3 12 10
TH2043 11 14 8 11 9 13 11
TH2059 19 13 6 17 5 29 20
TH2066 12 14 10 18 11 29 4
TH2082 11 15 9 11 10 13 11
TH2085 13 25 23 19 3 25 10
TH2190 12 14 10 12 11 14 5
TH2191 11 7 11 7 3 12 12
TH2208 11 12 12 11 10 15 11
TH2221 11 15 9 11 9 15 11
TH3007 11 13 7 7 2 16 12
TH3029 13 16 13 4 12 17 13
TH4005 14 14 11 13 13 18 14
TH4006 15 17 14 1 14 19 13
TH4007 13 14 15 4 3 20 15
TH4016 12 26 24 4 21 30 21
TH4024 12 6 16 14 15 21 12
Otb 9 8 5 1 4 8 7
Oti 8 9 6 8 5 7 6
Otgm 10 10 6 4 7 9 8
Otkp 8 11 6 9 6 11 4
Otkt 8 9 6 8 5 10 9
N* of Haplotypes 19 26 24 19 21 31 21




Table 2

DNA polymorphism and neutrality tests of MLST loci of O. tsutsugamushi isolated from patient samples.

Locus Hp S n n(s) Pa 0 b Na Ns K, K Kq/Ks Tajima’s D D* F*

Adk 19 28 31 18 10  7.12644 0.00956 17 10  0.00606  0.02414 0251  —1.59931NS —~3.41374" —3.30358"**
lepB 26 37 41 13 24 942529 002139 11 30 0.00363 0.09110 0.040 —0.32835N 124701 ™  -1.09754 ™S
lipA 24 37 41 26 11 942529 0.00895 11 23  0.00463 0.02333 0199  —2.12057* —3.79773* —3.81262*
lipB 19 22 22 9 13 505747 0.00897 11 11 0.00537 0.02153 0250 -1.33524™ 126122 152422
secY 21 27 29 12 15  6.66667  0.01074 7 19  0.00175 0.03959 0.044 -1.02707™  -1.88993 N  _1.88800 NS
sodB 31 38 40 15 23 919541 001723 12 23 0.00757 005727 0132 -1.04306 N  _152156 N  _1.60871 NS
sucA 21 25 26 16 9 597701 0.00574 14 12 0.00233 0.01887 0.124  —2.07465" —~3.13552* —3.28528**

Hp: number of haplotypes; S: polymorphic sites; #: total number of mutations; #(s): number of singletons; Pa: parsimony informative sites; 6: Watterson’s mutation
parameter (per sequence calculated from); 7: nucleotide diversity; Na: number of non-synonymous substitutions; Ns: number of synonymous substitutions; k,: rate of non-
synonymous substitutions; ks: rate of synonymous substitutions; *Significant at p < 0.05; **Significant at p < 0.02; NS: not significant. Tajima’s D: Tajima’s D test for neutrality;

D* and F*, Fu and Li's D* and F* test for neutrality.

Table 3

Estimated age of the most recent common ancestor for the concatenated MLST loci.
Model Age mean value * ESS 95% HPD limits © Clock rate (mean)
Relax, constant, HKY 140.964 364.755 25.529-235.776 1.57 x 1074
Strict, constant, HKY 316.741 584.904 34.679-793.026 9.19x10°°
Relax, BSP, GTR 361.57 1189.612 25.722-1098.090 8.01 x 107°
Relax, BSP, GTR+g4 306.726 114.373 20.788-1131.545 1.12 x 107
Relax, BSP, HKY+g4 508.695 94.806 30.779-2459.947 9.68 x 10°°
Strict, constant, GTR+g4 145.853 953.683 24.815-271.296 1.98 x 1074
Strict, constant, HKY+g4 360.987 543.354 27.523-493.609 1.74 x 107*

¢ Value is given in years.
b ESS = effective sample size.
€ HPD: higher posterior density.

Table 4

Estimated age of the most recent ancient common ancestor for the 56-kDa protein gene.
Model Age mean value * ESS P 95% HPD limits © Clock rate (mean)
Relax, constant, HKY 10698.736 435.787 147.918-33810.385 1.40 x 1074
Strict, constant, HKY 24426.885 587.934 618.437-72325.069 3.99 x 107°
Relax, constant, GTR 27286.289 287.357 230.835-82040.054 6.88 x 107°
Strict, constant, GTR 21380.724 643.776 480.960-75770.973 4.03 x10°°
Strict, constant, GTR + g4 24156.207 845.462 778.238-83851.991 4.05x107°
Strict, constant, HKY + g4 37619.574 505.351 773.025-88060.418 414 x107°

¢ Value is given in years.
b ESS = effective sample size.
€ HPD: higher posterior density.

relatively high number of haplotypes. Highest haplotypes number
(i.e.31) was displayed by sodB gene whereas adk and lipB displayed
the lowest (i.e. 19). No correlation could be established between
the number of haplotypes and the number of mutations (7) or
the percentage of diversity (1 x 100/size) Percentage of diversity
is calculated as the total number of mutations (#) times 100,
divided by the number of nucleotides in sequences (sequence size).
Among the 44 strains studied, each display a unique profile ST
(Fig. 1) and no clonal complex could be identified by e-burst anal-
ysis (data not shown). The degree of recombination was deter-
mined using the index of association (IA) measuring the level of
linkage between alleles at different loci. IA value determined for
O. tsutsugamushi MLST strains was 0.1199 (p < 0.001) suggesting
a clear clonal population even if no clonal complex are detected.

3.2. Phylogenetic analysis of the 56-kDa TSA

Analyzing the phylogeny of the 56-kDa allowed to determine
the existence of 3 well-structured clusters as well on nucleotides
(Fig. 2a) as on amino-acids sequences (Fig. 2b). Cluster 1 includes
strains from the three countries and the Kato strain reference. Clus-
ter 2 includes Karp and Boryong strain references and strains from
the three countries. In addition, cluster 3 is split in two subclusters,

subcluster 2a including strains from the three countries and Karp
reference and subcluster 2b including strains from Vietnam and
Cambodia. Cluster 3 is closer to the Ikeda reference strain and
include strains from Thailand and Cambodia. Four strains are not
included in the 3 clusters and are branched separately, Gilliam
(Otgm), 47QNg from Vietnam and TH4024 and TH2085 from Thai-
land. The latter two branched together.

3.3. Phylogenic analysis of sequenced MLST loci

Owing to the absence of a relevant outgroup each locus was
analyzed for phylogenetic trees construction based on midpoint
rooting (Supplementary Fig. 1). The number of isolates analyzed
for MLST loci phylogeny (44) was slightly different than that of
56-kDa analysis (38). Each gene displayed a different topology
but for all genes isolates are associated together by geographic ori-
gin within the same clusters. However, the recurrent feature for
these phylogenetic trees was the very low values of bootstrapping
involving a weak confidence in topologies. A similar phylogenetic
analysis was conducted on the concatenated sequences which
yielded a tree with a different topology but with the same charac-
teristics of low bootstrap values and association of isolates from all
three countries (Fig. 3).
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Fig. 1. UPGMA tree of O. tsutsugamushi strains ST. The strains showed in this figure compose of the reference strain from GenBank and patient samples isolated from Vietnam
(circle), Cambodia (cross) and Thailand (star). Otb: O. tsutsugamushi strain Boryong. Oti: O. tsutsugamushi strain Ikeda. Otgm: O. tsutsugamushi Gilliam reference type. Otkt: O.

tsutsugamushi Kato reference type. Otkp: O. tsutsugamushi Karp reference type.

3.4. DNA polymorphism and selective pressure

DNA polymorphism data are summarized in Table 2. These data
indicate differing trends depending on locus and country of origin.
The first noticeable feature is the confirmation of the higher diver-
sity of MLST loci in O. tsutsugamushi than in related Rickettsiales,
i.e. Ehrlichia ruminantium (Adakal et al., 2010). This higher level
of diversity previously reported in Cambodia (Duong et al,
2013a) is also observed in Thailand and Vietnam. 0 was ranging
from 0.265 to 5.487 in E. ruminantium depending on locus and pop-
ulation whereas it ranged from 0.816 to 9.345 in O. tsutsugamushi
depending on locus and country of origin. The mean value of 6 was
2.003 for E. ruminantium (Adakal et al., 2010) and 4.531 for O. tsuts-
ugamushi (this work). This high level of DNA polymorphism in O.
tsutsugamushi MLST targets is accompanied by low K,/Ks ratios
and mostly non-significant neutrality test, i.e. Tajima’s D and Fu
and Li D* and F* tests indicating that the null hypothesis of selec-
tive neutrality could not be rejected. Exceptions however were
observed for adk, lipA and sucA for which the null hypothesis could
be rejected. However, all tests yielded largely negative values
indicative of excess of newly non fixed single mutations and an
expanding population. Taken together with the low K,/K; ratio
and the maintenance of haplotypes this indicates the occurrence
of conflicting trends: high mutational rate generating a high poly-
morphism (and thus different ST) on one hand and negative selec-
tive pressure conserving the sequences from a functional
standpoint and leading to stasis on another hand. Variations were
observed with a higher level of polymorphism in Thai strains for
lipB, secY and sucA, in Cambodian strains for lepB and sodB and a

slightly higher level for Vietnamese strains for lipA. For adk, Thai
and Cambodian strains displayed very close level of polymorphism.

3.5. Age of most recent common ancestor

The age of the most recent common ancestor (MRCA) was esti-
mated for both the concatenated MLST loci (Table 3) and the 56-
kDa protein gene (Table 4) using different evolutionary models.
MRCA age for MLST loci was estimated between 140.964 years and
508.695 years depending upon the model considered (Table 3)
whereas MRCA age for the 56-kDa protein gene was
10698.736 years and 37619.574 years depending upon the evolu-
tionary model (Table 4). The molecular clock rate estimates were
in similar ranges for both MLST loci and 56-kDa protein gene. It ran-
ged from9.19 x 107°t0 1.98 x 10~*for MLST loci (Table 3)and from
6.88 x 107 to 1.40 x 10~ for the 56-kDa protein gene (Table 4).

4. Discussion

The present work is the first comparative analysis of MLST
genotyping conducted on O. tsutsugamushi at the scale of the South
East Asian region and compared to a molecular epidemiology anal-
ysis based on the 56-kDa protein gene.

The clinical samples collected throughout continental South
East Asia displayed an overall pseudo-clonal structure similar to
that previously observed at the smaller geographic scale of a single
country, i.e. Cambodia (Duong et al., 2013a). Each clinical isolate
sequenced is unique and characterized by a unique ST (Duong
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et al., 2013a). This apparent clonal organization could be the result
of a very high genomic plasticity of O. tsutsugamushi and a random
infection in humans who are accidental dead-end host (Duong
et al., 2013a). Owing to the significant rate of plasticity and poly-
morphism observed, the combinations of MLST alleles borne by
human clinical isolates are only driven by chance and unlikely to
be repeated. As a result, clinical isolates act as mountain peaks of
the complex O. tsutsugamushi genomic landscape and do not reflect
the actual O. tsutsugamushi population structure. The apparent clo-
nal structure reflected by human clinical isolates is more likely not
present in O. tsutsugamushi at the scale of the whole species in its
true host, the chigger mite, where a more continuous genetic back-
ground is expected.

The major discrepancy observed between MLST and the 56-kDa
gene indicates indeed divergent selection processes. The 56-kDa
protein gene phylogenetic tree is highly structured with clusters
associated with high bootstrap values whereas MLST loci phyloge-
netic trees are characterized by a general lack of structure. An
example of this diverging topology is provided the group contain-
ing strains, TH2043, TH2221, TH2208 and TH2082. This group is
the only relatively structured cluster in the phylogenetic analysis
of the concatenated sequences with a bootstrap of 72 (Fig. 3).
When considering the well-structured 56-kDa gene phylogenetic
tree, strain TH2208 no longer associate with TH2043, TH2221
and TH2082 but instead with the Karp reference strain (Otkp)
and strains TH2011 and TH2033.
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Such patterns are expected since MLST genes are selected to be
under negative selection (housekeeping genes) whereas the 56-
kDa protein acts as the primary immunogen eliciting neutralizing
antibodies (Stover et al., 1990a; Seong et al., 1997), interacts with
host fibronectin through binding of the antigenic domain III during
cell invasion (Lee et al., 2008; Cho et al., 2010). 56-kDa gene clus-
ters are characterized by major deletions indicative of specific
structure-function relationship in each cluster and possibly a spe-
cific selection in a given host range of mammalian host. This could
be thus regarded as a distribution map of the small mammalian
hosts capable of maintaining O. tsutsugamushi strains displaying
human pathogenicity. Indeed, since all strains analyzed in this
work were isolated from clinical samples, they were also patho-
genic to humans.

In spite of this high genomic plasticity, both MLST markers and
56-kDa gene display a region-wide distribution with the same hap-
lotypes found over the three countries. ST index of association also
indicates a common pseudo-clonal population among a large geo-
graphic scale. Owing to the distance, presence of mountains and
rivers difference and differing environments and climates, between
the different countries one would have expected the presence of
genetically isolated populations of O. tsutsugamushi over South East
Asia. The presence of the same alleles over the whole region would
thus suggest the occurrence of a very active and massive region-
wide movement of hosts, vectors and pathogen capable of main-
taining the dispersion of alleles. However, this is very difficult to
envision and it is more parsimonious to consider that there might
rather be a single metapopulation of O. tsutsugamushi within which
MLST haplotypes are maintained by negative selective pressure on
housekeeping genes in spite of the high recombination rate. The
occurrence of the same haplotypes over the whole region is there-
fore the consequence of this maintenance over time of alleles, i.e.

stasis, rather than that of dynamic diffusion. Incongruities between
ages determined for the most recent common ancestor for the con-
catenated MLST genes (i.e. 140-508 years) and 56-kDa protein
gene (i.e. 10698-37619 years) support the hypothesis of a weak
divergence in the core genome, i.e. no segregation despite geo-
graphic isolation, maintained by permanent recombination in nat-
ural hosts (i.e. chigger mites) while the 56-kDa protein gene is
diverging at a higher speed owing to selective pressure following
regular passages through rodents and small mammalian hosts.
The immune response would then select efficient 56-kDa forms
for infection regardless of the genomic background. A hypothesis
to explain this apparent discrepancy and combine all the results
would be the occurrence of recombination in mites for all genes,
including the 56-kDa genes, resulting in any possible combination.
Because of the lack of congruence between the MLST loci and 56-
kDa gene phylogenies, this step is most likely to occur in mites.
Indeed, if it occurred in the rodents, the same structure as for the
56-kDa would be expected with most likely a diverging evolution
of the MLST loci. This is not observed. Under this hypothesis, fol-
lowing infection of rodents after mite bites, only the strains with
the relevant 56-kDa gene would survive in a given group of rodents
leading to the maintenance of the associated combination of
alleles.

These conclusions represent an expected outcome of adaptation
to intracellular parasitism. Following initial genome size reduction
and massive loss of genes as part of the adaptation to the intracel-
lular lifestyle (Moran and Mira, 2001; Sallstrom and Andersson,
2005), the genome of cell parasites remain highly stable over long
periods of time (Klasson and Andersson, 2004). The maintenance of
similar sequences throughout South East Asia, the pseudo clonal
dynamic and the high level of recombination make highly difficult
the development of reliable genotyping methods. It would thus



sound more appropriate to focus on the improvement of diagnostic
tests for early detection in order to administer antibiotic treatment
as soon as possible regardless of the strain or genotype
encountered.
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