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for the Detection of Rickettsia spp.
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SUMMARY: We developed a novel loop-mediated isothermal amplification (LAMP) method to detect
Rickettsia spp., including Rickettsia prowazekii and R. typhi. Species-specific LAMP primers were de-
veloped for orthologous genes conserved among Rickettsia spp. The selected modified primers could
detect all the Rickettsia spp. tested. The LAMP method was successfully used to detect 100 DNA co-
pies of Rickettsia spp. within approximately 60 min at 63°C. Therefore, this method may be an excel-
lent tool for the early diagnosis of rickettsiosis in a laboratory or in the field.

INTRODUCTION

Members of the genus Rickettsia, which includes
several virulent species, are obligate intracellular bac-
teria that are endemic worldwide (1) and are known to
cause rickettsiosis. Rickettsiosis can be cured by ap-
propriate antibiotic treatment when administered at
early stages (2). Therefore, the early determination of
an appropriate therapeutic strategy for rickettsiosis is
important and this requires rapid diagnosis. Although
the genus Rickettsia comprises several virulent groups,
such as spotted fever group and typhus fever group, the
therapeutic strategy against infection caused by all
these Rickettsiae spp. is the same, as they are resistant
to macrolides and sensitive to tetracycline antibiotics
(2). DNA can be used for the detection of Rickettsiae
spp. effectively. To increase the specificity of DNA
detection, the best target might be a specific DNA
sequence that is conserved only within a certain strain.
However, several confirmed virulent and novel virulent
Rickettsia strains have been reported in the last decade
(1,3); in addition, the detailed mechanisms of virulence
expression of these strains in the host are poorly under-
stood (1). Hence, a detection assay that is highly specif-
ic for a certain strain would not be suitable for the
rapid screening of a Rickettsial infection. Therefore, in
this study, we aimed to develop a system that can be
easily used to detect all Rickettsia spp., and which
would hence serve as a useful diagnostic tool for Rick-
ettsial infection. Here, we focused on orthologous
genes, which are conserved genes in different species
that originate from a common ancestor (4). A genus-
specific orthologous gene is more effective than other
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genes for the purpose of DNA detection because of its
specificity and high level of conservation at the genus
level; the 16S ribosomal RNA gene sequence is one such
highly conserved sequence.

In clinical laboratories in Japan, diagnostic systems
using real-time polymerase chain reaction (qPCR),
loop-mediated isothermal amplification (LAMP) (5), or
both, have already been implemented. These 2 types of
detection assays have wide clinical applications with
unique advantages over other types of diagnostic sys-
tems. In the LAMP assay, amplification and detection
can be completed in one isothermal step (5). Thus, the
LAMP assay is a simpler method for molecular diagno-
sis than the qPCR assay. In our previous study, we
have developed a Rickettsia japonica-specific detection
assay (6). For the detection of Rickettsia spp. other
than R. japonica, qPCR (7) and LAMP assays for
Rickettsia causing spotted fever (8) and murine typhus
(9), respectively, have also been reported. However,
simple LAMP assay suitable for the simultaneous de-
tection of all the Rickettsia spp. including R. japonica,
R. typhi, and R. prowazekii is unavailable.

Therefore, here, we searched for orthologous se-
quences that are conserved among various Rickettsia
spp. as targets for the development of a genus-specific
detection assay using a LAMP system.

MATERIALS AND METHODS

Identification of orthologous genes: The following
published, complete, or draft assembly genome se-
quences of Rickettsia spp. (as of 2006) were download-
ed from the NCBI FTP site (ftp:/ftp.ncbi.nih.gov/
genomes/Bacteria): R. akari Hartford (BioProject ID:
PRJINA12953), R. bellii OSU 85-389 (BioProject ID:
PRINA17237), R. bellii RML369-C (BioProject ID:
PRINA13996), R. canadensis McKiel (BioProject ID:
PRINA12952), R. conorii Malish 7 (BioProject ID:
PRINA42), R. felis URRWXCal2 (BioProject ID:
PRINA13884), R. massiliae MTUS5 (BioProject ID:
PRINA18271), R. prowazekii str. Madrid E
(BioProject ID: PRINA43), R. rickettsii Iowa



(BioProject ID: PRINA19943), R. rickettsii Sheila
Smith (BioProject ID: PRINA9636), R. sibirica 246
(BioProject ID: PRINA1414), and R. typhi Wilmin-
gton (BioProject ID: PRINA10679).

Each orthologous gene was identified by homology
searches of amino acid sequences using BLASTP
filtering, with an expectation value (e-value) <e~10 and
sequence overlap >80% (10). All the open reading
frames of each species were searched against one
another, and the reciprocal best hit was regarded as an
orthologous gene. Only protein-coding genes of the
chromosomal sequences were used for the identifica-
tion of the orthologous groups. Of these, 10 ortholo-
gous sets were selected and defined as an orthologous
group conserved among Rickettsia spp. Multiple se-
quence alignment of each of these orthologous groups
was performed using ClustalW, and the conserved
region was extracted (11).

Preparation of the DNA template: The DNA tem-
plates used in this study are summarized in Table 1.
The genomic DNA from all the Rickettsia spp. was
extracted as described in our previous study (6). Tris-
EDTA buffer containing 100 ug/ml salmon sperm was
used as the DNA dilution buffer to eliminate the ab-
sorption of DNA fragment in the microtube for the
evaluation of sensitivity. Human genomic DNA and
mouse genomic DNA were used as negative controls for
this examination (Table 1).

To calculate the detection limit of the LAMP assay,
PCR standards were generated by PCR amplification.
The PCR mixture was prepared based on the manufac-
turer’s instructions. In brief, each target DNA sequence
(Table 1) was amplified in a 50-ul mixture containing
0.5 ul Ex Taq (5 U/ul; Takara Bio Inc., Shiga, Japan),
5 ul Ex Taq buffer, 4 ul ANTP mixture (2.5 mM), 0.5 ul
5’-primer: 164_3detection5 (100 uM), 0.5 ul 3’-primer:
164_3detection3 (100 uM) (Table 2), 1ul template
DNA, and distilled water. The reaction conditions for
PCR were as follows: 30 cycles at 94°C for 30s, 52°C
for 30s, and 72°C for 30s, followed by an incubation
step at 94°C for 3 min. The final cycle was followed by
an extension step at 72°C for 3 min. The amplified
PCR product was purified using the QIAquick Gel

Extraction Kit (Qiagen, Valencia, CA, USA). The con-
centrations of the PCR products were determined by
measuring the absorbance at 260 nm using a NanoDrop
spectrophotometer  (ND-1000, Thermo  Fisher,
Waltham, MA, USA).

Primers for LAMP: The oligonucleotide primers for
LAMP (Table 2) were designed using Primer Explore
ver. 4 (Fujitsu Ltd. Tokyo, Japan). BLASTN (https:/
blast.ncbi.nlm.nih.gov/Blast.cgi) was used to verify
whether similar sequences of the candidate primers ex-
ist in the genome database.

LAMP assay: The LAMP assay was performed using
the RT-160C Loopamp turbidimeter (Eiken Chemical
Co., Tokyo, Japan), which can monitor optical density
in real time. All the reagents used for the LAMP assay,
except the oligonucleotides, were obtained from Eiken.
The reaction mixture was prepared according to the
manufacturer’s instructions. Each 25-ul sample per
Loopamp reaction tube (Eiken) contained 12.5 ul reac-
tion mixture, 1ul 40 pmol FIP primer, 1 ul 40 pmol
BIP primer, 1ul 5pmol F3 primer, 1ul 5 pmol B3
primer, 1 ul Bst DNA polymerase, 1 ul template DNA,
and distilled water. In the LAMP assay with Loop
primers, 2 primers, 1 ul each of Loop-F (20 pmol) and
Loop-B (20 pmol) primers, were added to the above
mixture. The amplification reaction was performed as
follows—the reaction tubes were placed in the RT-160C
system with a Hot Bonnet and incubated at 63°C for
60 min. For the inactivation and termination of the
Loopamp reaction, the mixture was incubated for
2 min at 95°C. The LAMP parameters were set as fol-
lows—the average turbidity from O to 7 min after the
initiation of LAMP reaction was used as the correction
base line. The differential value of detection was fixed
at 0.01. The decision of positive or negative judgment
in the assay was automatically determined by the sys-
tem at specific time intervals. For versatility, such as in
cases where other LAMP machines that do not allow
real-time monitoring are used, the endpoint was deter-
mined based on the turbidity in this study.

Table 1. DNA templates used in this study

Sample No. Species Strain Reference
1 Rickettsia asiatica 10-46 (12)
2 Rickettsia canadensis Sai-109 12)
3 Rickettsia conorii Malish 7 ATCC VR 613T
4 Rickettsia helvetica 1C-1 (12)
5 Rickettsia honei RH-1 12)
6 Rickettsia japonica YH ATCC VR-1363
7 Rickettsia prowazekii breinl (13)
8 Rickettsia rickettsii Sheila Smith (14)
9 Rickettsia sibirica 246 ATCC VR-151
10 Rickettsia tamurae HM-1 (12)
11 Rickettsia typhi Wilmington ATCC VR-144
12 Rickettsia heilongjiangensis CHS8-1 12)
13 Human Clontech Laboratories, Inc.
(Takara Bio Inc, Japan)
14 Mouse (L929 NTCC Clone) ATCC CCL-1
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Table 2. LAMP primers used in this study

Set ID name Nucleotide sequence (5'-3") Purpose

164_1_F3 TGTTGCATCCATATGTATGGTA

164_1 B3 GCCGCTCCTAAATAACCA o
1641 164 1 FIp GCCCTGAAACAAAAAAGCCTATTAATTAGTCTTGTTTTGGAAACTTCC LAMP for Ricketisia spp.

164_1_BIP CTCAGCTCCTTGTAGGTATAGCAATAAACCTGATAATCCATTAGCC

164_2_F3 GCAACTCCTGCTATAAGAGAA

164_2_B3 TCCATAAAATTCCTATAAGCCAT o
1642 164 2 FIP CGTTACACGCTTTACTAACTCCATATATTTTGGGGTTACTAAAACACA LAMP for Ricketisia spp.

164_2_BIP ATGCTCGGATATTTATGGTTTTGGGGAATCTGAAAAACCTATTAGCATAG

164_3_F3 GGATCATTACTATGCTAATAGGTT

164_3_B3 TCGATTAAATAACCGCAGCT

164_3_FIP TCTTTGTTGCAGGAGGCCAGGGCTTATAGGAATTTTATGGATAGC

164_3_BIP TACTCACTGGTTCGCTTCAAAAGAATAGCAAGAGCACCACCT LAMP for Rickettsi

1643 F3_cana GGATCATTACTATTCTAATAGGCT © etisia spp-
1643 164 3 B3 cana TCGACACCAATAAATTAACT

164_LF CCCATAGATTGAAACCAGTTACTG

164 LB TGGGCTATGGGTGCAACTTCTAATC

164_3detection5 TCGTCAGAATTTTAATATAGC Cony number detection

164_3detection3 TGGAACAAAAAAGGCAGCTCTCC opy er detectio

164_4_F3 CCTCAGCTCCTTGTAGGT

164_4 B3 AATCCTCCTCCTAAAAGAGC o
1644 164 4 FIP CCGCTCCTAAATAACCAAATAAACCCAGCTGCTGATTTTAGTACC LAMP for Ricketisia spp.

164_4_BIP GGAGTCGGCGTAGGATGGATCTGAAAAATATAAATACCCCATTCC

164_5_F3 ATAGCCAGTAACTGGTTTCA

164_5 B3 AAAAGCGATACTACACAAGC o
1643 164 s FIP ACCCATAGCCCATTTAGTTCCAAGCTCCTGCAACAAAGATGC LAMP for Ricketisia spp.

164_5_BIP TAGGTGGTGCTCTTGCTATGAACCTGGAACAAAAAAGGCA

RESULTS

Orthologs in Rickettsia spp.: We determined 211 or-
thologous groups among the genomes of 13 Rickettsia
spp. (data not shown). The BLASTN search for any
known nucleotide sequences revealed 10 Rickettsial-
specific orthologous groups (Table 3). Rickettsial-
specific LAMP primers could be constructed from only
7 orthologs: ortholog IDs 3, 43, 77, 158, 164, 167, and
175. The most suitable ortholog was then screened out
manually by visual inspection, and BLASTN analysis
was then performed to align the sequences corre-
sponding to the region containing the LAMP primer se-
quences. Ultimately, ortholog ID164 was selected for
the LAMP assay (data not shown).

Primer selection: Five primer sets (Set ID 164_1 to
164_5, Table 2) were constructed and selected using
Primer Explore for ortholog ID 164. The primer sets
were tested with various DNA templates in the respec-
tive LAMP assays, and the results are summarized in
Table 4. Among the primer sets, Set ID 164_3 showed
the best reactivity for the DNA detection of several
Rickettsia spp. Non-specific reactions were not ob-
served with genomic DNA from the human or murine
fibroblasts (negative controls) in the LAMP assay
(Table 4).

Optimization and calibration of LAMP assay: The
detection limit of the LAMP assay was determined us-
ing the PCR products produced previously. The copy
numbers of DNA fragments from all Rickettsia spp.
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tested in this study were calculated based on the optical
density at 260 nm and used for 10-fold serial dilutions
(10 to 100,000 copies/reaction). The results showed
that the limit of detection for almost all the DNA frag-
ments was 100 copies, except for the DNA fragment of
R. canadensis (data not shown). Thus, the specific
primers for R. canadensis, B3_cana and F3_cana, were
added to the LAMP reaction mixture to improve the
reactivity for this species. The assay with R. canaden-
sis-specific primers added could detect 100 copies of the
target DNA fragments within 90 min. To accelerate the
reaction, 164_LF and 164_BF primers (15) were con-
structed using Primer Explore and added to the LAMP
mixture. Thus, 8 primers were used in this LAMP
assay, which showed rapid reactivity where 100 copies
of DNA could be detected within 60 min.

DISCUSSION

Several methods for the rapid molecular diagnosis of
rickettsiosis based on genomic sequence data have been
reported (3,6-9). However, a method that can simul-
taneously detect the DNA of several Rickettsia spp. is
not available. In this study, with an aim to develop a
method that can be used to easily detect the DNA of
several Rickettsia spp., we focused on orthologs con-
served among members of the Rickettsia genus, i.e.,
gene groups that are homologously conserved in differ-
ent species originating from a common ancestor (4).
We identified 10 Rickettsia-specific orthologs using a



Table 3. Rickettsia spp.-specific orthologous groups

Locus tag in Rickettsia

R. rickettsii  R. sibirica  R. typhi
246 Wilmington

Sheila Smith

MTUS Madrid E Iowa

R. massiliae R. prowazekii R. rickettsii

R. felis
Malish 7 URRWXCal2

R. canadensis R. conorii
McKiel

R. bellii R. bellii
Hartford OSU 85-389 RML369

R. akari

Putative Lengh
function (AA)

Ortholog
1D

RT0704

RP718

RC1091

lipid A biosynthesis

Rrlowa_1302 A1G_06065 rsib_orf1006

RMA_1125

RF_0197

300 AIC_05570 A11_06940 RBE_0186 A1E_04690

lauroyl acyltransferase

RT0044

Rrlowa_0157 A1G_00725 rsib_orf591

RCO0123 RF_0076 RMA_0131 RP093

A1E_00445

300 AI1C_00660 A1I_00895 RBE_1331

Vac]J lipoprotein
precursor

RTO174

Rrlowa_0285 A1G_01315 rsib_orf474

| RC0230 RF_1088 RMA_0243 RP183

300 AI1C_01315 A1I_01815 RBE_1102 AI1E_00915

DNA uptake lipoprotein

77

RTO0339

Rrlowa_0567 A1G_02690 rsib_orf227

RP350

RMA_0491

. RC0475 RF_0557

80 A1C_02625 A1l_04940 RBE_0766 AIlE_03715

exodeoxyribonuclease
VII small subunit

115

Rrlowa_0644 A1G_03060 rsib_orf161

RT0380

RP392

intracellular septation

protein A

RF_0613 RMA_0556

RCO0539

180 AI1C_02940 A1I_06175 RBE_0324 A1E_03430

RTO0381

Rrlowa_0645 A1G_03065 rsib_orf160

| RCO0540 RF_0614 RMA_0557 RP393

280 AI1C_02945 A1I_06170 RBE_0325 AI1E_03425

FTRI1 family protein

126

RTO0471

Rrlowa_0866 A1G_04115 rsib_orf1356

RP484

RMA_0821

X RC0728  RF_0843

110 AIC_03950 A1I_03940 RBE_0945 A1lE_02345

Iron-sulfur cluster assem-
bly accessory protein

158

RT0078

Rrlowa_0107 A1G_00520 rsib_orf631

RP054

RMA_0089

. RC0082 RF_0121

430 AI1C_00445 A11_00780 RBE_1354 AIlE_00255

glycerol-3-phosphate

transporter

164

RTO0553

Rrlowa_1014 A1G_04730 rsib_orf1247

RP565

RMA_0891

| RC0852 RF_0900

594 A1C_04385 A1I_01180 RBE_1223 AI1E_02085

Penicillin-binding pro-

tein

167

RTO0572

Rrlowa_1054 A1G_04890 rsib_orf1214

RP583

RMA_0919

RC0886 RF_0951

456 A1C_04520 A1I_03650 RBE_0999 AI1E_01940

magnesium transporter

175

122

Table 4. Overview of the LAMP results

Primer set Template IDV

DY 1 2 34567 8 910111213 14 Dison”
1641 — + — + — — + + — — 4+ — — — =
642 — — — — — = — — — — — — — — -
1643 + + + + + + + + + + + + — —  +
1644 + + — + + — + = — — — + — — -
1645 — + — + + ++ ++ ++ + - - -

D: Consist with sample ID in Table 1.
2; ID numbers are consistent with the ortholog ID in Table 3.
3: + means ‘“The best Primer set using for Rickettia spp assay.”’

BLASTN search from 211 orthologous groups in sever-
al Rickettsia spp. with published genome sequences.
Currently, further genome sequencing has been com-
pleted for R. africae (BioProject ID: PRINA18269)
and R. peacockii (BioProject ID: PRINA59301), and
these sequences are now available in GenBank.

LAMP is a unique gene amplification method that
can detect the target in approximately 60 min at about
63°C. Although we did not compare the sensitivity of
our LAMP assay with that of gPCR, with respect to its
performance as a diagnostic technique, our assay shows
superior ability with respect to the procedures and
equipment required, and thus may be better adapted
for fieldwork than for laboratory diagnosis.

The LAMP primers developed for each Rickettsia
spp. will be useful for detecting Rickettsial infection at
an early stage in the field or in the context of bioter-
rorism. The combination of probes and primers makes
LAMP a more powerful tool for rapid DNA detection,
not only in clinical laboratories but also in other set-
tings such as in a consulting room and/or a patient’s
bedside. Our LAMP assay can also detect several
specific types of Rickettsia spp. simultaneously, such as
typhus group, R. prowazekii, R. typhi, R. rickettsii,
and R. japonica. Furthermore, these assays could be
completed within 1h. These results demonstrate the
potential of the new LAMP assay for the specific detec-
tion of Rickettsia spp. One of the aims of this study
was to provide an easy molecular diagnosis technique
that possesses versatility. Therefore, we used the de-
velopment of turbidity in the reaction as an endpoint.

Thus, we identified 10 orthologous genes that are
highly conserved among Rickettsia spp. and then devel-
oped a novel LAMP assay with a high level of sensitivi-
ty and specificity targeted to select these orthologous
genes for Rickettsia spp. Unfortunately, there are no
homologous orthologs for Orientia tsutsugamushi and
members of the family Anaplasmataceae, which are ge-
netically closely related outgroups. Nevertheless, we be-
lieve that our novel LAMP assay will be a powerful and
useful tool for laboratory and field diagnosis of ricket-
tsiosis.
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