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High Prevalence of Rickettsia raoultii and
Associated Pathogens in Canine Ticks,
South Korea

Appendix
Supplemental Methods

Tick Collection and Species Identification

A total of 980 ticks were collected from stray dogs in animal shelters located in central
South Korea: Chungbuk (130 ticks from 14 dogs), Chungnam (145 ticks from 15 dogs), and
Gyeongbuk (167 ticks from 17 dogs) and southern South Korea: Jeonbuk (165 ticks from 17
dogs), Jeonnam (180 ticks from 19 dogs), and Gyeongnam (193 ticks from 20 dogs). None of the
infested dogs showed clinical symptoms of tickborne pathogens (TBPs). To note, several dogs
had skin redness around the tick bites. Five to 10 ticks per dog were collected from a total of 102
dogs. We collected ticks from dogs from their head, neck, abdomen areas, and mouth parts with
fine forceps and gently removed attached ticks. We then stored ticks in vials containing 70%
ethanol. Ticks were first identified to the species level and classified morphologically into
several developmental stages (1). Subsequently, different tick species were pooled as follows:
per dog, identified species, and developmental stages (larva, nymph, and adult) into 364 tick

pools, with 1 to 7 ticks per pool.

Tick and TBP Detection

Genomic DNA was extracted from each tick pool sample (n = 364 pools) using a
commercial DNeasy Blood & Tissue Kit (Qiagen, https://www.giagen.com/us) according to the
manufacturer’s instructions. Extracted DNA was then stored at —20°C until further use. The
AccuPower HotStart PCR Premix kit (Bioneer, https://eng.bioneer.com) was used for PCR
amplification. Molecular identification of tick species was conducted by amplifying the
mitochondrial cytochrome c oxidase subunit I (COI) gene using specific primers (2). Several
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TBPs were then screened by using specific primer sets for each pathogen. For example,
rickettsial infections (Anaplasma, Ehrlichia, and Rickettsia) were initially assessed using a
commercial AccuPower Rickettsiales 3-Plex PCR Kit (Bioneer) to detect 16S rRNA. Positive
samples were then amplified further for species identification. For Rickettsia spp., positive
samples were confirmed by PCR targeting the citrate synthase gene (gltA) (3). The 5S (rrf)-23S
(rrl) intergenic spacer gene of Borrelia spp. and the outer surface protein A gene fragment of
Borrelia burgdorferi sensu lato was amplified by nested PCR (nPCR) (4). Multiple primer sets
were used to amplify the Coxiella 16S rRNA gene, including C. burnetii and Coxiella-like
bacteria (5). Piroplasm infections (Babesia and Theileria) were first screened using a commercial
AccuPower Rickettsiales 2-Plex PCR Kit (Bioneer) to detect piroplasm 18S rRNA. The positive
samples were then re-amplified by PCR using primers designed from the common sequence of
the 18S rRNA genes of several Babesia species (6). Nested primer sets were used to amplify the
internal transcribed spacer region sequence of Bartonella spp (7). The S segment of SFTSV was
amplified by nPCR (8). Appendix Table 2 describes the primers and amplification conditions
used for TBP detection in this study.

DNA Cloning

Amplicons of 364 pooled tick and 197 TBP-positive samples were purified using the
QIAquick Gel Extraction Kit (Qiagen), ligated into pGEM-T Easy vectors (Promega,
https://www.promega.com), transformed into Escherichia coli DH5a-competent cells (Thermo
Fisher Scientific, https://www.thermofisher.com), and incubated at 37°C overnight. Plasmid
DNA extraction was performed using a plasmid miniprep kit (Qiagen) according to the

manufacturer’s instructions.

DNA Sequencing and Phylogenetic Analysis

Recombinant clones were selected and sent to Macrogen
(https://www.macrogen.com/en/main/index.php) for sequencing. The sequences were analyzed
and aligned using the multiple sequence alignment program CLUSTAL Omega (v. 1.2.1), and
the alignment was edited with BioEdit (v. 7.2.5). Phylogenetic analysis was performed using
MEGA (v. 6.0) based on the maximum likelihood method with the Kimura 2-parameter distance
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model. The aligned sequences were analyzed using a similarity matrix. The stability of the trees

was estimated by bootstrap analysis using 1,000 replicates.

Statistical Analysis

GraphPad Prism (v. 5.04; GraphPad Software Inc., https://www.graphpad.com) was
used for statistical analyses. The Chi-square test was performed to analyze significant differences
among pathogens for each tick stage, and a value of p < 0.05 was considered statistically
significant.

Supplemental Results

Tick Identification

Tick species were molecularly identified using primers for the COI gene (expected size
710 bp) to avoid potential mistakes in morphological identification. Three species were
identified by morphological and molecular characteristics, and both methods showed congruent
results. Furthermore, the nucleotide sequences from 8 representative ticks based on

developmental stage and collected region were assessed for data analysis.

The 3 groups of ticks shared close genetic relationships with H. longicornis (98.0-100%
nucleotide identity), H. flava (98.8-100% nucleotide identity), and I. nipponensis (98.9-100%
nucleotide identity). A phylogenetic tree was assembled based on the COI genes of several ticks
deposited in GenBank, and the ticks collected in this study were classified into 3 clades related to
3 species (Appendix Figure 3): H. longicornis (76.9%, 280/364 pools), H. flava (14.6%, 53/364
pools), and I. nipponensis (8.5%, 31/364 pools) (Appendix Table 1).

TBP Identification

In total, 69.6% (195/280) of H. longicornis ticks, including 66.7% (122/183) of nymphs
and 79.3% (73/92) of adults, were PCR-positive for at least 1 TBP (Appendix Table 1). TBPs
were significantly more abundant (p = 0.0003) in the adult stage compared to other
developmental stages in H. longicornis. R. raoultii was the most abundant TBP in H.
longicornis: 54.6% (100/183) of nymphs and 53.3% (49/92) of adults were PCR-positive. T.
luwenshuni (p = 0.0031) was significantly more abundant in the adult stage compared to other

stages in H. longicornis.
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In H. longicornis, TBPs were detected in varying proportions in different geographical
areas of South Korea: In the nymph stage, 53.8% (50/93) were detected in the central area and
80% (72/90) in the southern area; in the adult stage, 74.5% (35/47) were detected in the central
area and 84.4% (38/45) in the southern area. TBPs were significantly more abundant in the adult
stage of both central (p = 0.0136) and southern (p = 0.002) areas compared to the other stages in
H. longicornis. T. luwenshuni from the southern area (p = 0.0398) was significantly more
abundant in the adult stage compared to the other stages in H. longicornis. R. raoultii from the
southern area (p = 0.049) was significantly more abundant in the nymph stage compared to the

other stages in H. longicornis.

Among the positive samples, additional gltA gene analysis revealed that the ticks were
positive for R. raoultii (43/364 pools, 11.8%), R. monacensis (1/364 pools, 0.3%), and
Candidatus Rickettsia principis (2/364 pools, 0.6%). This was an expected result as comparisons
of similarity values suggested that glItA is less conserved than the 16S rRNA gene in rickettsiae
(9). The average rate of sequence change in gltA was quicker than the average rate of sequence
change in the 16S rRNA gene. The gltA sequences may be valuable in uncovering close

relationships.

R. raoultii-positive ticks were collected from dogs (24.5%, 25/102) from central South
Korea: Chungbuk (2), Chungnam (3), and Gyeongbuk (6), and southern South Korea: (Jeonbuk
(4), Jeonnam (4), and Gyeongnam (6). Eleven (3.0%) ticks were coinfected with T. luwenshuni
and R. raoultii, while 1 (0.3%) tick was coinfected with E. canis, T. luwenshuni, and R. raoultii.

Molecular and Phylogenetic Analyses

H. longicornis COI gene sequences from this study showed 98.1-100% nucleotide
identity with known H. longicornis COI gene sequences, consistent with the results of a
phylogenetic analysis that classified H. longicornis into 2 groups with a neighborly relationship
(Appendix Figure 3). H. flava COI gene sequences from this study showed 98.7-99.8%
nucleotide identity and 1. nipponensis COI gene sequences showed 98.5-99.5% nucleotide

identity with known COI gene sequences (Appendix Figure 3).
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Phylogenetic analyses showed that E. canis 16S rRNA nucleotide sequences (Appendix
Figure 1) and T. luwenshuni 18S rRNA nucleotide sequences (Appendix Figure 2) were clustered
with previously GenBank documented sequences.

The 1 E. canis sequence found in the present study shared 99.4-100% identity with the
16S rRNA gene in previously reported E. canis isolates. The 3 T. luwenshuni representative
sequences from the present study shared 99.8-100% identity with the 18S rRNA gene. They also
shared 96.6-99.8% identity with the 18S rRNA gene previously reported in T. luwenshuni

isolates.

The 3 R. raoultii representative sequences from the present study shared 100% identity
with 16S rRNA and 99.7-100% identity with gltA genes. They also shared 99.4-99.7% identity
with 16S rRNA and 98.1-99.7% identity with gltA genes in previously reported R. raoultii
isolates. The 1 R. monacensis sequence found in the present study shared 99.1-99.6% identity
with 16S rRNA and 99.1-100% identity with gItA genes in previously reported R. monacensis
isolates. The 2 sequences of Candidatus R. principis genes found in the present study shared
100% identity with 16S rRNA and 98.7% identity with gltA genes. They also shared 98.5-98.9%
identity with 16S rRNA and 99.2-100% identity with the gltA genes in previously reported

Candidatus R. principis isolates.

The representative sequences in this study were submitted to GenBank. Accession
numbers are MN630872 (I. nipponensis), MN630873 (H. flava), MN630874-MN630879 (H.
longicornis), MN630892 (E. canis), MN626388—-MN626390 (T. luwenshuni), and MN630880—
MN630891 (Rickettsia spp.).
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Appendix Table 1. Prevalence of tickborne pathogens detected by PCR in ticks from dogs in South Korea, 2010-2015

No. No. positive (%)
of E. canis T. R. Candidatus
tick (16s luwenshuni R. raoulti  monacensis Rickettsia principis
Species Region | Stage |pools| rRNA) (18SrRNA) (16SrRNA) (16SrRNA) (16S rRNA) Total
Larva 2 0 0 0 0 0 0
Central | Nymph| 93 0 9(9.7) 41 (44.1) 0 0 50 (53.8)
Adult | 47 0 11 (23.4) 24 (51.1) 0 0 35 (74.5)*
Haemaphysalis Larva 3 0 0 0 0 0 0
longicornis Southern | Nymph | 90 1(1.1) 11 (12.2) 59 (65.6)* 0 1(1.1) 72 (80.0)
Adult | 45 0 13 (28.9)* 25 (55.6) 0 0 38 (84.4)*
Larva 5 0 0 0 0 0 0
Subtotal | Nymph| 183 | 1 (0.6) 20 (10.9) 100 (54.6) 0 1 (0.6) 122 (66.7)
Adult | 92 0 24 (26.1)* 49 (53.3) 0 0 73 (79.3)*
Central Nymph | 18 0 0 0 0 0 0
Adult | 10 0 0 0 0 0 0
Haemaphysalis Nymph | 12 0 0 0 0 1(8.3 1(8.3
fava Southern Aydullot 13 0 0 0 0 (o : (0 :
Nymph | 30 0 0 0 0 1(3.3) 1(3.3)
subtotal | “aquie | 23 0 0 0 0 0 0
Nymph| 8 0 0 0 0 0 0
Central | “aquit | 6 0 0 0 0 0 0
Ixodes Southern Nymph | 10 0 0 0 0 0 0
nipponensis Adult 7 0 0 0 1(14.3) 0 1(14.3)
Nymph| 18 0 0 0 0 0 0
Subtotal | "\ | 13 0 0 0 1(7.7) 0 1(7.7)
Total 364 1(0.3) 44 (12.1) 149 (40.9) 1(0.3) 2 (0.6) 197 (54.1)

*Designates significant differences in prevalence (p < 0.05) among the different stages.
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Appendix Table 2. Primers used for the detection of tickborne pathogens in ticks from dogs.

Organism

Gene

Primer

Sequence 5'to 3'

Size (bp)

Amplification
condition

Reference

Invertebrate

Mitochondrial
cytochrome ¢

oxidase subunit |

LCO1490

GGTCAACAAATCATAAAGATATTGG

HC02198

TAAACTTCAGGGTGACCAAAAAATCA

710

95°C/5 min;
35 cycles:
95°C/60 s,
40°C/60 s,
72°Cl30 s;

72°C/10 min

@

Anaplasma
spp.

16S rRNA

429

95°C/5 min;
45 cycles:
95°C/30 s,
59°C/30 s,
72°C/30 s;

72°C/10 min

Commercial
AccuPower
Rickettsiales
3-Plex PCR
Kit
(Bioneer)

Ehrlichia
spp.

16S rRNA

340

95°C/5 min;
45 cycles:
95°C/30 s,
59°C/30 s,
72°C/30 s;

72°C/10 min

Commercial
AccuPower
Rickettsiales
3-Plex PCR
Kit
(Bioneer)

Rickettsia
spp.

16S rRNA

252

95°C/5 min;
45 cycles:
95°C/30 s,
59°C/30 s,
72°C/30 s;

72°C/10 min

Commercial
AccuPower
Rickettsiales
3-Plex PCR
Kit
(Bioneer)

Rickettsia
spp.

gltA

Rsfg877

GGGGGCCTGCTCACGGCGG

Rsfg1258

ATTGCAAAAAGTACAGTGAACA

380

95°C/10 min;
35 cycles:
95°C/60 s,
51°C/60 s,
72°C/60 s;

72°C/10 min

(©)

Borrelia
spp.

55-23S rRNA

N1

GAGCTTAAAGGAACTTCTGATAA

Clc

TTTGTACTGTTATTGTGTCTT

561

95°C/5 min;
35 cycles:
95°C/45 s,
54°C/45 s,
72°C/60 s;
72°C/5 min

N2

ATGGWTCTGGAAYRCTYGAAG

C2c

CTTARAGTAACWGTTCCTTCT

533

95°C/5 min;
35 cycles:
95°C/45 s,
50°C/45 s,
72°Cl60 s;
72°C/5 min

(©)

Coxiella
spp.

16S rRNA

Cox16SF1

CGTAGGAATCTACCTTRTAGWGG

Cox16SR2

GCCTACCCGCTTCTGGTACAATT

1321-
1429

93°C/3 min;
30 cycles:
93°C/30 s,
56°C/30 s,
72°C/60 s;
72°C/5 min

Cox16SF2

TGAGAACTAGCTGTTGGRRAGT

Cox16SR2

GCCTACCCGCTTCTGGTACAATT

624-627

93°C/3 min;
30 cycles:
93°C/30 s,
56°C/30 s,
72°Cl60 s;
72°C/5 min

®)

Bartonella
spp.

ITS-1

QHVE-OF

TTCAGATGATGATCCCAAGC

QHVE-OR

AACATGTCTGAATATATCTTC

736

QHVE-IF

CCGGAGGGCTTGTAGCTCAG

484

94°C/10 min;

35 cycles:

94°C/60 s,

55°C/60 s,
72°C/120 s;
72°C/5 min
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Amplification
Organism Gene Primer Sequence 5' to 3' Size (bp) condition Reference
QHVE-IR CACAATTTCAATAGAAC

SFTVS S segment NP-2F CATCATTGTCTTTGCCCTGA 461 50°C/30 min; (8)
95°C/15 min;
40 cycles:
95°C/20 s,
NP-2R AGAAGACAGAGTTCACAGCA 52°C/40 s,
72°C/30 s;
72°C/5 min
N2F AAYAAGATCGTCAAGGCATCA 346 25 cycles:
94°C/20 s,
N2R TAGTCTTGGTGAAGGCATCTT 55°C/40 s,
72°C/30 s
Babesia 18S rRNA T 676 95°C/5 min; | Commercial
spp. and 35 cycles: AccuPower
Theileria 95°C/30 s, Babesia and
spp. 59°C/30 s, | Theileria PCR
72°C/30 s; Kit (Bioneer)
72°C/5 min
Babesia 18S rRNA BJ1 GTCTTGTAATTGGAATGATGG 452 95°C/5 min; (6)
spp. and 40 cycles:
Theileria 94°C/30 s,

Spp. BN2 TAGTTTATGGTTAGGACTACG 54°C/30 s,
72°Cl40 s;

72°C/5 min

*SFTVS, Severe fever with thrombocytopenia syndrome virus
*Commercial PCR kits were used for the detection of these pathogens.

DT-EC-143 (MN630892) e
E. canis TWN, Dog, Taiwan (GU810149)
E. canis Oklahoma, Human, US (NR118741)
E. canis Kagoshima 1, Dog, Japan (AF536827)
66| E. canis WHBMXZ-124, Boophilus microplus, China (KX987326)

E. canis, Dog, Spain (AY394465)

E. canis Gxht67, Tick, China (AF156786)
Uncultured Ehrichia sp. Tajikistan-4, Hyalomma anatolicum Tajikistan (KM395821)
Ehrlichia sp. Yonaguni206, Haemaphysalis longicornis, Japan (HQ697589)
7 Uncultured Ehrlichia sp. clone Jin08, Korean water deer, Korea (KR045610)

E. ruminantium, Tick, South Africa (AF069758)
E. chaffeensis, Tick, China (AF147752)
77 E. muris, Wild mice, Japan (AB013008)

Anaplasma bovis WHHLHP-119, Tick, China (KX987337)

0.005

Appendix Figure 1. Phylogenetic tree constructed using the maximum likelihood method and based on
Ehrlichia canis 16S rRNA nucleotide sequences. Anaplasma bovis was used as the outgroup. Black
arrows indicate sequences analyzed in this study. GenBank accession numbers for other sequences are
shown with the sequence name. Branch numbers indicate bootstrap support (1,000 replicates). Scale bar

indicates phylogenetic distance.
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72|DT-TL-123(MN626389) — _—
0 'DT-TL-143 (MN626390) #——

Theileria sp. HN2, wild Chinese water deer, Korea (FJ668369)
DT-TL-283 (MN626388) —
Theileria sp. HAN2, Deer, Korea (FJ599640)
T. luwenshuni KED-2, Tick, Korea (KU356904)
T. luwenshuni Suixian1, Goat, China (KC735169)
i T. luwenshuni Zhangye 26, Camel, China (KU554730)
98— Theileria sp. ex Nanjing dog, China (JQ926740)

T. luwenshuni Songxian 4, Sheep, China (JX469518)

—'j T. buffeli HS252, Cattle, Korea (KX965722)
T. sergenti, Cattle, Japan (AY661515)

89

T. cervi Oklahoma WTD 181 clone 7, White-tailed deer, US (AY735122)

34 Theileria sp. HN6, wild Chinese water deer, Korea (FJ668373)
ﬁli—i T. parva, Buffalo, Kenya (AF013418)
63

T. annulata, Cattle, China (EU083800)

Babesia microti, Raccoon, Japan (AB197940)
P

0.01

Appendix Figure 2. Phylogenetic tree constructed using the maximum likelihood method and based on
Theileria luwenshuni 18S rRNA nucleotide sequences. Babesia microti was used as the outgroup. Black
arrows indicate sequences analyzed in this study. GenBank accession numbers for other sequences are

shown with the sequence name. Branch numbers indicate bootstrap support (1,000 replicates). Scale bar
indicates phylogenetic distance.

Page 10 of 11



DT-HL-283 (MN630879) A—
Haemaphysalis longicomnis Tick 10-7, Australia (KM821469)
" DT-HL-123 (MN630877) —

I Haemaphysalis longicomis Zhejiang, China (JQ737092)
- Haemaphysalis longicomis, Australia (AF132820)

52‘ DT-HL-185 (MN630878) e

12 | Haemaphysalis longicomis Tick 13-4, Australia (KM821485)

=~

Haemaphysalis longicomis Hae_long_T487, China (MH319687)
Haemaphysalis longicornis 1511, China (JQ625691)
Haemaphysalis longicomis Tick 32-2, Australia (KM821501)

100 DT-HL-143 (MN630876) —

Haemaphysalis longicomis, China (JQ346686)
Haemaphysalis longicomis NCCDC173, China (MG721044)

s 2{
Haemaphysalis longicomis Lintao, China (JQ737096)

89| | DT-HL-68 (MN630875) A
Haemaphysalis longicornis HZ-HI-tick1, China (MN045875)

97 || Haemaphysalis longicornis Meixian-Hl-tick11, China (MK292005)

7

[N

DT-HL-79 (MN630874) A
Haemaphysalis longicornis Anhui, China (JQ737087)
Haemaphysalis longicornis, China (MK408610)

Haemaphysalis longicornis SD1, China (MF666895) .

Haemaphysalis humerosa, Australia (AF132819)

Haemaphysalis concinna 25-4, China (KR108866)

L £|:Haemaphysaﬁs ginghaiensis HY14, China (MF981071)
66 Haemaphysalis japonica 12-7, China (KR108877)

DT-HF-180 (MNB30873) M

88
Haemaphysalis flava Henan, China (JQ737097)

100 || Haemaphysalis flava NCCDC130, China (MG721052)
Haemaphysalis flava, Japan (AB075954)
59| Haemaphysalis flava, China (KJ195464)

50 Haemaphysalis flava CD-8, China (KY021815)

Haemaphysalis flava, China (KY003181) _s

Ixodes ricinus, Israel (JX983208)
Ixodes persulcatus Xinjiang, China (JQ737101)

96

Ixodes asanumai, Japan (AB231674)

o Ixodes nipponensis, Japan (AB231671)

100 |, jxodes nipponensis KM1604002, Korea (KY606284)

g3 || /xedes nipponensis KM1605001, Korea (KY606283)

68! DT-IN-23 (MN630872) —
Omithodoros sonrai, South Africa (NC039688)

0.05

Appendix Figure 3. Molecular identification of ticks based on phylogenetic analysis using the maximum
likelihood method with the mitochondrial cytochrome ¢ oxidase subunit | gene. Ornithodoros sonrai was
used as the outgroup. Black arrows indicate sequences analyzed in this study. GenBank accession
numbers for other sequences are shown with the sequence name. Branch numbers indicate bootstrap

support (1,000 replicates). Scale bar indicates phylogenetic distance.

Page 11 of 11



	High Prevalence of Rickettsia raoultii and Associated Pathogens in Canine Ticks, South Korea
	Appendix
	Supplemental Methods
	Tick Collection and Species Identification
	Tick and TBP Detection
	DNA Cloning
	DNA Sequencing and Phylogenetic Analysis
	Statistical Analysis
	Supplemental Results
	Tick Identification
	TBP Identification
	Molecular and Phylogenetic Analyses
	References
	Appendix Table 1. Prevalence of tickborne pathogens detected by PCR in ticks from dogs in South Korea, 2010–2015
	Appendix Table 2. Primers used for the detection of tickborne pathogens in ticks from dogs.
	Appendix Figure 1. Phylogenetic tree constructed using the maximum likelihood method and based on Ehrlichia canis 16S rRNA nucleotide sequences. Anaplasma bovis was used as the outgroup. Black arrows indicate sequences analyzed in this study. GenBank ...
	Appendix Figure 2. Phylogenetic tree constructed using the maximum likelihood method and based on Theileria luwenshuni 18S rRNA nucleotide sequences. Babesia microti was used as the outgroup. Black arrows indicate sequences analyzed in this study. Gen...
	Appendix Figure 3. Molecular identification of ticks based on phylogenetic analysis using the maximum likelihood method with the mitochondrial cytochrome c oxidase subunit I gene. Ornithodoros sonrai was used as the outgroup. Black arrows indicate seq...

