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Toxoplasma gondii

and Rickettsia spp. in ticks
collected from migratory birds
in the Republic of Korea
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Migratory birds disperse ticks and associated tick-borne pathogens along their migratory routes. Four
selected pathogens of medical importance (Coxiella burnetii, Rickettsia spp., Francisella tularensis,
and Toxoplasma gondii) were targeted for detection in 804 ticks (365 pools) collected from migratory
birds at Hong and Heuksan Islands in the Republic of Korea (ROK) from 2010 to 2011 and 2016.
Toxoplasma gondii and Rickettsia spp., were detected in 1/365 (0.27%) and 34/365 (9.32%) pools of
ticks, respectively. T. gondii and five rickettsial species were recorded in ticks collected from migratory
birds for the first time in ROK. The five rickettsial species (R. monacensis, Candidatus Rickettsia
longicornii, R. japonica, R. raoultii, and R. tamurae) were identified using sequence and phylogenetic
analysis using ompA and gltA gene fragments. Rickettsia spp. are important pathogens that cause
rickettsiosis in humans, with cases recorded in the ROK. These results provide important evidence for
the potential role of migratory birds in the introduction and dispersal of T. gondii and Rickettsia spp.
along their migratory routes and raise awareness of potential transmission of zoonotic tick-borne
pathogens associated with migratory birds in the ROK.

Migratory birds may play an important role in the potential spread of ticks and associated tick-borne patho-
gens. Ticks that feed on birds are transported across geographical barriers to new habitats along their migratory
routes'~. In addition, ticks harboring tick-borne pathogens are likely dispersed to different regions during the
annual migration of birds**°. Tick infestation levels are dependent upon ground-feeding behavior and movement
characteristics of birds’. While resident ground feeding birds may be more heavily infested with ticks, migratory
birds may play a more significant role in the long-distance dispersal of tick species and associated pathogens'.
Environmental and climate changes may provide unexpected opportunities for the potential introduction of ticks
and associated pathogens”™. Therefore, information on migration routes of birds is important to understand
the potential influence of migratory birds in the future distribution of ticks and tick-borne pathogens along
their migration routes, and to raise awareness for the potential transmission of tick-borne pathogens of medical
importance in the Republic of Korea (ROK).

Birds are natural reservoirs of selected tick-borne pathogens that are of veterinary and medical importance
Evidence of various tick-borne pathogens harbored by ticks infesting migratory and resident birds has been
shown worldwide. Borrelia and Rickettsia spp. were the most prevalent tick-borne microorganisms detected
in Ixodes spp. collected from migratory birds from European countries>"'4, USA'>16, and Asial”!8. Rickettsia
spp. were also detected from Hyalomma spp. that originated from African countries and were transported by
migratory birds to Italy’. Meanwhile, Haemaphysalis spp. that infested birds were identified that harbor Rick-
ettsia spp., Borrelia burgdorferi, Anaplasma spp., and Ehrlichia spp.'®'®, and also possibly contributed to the
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dispersal of Severe Fever with Thrombocytopenia Syndrome (SFTS) virus present in China, Japan, and Korea'.
Consequently, identification of tick species and associated tick-borne pathogens and host migratory birds are
important to assess the potential risk of tick-borne disease introductions in each region where there are suitable
habitats for migratory birds.

In the ROK, Heuksan-do (do=island), Hong-do, and Nan-do are stopover habitats of migratory birds that
are located in the Yellow Sea. Ticks collected from migratory birds were identified to species, that included eight
species (Haemaphysalis flava, H. formosensis, H. longicornis, H. concinna, H. ornithophila, Ixodes nipponensis,
I turdus, and Amblyomma testudinarium) belonging to three genera. Of the eight species, I. turdus and H.
flava were the most prevalent species collected?*-?2. Only three tick-borne microorganisms (Borrelia spp., A.
phagocytophilum, and Bartonella grahamii) were detected in these ticks. Borrelia spp. were the most prevalent
microorganisms detected in I turdus and H. flava, while A. phagocytophilum and B. grahamii were detected only
in 1. nipponensis and I. turdus, respectively*"?2. However, information for other tick-borne microorganisms such
as Coxiella burnetii, Rickettsia spp., Toxoplasma gondii, and Francisella tularensis in ticks collected from migra-
tory birds remain unknown. Infections of these pathogens in humans in the ROK were recorded and potentially
influence public health?*-%,

Accordingly, this study aimed to extend our previous work® to survey for the presence of four tick-borne
pathogens, C. burnetii, T. gondii, F. tularensis, and Rickettsia spp., in ticks collected from migratory birds at two
islands, Hong-do and Heuksan-do, ROK. Sequencing and phylogenetic analysis were done for species identifica-
tion of Rickettsia spp.

Results

Tick-borne microorganisms in bird ticks. A total of 804 ticks belonging to three genera and seven spe-
cies were placed in 365 pools according to bird host, date and location of collection, and stage of development
(Table 1). I turdus was the most commonly collected species and accounted for 72.89% of all collected ticks,
followed by H. flava with 16.17%, 1. nipponensis 5.85%, H. longicornis 4.23%, H. phasiana 0.50%, H. formosensis
0.25%, and A. testudinarium 0.12% (Table 1).

Ticks were assayed for selected pathogens, Rickettsia spp., T. gondii, E tularensis, and C. burnetii. A total of one
and 34 pools of ticks were positive for T. gondii (Suppl. Fig. S1) and Rickettsia spp. (Suppl. Fig. S2), respectively.
T. gondii was detected only in one adult female I. turdus tick collected from the pale thrush, Turdus pallidus.

Although I. nipponensis was less commonly collected, a higher proportion was positive for Rickettsia spp.
(55.88%; 19/34 pools), followed by H. longicornis (20.59%; 7/34 pools), and H. flava (14.71%; 5/34 pools), while
one pool each of I. turdus (2.94%; 1/34 pools), H. formosensis (2.94%; 1/34 pools), and A. testudinarium was
positive (2.94%; 1/34 pools). Rickettsia spp. were not detected in H. phasiana. The overall minimum infection
rate (MIR) for Rickettsia spp. was 4.23%, but was 100%, 50.0%, 40.43%, 20.59%, 3.85%, and 0.17% for A. testudi-
narium, H. formosensis, I. nipponensis, H. longicornis, H. flava, and I. turdus, respectively (Table 1).

Sequencing and phylogenetic analysis. Toxoplasma gondii was confirmed by sequence analysis of
repetitive DNA fragments from nested conventional PCR (504 bp). Comparison of generated sequences (Suppl.
Table S1) with deposited sequences on NCBI databank showed 100% identity with T. gondii sequences detected
from mice in India (NCBI accession No.: KC607824) and cattle and goats in Iraq (NCBI accession No.: KX963353
and KX963355).

Detection of Rickettsia spp. targeting ompA and gltA gene fragments from 34 Rickettsia spp. positive tick
pools showed that 30 and 34 pools were positive, respectively. The sequences of ompA and gltA genes were
deposited on NCBI with an accession number of each sequence as shown in Table 2 and Suppl. Tables S2 and
S3. Variations among the sequences of ompA and gltA gene fragments were observed. The percent sequence
identity among sequences of ompA and gltA was 78.7% and 93.7%, respectively. Sequences of the gltA gene were
divided into five Rickettsia spp. groups, while the ompA gene was separated into four Rickettsia spp. The percent
identity among the generated sequences for each group ranged from 97.2 to 100.0%. Comparison of generated
sequences of the ompA and gltA gene fragments to the deposited sequences of Rickettsia species on NCBI and
phylogenetic analysis showed that the detected Rickettsia spp. belong to five species (R. monacensis, Candidatus
Rickettsia longicornii, R. japonica, R. raoultii, and R. tamurae) with the sequence similarity ranging from 98.80
to 100.00%, while 3 specimens could not be identified to species (Fig. 1; Table 2). Although phylogenetic analysis
of ompA gene showed that the detected strains (HS40, HS46, HS63, HS76, HS81, HS129, H78, and H179) were
in the same clade with Ca. R. longicornii and Ca. R. jingxinensis (Fig. 1), the sequence analysis showed a higher
similarity (100%) of detected strains to Ca. R. longicornii than Ca. R. jingxinensis (99.2%) (Suppl. Table S2).
Therefore, the detected strains were identified as Ca. R. longicornii.

Rickettsial infected ticks and migratory bird species. Based on the analysis of the ompA and gltA
gene fragment sequences, R. monacensis (58.82%; 20/34 pools) was the most prevalent rickettsial species, fol-
lowed by Ca. R. longicornii (23.53%; 8/34 pools), R. japonica (8.82%; 3/34 pools), R. raoultii (5.88%; 2/34 pools),
and R. tamurae (2.94%; 1/34 pool) (Table 2).

R. monacensis was detected primarily in I. nipponensis (19/20 pools), and one pool of L. turdus (1/20). Ca.
R. longicornii was detected in H. longicornis. R. raoultii and R. japonica were detected in pools of H. flava. R.
tamurae was detected in A. testudinarium. Wild bird species that were hosts of Rickettsia infected ticks are shown
in Table 2.
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Living stage (Tick Nos Pathogens (positive pool (MIR))
Tick species pool No.) Rickettsia spp. | Toxoplasma gondii | Francisella tularensis | Coxiella burnetii
Larva (409; 109) 0 0 0 0
T Nymph (151; 103) 1(0.66%) 0 0 0
Male adult (0; 0) 0 0 0 0
Female adult (26; 25) 0 1 (3.85%) 0 0
Subtotal 586; 237 1(0.17%) 1(0.17%) 0 0
Larva (525 19) 2 (3.85%) 0 0 0
Haemaphysalis flava Nymph (78; 50) 3(3.85%) 0 0 0
Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal 130; 69 5(3.85%) 0 0 0
Larva (27; 13) 7 (25.93%) 0 0 0
Haemaphysalis longi- Nymph (7; 6) 0 0 0 0
cornis Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal 34;19 7 (20.59%) 0 0 0
Larva (28; 15) 8(28.57%) 0 0 0
Ixodes nipponensis Nymph (19; 19) 11 (57.89%) 0 0 0
Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal 47; 34 19 (40.43%) 0 0 0
Larva (2; 1) 0 0 0 0
Nymph (2; 2) 0 0 0 0
Haemaphysalis phasiana
Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal 4;3 0 0 0 0
Larva (0; 0) 0 0 0 0
Haemaphysalis formo- Nymph (2; 2) 1 (50.00%) 0 0 0
sensts Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal 2;2 1 (50.00%) 0 0 0
Larva (0; 0) 0 0 0 0
Amblyomma testudi- Nymph (1; 1) 1 (100.00%) 0 0 0
narmum Male adult (0; 0) 0 0 0 0
Female adult (0; 0) 0 0 0 0
Subtotal I;1 1 (100.00%) 0 0 0
Total 804; 365 34 (4.23%) 1(0.12%) 0 0

Table 1. Detection of tick-borne pathogens from ticks collected from migratory birds in the Republic of
Korea. MIR = [(number of positive pools)/(total number of ticks)] x 100.

Discussion
Rickettsia spp. and T. gondii were detected in pools of ticks collected from migratory birds. The results provide
additional information about microorganisms harbored by ticks infesting migratory birds in the ROK. A total of
five tick-borne microorganisms, including Borrelia spp., A. phagocytophilum, B. grahamii, T. gondii, and Rickettsia
spp., have been recorded in ticks collected from migratory birds in the ROK*"?2. Rickettsia spp. and Borrelia spp.
were the most prevalent tick-borne microorganisms detected from Ixodes spp., and the results are consistent
with previous reports from other countries'?'®!8, However, there was a high infection rate and greater species
diversity of Rickettsia species observed among ticks collected from migratory birds in the ROK compared to
reports from other countries. Human infections of R. monacensis, R. japonica, and R. raoultii have been docu-
mented in the ROK*?, and R. tamurae in Japan®. Therefore, ticks from migratory birds likely play a certain
role in the transportation of ticks and associated rickettsial pathogens to these islands and the Korean mainland.
Toxoplasma gondii has been detected in birds in other areas of the world**?, and the potential role of ticks and
migratory birds in dispersing T. gondii was suggested®***. However, no evidence of T. gondii carried by bird ticks
had been previously provided. In this study, one female I. turdus tick collected from a pale thrush was positive
for T. gondii, this is the first report of T. gondii detected in I. turdus in the ROK. Therefore, the T. pallidus and
associated ticks may have contributed to the spread of T. gondii along its migratory routes. Further studies on
the presence of T. gondii in T. pallidus bird and direct transmission of T. gondii by I. turdus need to be conducted.
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Tick pool (GenBank

No | Group | Rickettsia spp. Tick species Migratory bird species | Accession No., ompA; gltA)
1 H18 (OL687176; OL687206)
2 Turdus pallidus** H56 (OL687177; OL687207)
3 H57 (OL687178; OL687208)
4 Emberiza aureola H75 (OL687179; OL687209)
5 Acrocephalus orientalis H167 (OL687210%)
6 E. chrysophrys H171 (OL687180; OL687211)
7 H173 (OL687181; OL687212)
8 H188 (OL687182; OL687213)

E. spodocephala
9 HS59 (OL687183; OL687214)
10 Ixodes nipponensis HS128 (OL687184; OL687215)

I R. monacensis

11 HS38 (OL687185; OL687216)

12 Locustella pleskei HS39 (OL687186; OL687217)
13 H166 (OL687187; OL687218)
14 Bradypterus davidi HS44 (OL687219%)
15 L. ochotensis HS45 (OL687188; OL687220)
16 HS69 (OL687189; OL687221)
E. rutila
17 H177 (OL687190; OL687222)
18 HS77 (OL687191; OL687223)
19 E. elegans** HS122 (OL687192; OL687224)
20 1. turdus H53 (OL687193; OL687225)
21 E. pallasi H179 (OL687168; OL687198)
22 HS40 (OL687169; OL687199)
A. orientalis
23 HS46 (OL687170; OL687200)
24 . Candidatus Rickettsia longi- Haemaphysalis longicornis | E. rutila HS63 (OL687171; OL687201)
25 cornit E. chrysophrys HS76 (OL687172; OL687202)
26 E. tristrami HS81 (OL687173; OL687203)
27 E. spodocephala HS129 (OL687174; OL687204)
28 H. flava Phylloscopus inornatus | H78 (OL687175; OL687205)
29 HA Tarsiger cyanurus HS28 (OL687165; OL687195)
. flava
30 juis R. japonica E. chrysophrys HS73 (OL687166; OL687196)
31 H. formosensis Tarsiger cyanurus HS29 (OL687167; OL687197)
32 E. tristrami HS83 (OL687226%)
v R. raoultii H. flava
33 E. elegans** H194 (OL687227*)
34 A4 R. tamurae Amblyomma testudinarium | Zoothera aurea** H20 (OL687194; OL687228)

Table 2. The identified species of Rickettsia in bird ticks collected from 2010 to 2011 and in 2016. *Only gltA
gene was amplified. **These species may be also regarded as residents or partial migrants in Korea, but the
birds in this study were all true migrants that were crossing the national borders and ecological barriers like
the Yellow Sea.

Various tick-borne microorganisms (Rickettsia spp., Borrelia spp., Anaplasma spp., B. grahamii, and T. gondii)
were detected in ticks collected from migratory birds in the ROK, of which Rickettsia spp. were the most abundant
group?*-22. However, infections of these pathogens in related bird species has not been characterized in the ROK.
There are stopover habitats in the ROK for migratory birds on their migration routes between the northeastern
Palearctic region, including Russia and eastern China, and southeast Asia*'. The presence of tick-borne pathogens
(B. garinii, A. phagocytophilum, and E. chaffeensis) in migratory birds was confirmed in China®. These results
suggest that the migratory birds collected in the ROK may be infected and become important natural reservoirs
of these tick-borne pathogens. Therefore, it is necessary to conduct further studies on the surveillance of tick-
borne pathogens in migratory and resident birds and local tick and animal/bird reservoirs to better understand
the role of migratory birds in the potential introduction and spread of tick-borne pathogens.

Wild birds are known to be reservoir hosts of C. burnetii and F. tularensis and associated ticks might transmit
the pathogens to human®®?’. Ixodes ricinus infesting birds were suggested to be the vectors of C. burnetii®”*®.
In the ROK, C. burnetii and E tularensis were detected more frequently in H. longicornis and H. flava ticks col-
lected from the environmental habitats and domestic or wild animals**~*!. However, the two pathogens were not
detected in ticks infesting wild birds in this study, and the presence of these two pathogens in ticks feeding on
birds in China and other southeast Asian countries located along their migration routes*' has not been recorded.

Surveillance of C. burnetii, E. tularensis, Rickettsia spp., and T. gondii in this study demonstrated the presence
of T. gondii in ticks collected from migratory birds. Rickettsia spp., including R. monacensis, Ca. R. longicornii,
R. japonica, R. raoultii, and R. tamurae, were the most commonly detected microorganisms in ticks collected
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Figure 1. Phylogenetic tree of Rickettsia spp. detected from bird ticks. (a) Phylogenetic tree based on ompA
gene fragment sequences (b) gltA gene fragments showed that Rickettsia spp. belonged to five species: R.
monacensis, Candidatus R. longicornii, R. japonica, R. raoultii, and R. tamurae. The number of pooled samples
for each species is in parentheses. The unique collection/assay number for each tick pool positive for Rickettsia
spp. and NCBI accession numbers are shown.

from migratory birds. The results provide important information for further studies on the role of migratory
birds in dispersion of T. gondii and Rickettsia spp. and raise awareness of tick-borne disease transmission related
to migratory birds and associated ticks in the ROK.

Materials and methods

Tick collection. Bird and tick surveys were conducted as part of the constant-effort bird banding program
of the Migratory Birds Research Center under the National Park Research Institute, Korea National Park Service
on islands with access only by government and wildlife capture permits. Ticks were collected from migratory
birds at two islands, Hong-do (34° 41'N, 125° 11’ E) and Heuksan-do (34° 41’ N, 125° 25’ E), Jeollanam Province,
ROK, during 2010-2011 and in 2016. These two islands are located in the southwestern tip of the Korean Penin-
sula, most birds captured in this study were true migrants that were crossing a national border and an ecological
barrier, the Yellow Sea.

Tick collected from 2010 to 2011, pooled by species and stage of development, were designated as H1-H195
and in 2016 they were designated as HS1-HS184. Samples in this study were shared with those in the analysis of
Anaplasma and Borrelia species in a previous study®?, while a few ticks were supplemented to replace destroyed
samples for the analysis. Detailed information on collection sites, bird collections, and tick collections were
reported in Seo et al.>. Ticks were identified using standard morphological keys**-**, and then placed in pools
according to collection location and date, stage of development, sex, and, host species. Nymphs and larvae were
placed in pools of 1-6 and 1-9 ticks, by species and stage of development, respectively, while adult ticks were
assayed individually®?. The pooled samples were placed in 1.5 ml cryovials containing 70% ethanol and stored
at — 80 °C until analysis.

DNA extraction. After washing three times using UltraPure™ DNase/RNase-Free distilled water (Thermo
Fisher Scientific, USA), the tick samples were placed in a tissue grinding tube (SNC, Hanam, Korea) containing
0.6 mL phosphate-buffered saline and 2.3 mm stainless-steel beads and then homogenized using Precellys 24
Tissue Homogeniser (Bertin Instruments, Montigny-le-Bretonneux, France). The homogenate was centrifuged
at 300xg for 1 min and the supernatant was collected for total nucleic acid extraction using Maxwell' RSC Viral
Total Nucleic Acid Purification Kits (Promega, USA) and an automated Maxwell RSC Instrument (Promega).
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No | Target Primer name | Sequence (5’-3’) Target gene PCR condition References
Cox1111-F GTC TTA AGG TGG GCT GCG TG
Cox1111-R CCC CGA ATCTCA TTG ATC AGC IS1111. 295 b 50 °C (2 min), 95 °C (5 min), 45 cycles of 52
’ P 95°C (15 5)—60 °C (30's)
) Coxiclla burnetii Probe FAM-AGC GAA CCA TTG GTA TCG GAC
GTT-TAMRA
Trans 1 TATGTATCCACCGTAGCCAGTC ISI1111. 687 b 95°C (5 min), 40 cycles 95°C (30 S), 57 °C 5
Trans 2 CCCAACAACACCTCCTTATTC ’ P (30s), 72 °C (1 min)
Tulad-F TTACAATGGCAGGCTCCAGA
) Francisella tularensis Tula4-R TGTCCACTTACCGCTACAGA Tuld, 138 bp ?350 SC) (3 min), 45 cycles 95 °C (15 s)- 60 °C This study
TuladProbe | FAM-TTCTAAGTGCCATGATACAAGCTT
CCCA-BHQ-1
ITS-F GATAGGTCGGGTGTGGAAG 175, 388 bp 95 °C (3 min), 45 cycles of 95 °C (15 5)-64°C | 5,
ITS-R TCGGGATGGGATCGTGTG ’ (155)-72°C(155)
RPCS4877P GGGGGCCTGCTCACGGCGG gltA 32 bp 95 °C (5 min), 40 cycles 95°C (30s), 55 °C
RpCS.1258n | ATTGCAAAAAGTACAGTGAACA ’ (305),72°C(305s) .
RpCS.896 GGCTAATGAAGCAGTGATAA o : o 0
3 Rickettsia spp. p P gltA, 338 bp 95°C (5 rronn), 40 cycles 95 °C (30's), 53 °C
RpCS.1233n | GCGACGGTATACCCATAGC (305),72°C (305)
Rr190k. 71p | TGGCGAATATTTCTCCAAAA OmpA, 650 95 °C (5 min), 40 cycles 95 °C (30 s), 49 °C
Rr190k. 720n | TGCATTTGTATTACCTATTGT ’ P (305), 72 °C (1 min) 56
Rr190k. 71p TGGCGAATATTTCTCCAAAA OmPA s32b 95 °C (5 min), 40 cycles 95°C (30s), 52 °C
Rr190k. 602n | AGTGCAGCATTCGCTCCCCCT ’ P (30s), 72 °C (1 min) 57
TOXO-F TCCCCTCTGCTGGCGAAAAGT
AGCGTTCGTGGTCAACTATC . ) . .
TOXO-R GATTG BL,98 bp ?350 SC) (3 min), 40 cycles 95 °C (155), 60 °C | 55
Probe FAM-TCTGTGCAACTTTGGTGTATTCGC
B AG-TAMRA
4 Toxoplasma gondii
TOXO4 CGCTGCAGGGAGGAAGACGAAAGTTG
Repeated DNA, 529 bp B
TOXO5 CGCTGCAGACACAGTGCATCTGGATT 95 °C (5 min), 40 cycles 95°C (30s), 60 °C »
TOXO4 CGCTGCAGGGAGGAAGACGAAAGTTG (305), 72 °C (1 min)
Repeated DNA, 504 bp
TOXO05-R1 | TCTCCTACGCCTCCTCCTCCCTT This study

Table 3. Primers and PCR conditions for the detection of tick-borne pathogens.

The procedure of isolation was done according to the manufacturer’s instructions. Extracted nucleic acids were
stored at —80 °C until further used.

PCR analysis. Primers and PCR conditions for detection of the selected four targets are shown in Table 3.
DNA used for positive control in PCR detection of C. burnetii from Nine Mile strain, and of T. gondii was from
the strain G-P-14-7 that was isolated and stored in Animal and Plant Quarantine Agency, South Korea. Positive
control DNA of E tularensis and Rickettsia spp. was chemically synthesized according to the sequence informa-
tion on NCBI with accession No. was CP073128 (F. tularensis) and CP047359 (R. japonica). Recombinant DNA
carrying standard fragments were constructed using the pPGEM -T vector system (Promega, Madison, WI, USA)
and PCR products amplified by each detection primer pair. Detection of C. burnetii was done by two successive
PCRs, conventional PCR was performed using primer pair Trans1/2 (Table 3), followed by nested real-time
PCR (qPCR) using primer pair Cox111-F/R (Table 3). AccuPower ProFi Taq PCR PreMix (Bioneer, Daejeon,
Korea) was used for conventional PCR, each 20 pL reaction mix included: 3 pL DNA template, 1 pL (10 pmol)
of each primer, and 15 pL of double-distilled water (ddH,0). PCR products obtained by conventional PCR was
250 x diluted and used for nested qPCR. Each 20 uL reaction mixture was composed of 1 pL (10 pmol) of each
primer, 1 pL (5 pmol) of probe, 10 uL of PCR premix (IQ supermix, Bio-Rad Laboratories), 2 uL of diluted DNA
template, and 5 uL of ddH,0. Nested qPCR was performed using the CFX96 Touch Real-time PCR Detection
System (Bio-Rad Laboratories, USA). Assays for F tularensis and T. gondii were conducted using qPCR. Each
20 pL reaction mix consisted of 3 L DNA template, 1 uL (10 pmol) of each primer, 1 uL (5 pmol) of probe, 4 uL
of ddH,0, and 10 pL of PCR premix (IQ supermix, Bio-Rad Laboratories). The sample positive for T. gondii
using QPCR was used for nested PCR to amplify the repetitive DNA gene fragments (Table 3). After confirming
the expected band in electrophoresis agarose gel (1.5%), the PCR product was purified for sequence analysis.

For Rickettsia spp. detection, qPCR was performed using 2 x Rapi: Detect™ Master mix with dye (SYBR green,
Cat. No.: 9799100100; Genesystem, Korea). Each 20 pL reaction mix consisted of 3 pL of DNA template, 1 uL
(10 pmol) of each primer, 5 pL of ddH,0, and 10 pL of Detect™ Master mix. The positive samples were used for
conventional nested PCR targeting two gene fragments (gltA, ompA) (Table 3). After confirming the expected
band in 1.5% agarose gel by electrophoresis, the nested PCR products were purified and sequenced by Macrogen
Inc. (Seoul, Korea).

The Minimum infection rate (MIR) was calculated for each species: MIR = [(number of positive pools)/(total
number of tested ticks)] x 100. Each positive pool was estimated to contain only one infected tick*+.
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Sequence and phylogenetic analysis. The generated sequences were compared to the NCBI database
using nucleotide Basis Local Alignment Search Tool (BLAST)* for species identification. For analysis of Rickett-
sia spp. the generated sequences of each gene were grouped after alignment using AlignX, a component of Vector
NTI Advance v. 10.3 (Invitrogen Co.). Representative sequences of each positive pooled sample were compared
to the NCBI database using nucleotide Basis Local Alignment Search Tool (BLAST)*. Identical sequences of
Rickettsia acquired from the NCBI were used for alignment together with generated sequences using Clustal X
version 2.0%, and Maximum likelihood phylogenetic trees were created using the Kimura 2-parameter model
that estimate evolutionary distance based on the nucleotide substitutions®’, gamma distribution, and bootstrap-
ping 1000 times with MEGA?7 software’!.

Ethics approval. All field procedures including bird capture, handling, and sampling were under the bird
banding station licenses (#501000085200500002, 2011-8, 2016-1, and 2016-2) issued by the local government
(Shinan Country), the Korean Ministry of Environment (Yeongsan River Environmental Office), and the Cul-
tural Heritage Administration. This study was approved by The Korea National Park Service (KNPS). Captured
birds were safely and ethically examined, sampled, and released safely following the institutional guideline
(National Park Research Institute, KNPS) for constant-effort bird banding surveys in Korean National Parks*.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
file). Generated sequences were deposited on NCBI with accession number OL687165-OL687228.

Received: 21 December 2021; Accepted: 15 July 2022
Published online: 25 July 2022

References

1. Hasle, G. Transport of ixodid ticks and tick-borne pathogens by migratory birds. Front. Cell Infect. Microbiol. 3, 48. https://doi.
org/10.3389/fcimb.2013.00048 (2013).

2. Olsén, B., Jaenson, T. G. & Bergstrom, S. Prevalence of Borrelia burgdorferi sensu lato-infected ticks on migrating birds. Appl.
Environ. Microbiol. 61, 3082-3087. https://doi.org/10.1128/aem.61.8.3082-3087.1995 (1995).

3. Waldenstrom, J. et al. Migrating birds and tickborne encephalitis virus. Emerg. Infect. Dis. 13, 1215-1218. https://doi.org/10.3201/
€id1308.061416 (2007).

4. Marie-Angele, P. et al. Prevalence of Borrelia burgdorferi sensu lato in ticks collected from migratory birds in Switzerland. Appl.
Environ. Microbiol. 72, 976-979. https://doi.org/10.1128/ AEM.72.1.976-979.2006 (2006).

5. Pascucci, I. et al. Assessing the role of migratory birds in the introduction of ticks and tick-borne pathogens from African countries:
An Italian experience. Ticks Tick Borne Dis. 10, 101272. https://doi.org/10.1016/j.ttbdis.2019.101272 (2019).

6. Klaus, C. et al. Tick infestation in birds and prevalence of pathogens in ticks collected from different places in Germany. Parasitol
Res. 115, 2729-2740. https://doi.org/10.1007/s00436-016-5022-5 (2016).

7. Buczek, A. M., Buczek, W., Buczek, A. & Bartosik, K. The potential role of migratory birds in the rapid spread of ticks and tick-
borne pathogens in the changing climatic and environmental conditions in Europe. Int. J. Environ. Res. Public Health 17, 2117.
https://doi.org/10.3390/ijerph17062117 (2020).

8. Estrada-Pena, A. Tick-borne pathogens, transmission rates and climate change. Front. Biosci. (Landmark Ed) 14, 2674-2687.
https://doi.org/10.2741/3405 (2009).

9. Gray, J. S., Dautel, H., Estrada-Pefia, A., Kahl, O. & Lindgren, E. Effects of climate change on ticks and tick-borne diseases in
Europe. Interdiscip. Perspect. Infect. Dis. 2009, 593232. https://doi.org/10.1155/2009/593232 (2009).

10. Becker, D.J. & Han, B. A. The macroecology and evolution of avian competence for Borrelia burgdorferi. Glob. Ecol. Biogeogr. 30,
710-724. https://doi.org/10.1111/geb.13256 (2021).

11. Humair, P. E, Postic, D., Wallich, R. & Gern, L. An avian reservoir (Turdus merula) of the Lyme borreliosis spirochetes. Zentralbl.
Bakteriol. 287, 521-538 (1998).

12. Lommano, E., Dvofdk, C., Vallotton, L., Jenni, L. & Gern, L. Tick-borne pathogens in ticks collected from breeding and migratory
birds in Switzerland. Ticks Tick Borne Dis. 5, 871-882. https://doi.org/10.1016/j.ttbdis.2014.07.001 (2014).

13. Pedersen, B. N, Jenkins, A. & Kjelland, V. Tick-borne pathogens in Ixodes ricinus ticks collected from migratory birds in southern
Norway. PLoS One 15, €0230579. https://doi.org/10.1371/journal.pone.0230579 (2020).

14. Wilhelmsson, P, Jaenson, T. G. T, Olsen, B., Waldenstrém, J. & Lindgren, P. E. Migratory birds as disseminators of ticks and the
tick-borne pathogens Borrelia bacteria and tick-borne encephalitis (TBE) virus: A seasonal study at Ottenby Bird Observatory in
South-eastern Sweden. Parasit Vectors 13, 607. https://doi.org/10.1186/s13071-020-04493-5 (2020).

15. Cohen, E. B., Auckland, L. D., Marra, P. P. & Hamer, S. A. Avian migrants facilitate invasions of neotropical ticks and tick-borne
pathogens into the United States. Appl. Environ. Microbiol. 81, 8366-8378. https://doi.org/10.1128/ AEM.02656-15 (2015).

16. Hamer, S. A. et al. Wild birds and urban ecology of ticks and tick-borne pathogens, Chicago, Illinois, USA, 2005-2010. Emerg.
Infect. Dis. 18, 1589-1595. https://doi.org/10.3201/eid1810.120511 (2012).

17. Ishiguro, E, Takada, N., Masuzawa, T. & Fukui, T. Prevalence of Lyme disease Borrelia spp. in ticks from migratory birds on the
Japanese mainland. Appl. Environ. Microbiol. 66, 982-986. https://doi.org/10.1128/ AEM.66.3.982-986.2000 (2000).

18. Kuo, C. C. et al. Tick-borne pathogens in ticks collected from birds in Taiwan. Parasit Vectors 10, 587. https://doi.org/10.1186/
s13071-017-2535-4 (2017).

19. Yun, Y. et al. Phylogenetic analysis of severe fever with thrombocytopenia syndrome virus in South Korea and migratory bird
routes between China, South Korea, and Japan. Am. J. Trop. Med. Hyg. 93, 468-474. https://doi.org/10.4269/ajtmh.15-0047 (2015).

20. Choi, C. Y. et al. Ticks collected from migratory birds, including a new record of Haemaphysalis formosensis, on Jeju Island, Korea.
Exp. Appl. Acarol. 62, 557-566. https://doi.org/10.1007/s10493-013-9748-9 (2014).

21. Kang, J. G. et al. Molecular detection of Anaplasma, Bartonella, and Borrelia species in ticks collected from migratory birds from
Hong-do Island, Republic of Korea. Vector Borne Zoonot. Dis. 13, 215-225. https://doi.org/10.1089/vbz.2012.1149 (2013).

22. Seo, H.]. et al. Molecular detection and phylogenetic analysis of Anaplasma and Borrelia species in ticks collected from migratory
birds at Heuksan, Hong, and Nan Islands, Republic of Korea. Vector Borne Zoonot. Dis. 21, 20-31. https://doi.org/10.1089/vbz.
2020.2629 (2021).

23. Shin, D. W,, Cha, D. Y., Hua, Q. ], Cha, G. H. & Lee, Y. H. Seroprevalence of Toxoplasma gondii infection and characteristics of
seropositive patients in general hospitals in Daejeon, Korea. Korean J. Parasitol. 47, 125-130. https://doi.org/10.3347/kjp.2009.
47.2.125 (2009).

Scientific Reports |

(2022) 12:12672 | https://doi.org/10.1038/s41598-022-16785-0 nature portfolio


https://doi.org/10.3389/fcimb.2013.00048
https://doi.org/10.3389/fcimb.2013.00048
https://doi.org/10.1128/aem.61.8.3082-3087.1995
https://doi.org/10.3201/eid1308.061416
https://doi.org/10.3201/eid1308.061416
https://doi.org/10.1128/AEM.72.1.976-979.2006
https://doi.org/10.1016/j.ttbdis.2019.101272
https://doi.org/10.1007/s00436-016-5022-5
https://doi.org/10.3390/ijerph17062117
https://doi.org/10.2741/3405
https://doi.org/10.1155/2009/593232
https://doi.org/10.1111/geb.13256
https://doi.org/10.1016/j.ttbdis.2014.07.001
https://doi.org/10.1371/journal.pone.0230579
https://doi.org/10.1186/s13071-020-04493-5
https://doi.org/10.1128/AEM.02656-15
https://doi.org/10.3201/eid1810.120511
https://doi.org/10.1128/AEM.66.3.982-986.2000
https://doi.org/10.1186/s13071-017-2535-4
https://doi.org/10.1186/s13071-017-2535-4
https://doi.org/10.4269/ajtmh.15-0047
https://doi.org/10.1007/s10493-013-9748-9
https://doi.org/10.1089/vbz.2012.1149
https://doi.org/10.1089/vbz.2020.2629
https://doi.org/10.1089/vbz.2020.2629
https://doi.org/10.3347/kjp.2009.47.2.125
https://doi.org/10.3347/kjp.2009.47.2.125

www.nature.com/scientificreports/

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jung, B. K. et al. High Toxoplasma gondii seropositivity among brain tumor patients in Korea. Korean J. Parasitol. 54, 201-204.
https://doi.org/10.3347/kjp.2016.54.2.201 (2016).

Kim, M. Y. et al. A case of tularemia caused by Francisella tularensis. Korean J. Clin. Pathol. 18, 90-95 (1998).

Kwak, W. et al. Epidemiological characteristics of serologically confirmed Q Fever cases in South Korea, 2006-2011. Osong Public
Health Res. Perspect. 4, 34-38. https://doi.org/10.1016/j.phrp.2012.12.006 (2013).

Kim, Y. S. et al. First isolation of Rickettsia monacensis from a patient in South Korea. Microbiol. Immunol. 61, 258-263. https://
doi.org/10.1111/1348-0421.12496 (2017).

Chung, M. H. et al. Japanese spotted fever, South Korea. Emerg. Infect. Dis. 12, 1122-1124. https://doi.org/10.3201/eid1207.051372
(2006).

Tariq, M. et al. First report of the molecular detection of human pathogen Rickettsia raoultii in ticks from the Republic of Korea.
Parasit. Vectors 14, 191. https://doi.org/10.1186/s13071-021-04695-5 (2021).

Imaoka, K., Kaneko, S., Tabara, K., Kusatake, K. & Morita, E. The first human case of Rickettsia tamurae infection in Japan. Case
Rep. Dermatol. 3, 68-73. https://doi.org/10.1159/000326941 (2011).

Cabezon, O. et al. Toxoplasma gondii infection in seagull chicks is related to the consumption of freshwater food resources.
PLoS One 11, €0150249. https://doi.org/10.1371/journal.pone.0150249 (2016).

Dubey, J. P,, Murata, E. H. A., Cerqueira-Cézar, C. K., Kwok, O. C. H. & Su, C. Epidemiologic significance of Toxoplasma gondii
infections in turkeys, ducks, ratites and other wild birds: 2009-2020. Parasitology 148, 1-30. https://doi.org/10.1017/S003118202
0001961 (2021).

Ben-Harari, R. R. Tick transmission of toxoplasmosis. Expert Rev. Anti Infect. Ther. 17, 911-917. https://doi.org/10.1080/14787
210.2019.1682550 (2019).

Skotarczak, B. I. The role of ticks in transmission cycle of Toxoplasma gondii. Ann. Parasitol. 62, 185-191. https://doi.org/10.17420/
ap6203.52 (2016).

Yang, J. et al. Tick-borne zoonotic pathogens in birds in Guangxi, Southwest China. Parasit. Vectors 8, 637. https://doi.org/10.
1186/s13071-015-1249-8 (2015).

Padeshki, P. I, Ivanov, L. N., Popov, B. & Kantardjiev, T. V. Short report: The role of birds in dissemination of Francisella tularensis:
First direct molecular evidence for bird-to-human transmission. Epidemiol Infect 138, 376-379 (2010).

Berthova, L. et al. The natural infection of birds and ticks feeding on birds with Rickettsia spp. and Coxiella burnetii in Slovakia.
Exp. Appl. Acarol. 68, 299-314. https://doi.org/10.1007/s10493-015-9975-3 (2016).

Tokarevich, N. K. et al. Coxiella burnetii in ticks and wild birds. Ticks Tick Borne Dis. 10, 377-385. https://doi.org/10.1016/j.ttbdis.
2018.11.020 (2019).

Truong, A. T. et al. Real-time PCR biochip for on-site detection of Coxiella burnetii in ticks. Parasit. Vectors 14, 239. https://doi.
org/10.1186/s13071-021-04744-z (2021).

Takhampunya, R. et al. Francisella-like endosymbiont detected in Haemaphysalis ticks (Acari: Ixodidae) from the Republic of
Korea. J. Med. Entomol. 54, 1735-1742. https://doi.org/10.1093/jme/tjx123 (2017).

Yoo, J. R. et al. Seroreactivity to Coxiella burnetii in an agricultural population and prevalence of Coxiella burnetii infection in ticks
of a non-endemic region for Q fever in South Korea. Pathogens 10, 1337. https://doi.org/10.3390/pathogens10101337 (2021).
Nam, H. Y. et al. Bird Banding Manual for Constant Effort Surveys in National Parks of Korea (Korea National Park Research
Institute, 2014).

Hoogstraal, H., Roberts, F. H., Kohls, G. M. & Tipton, V. ]. Review of Haemaphysalis (kaiseriana) longicornis Neumann (resur-
rected) of Australia, New Zealand, New Caledonia, Fiji, Japan, Korea, and Northeastern China and USSR, and its parthenogenetic
and bisexual populations (Ixodoidea, Ixodidae). J. Parasitol. 54, 1197-1213 (1968).

Hoogstraal, H. & Wassef, H. Y. The Haemaphysalis ticks (Ixodoidea: Ixodidae) of birds. 3. H. (Ornithophysalis) subgen. n.: defini-
tion, species, hosts, and distribution in the Oriental, Palearctic, Malagasy, and Ethiopian faunal regions. J. Parasitol. 59, 1099-1117
(1973).

Yamaguti, N., Tipton, V.., Keegan, H. L. & Toshioka, S. Ticks of Japan, Korea, and the Ryukyu Islands. Brigham Young Univ. Sci.
Bull. Biol. Ser. 15, 1-226 (1971).

Kramer, V. L. et al. Detection of the agents of human ehrlichioses in ixodid ticks from California. Am. J. Trop. Med. Hyg. 60, 62-65.
https://doi.org/10.4269/ajtmh.1999.60.62 (1999).

Ott, D. et al. Tick-borne encephalitis virus (TBEV) prevalence in field-collected ticks (Ixodes ricinus) and phylogenetic, structural
and virulence analysis in a TBE high-risk endemic area in southwestern Germany. Parasit. Vectors 13, 303. https://doi.org/10.
1186/s13071-020-04146-7 (2020).

Johnson, M. et al. NCBI BLAST: A better web interface. Nucleic Acids Res. 36, W5-9. https://doi.org/10.1093/nar/gkn201 (2008).
Larkin, M. A. et al. Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-2948. https://doi.org/10.1093/bioinformatics/
btm404 (2007).

Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide
sequences. J. Mol. Evol. 16, 111-120. https://doi.org/10.1007/BF01731581 (1980).

Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular evolutionary genetics analysis Version 7.0 for bigger datasets. Mol. Biol.
Evol. 33, 1870-1874. https://doi.org/10.1093/molbev/msw054 (2016).

Klee, S. R. et al. Highly sensitive real-time PCR for specific detection and quantification of Coxiella burnetii. BMC Microbiol. 6, 2.
https://doi.org/10.1186/1471-2180-6-2 (2006).

Hoover, T. A., Vodkin, M. H. & Williams, J. C. A Coxiella burnetti repeated DNA element resembling a bacterial insertion sequence.
J. Bacteriol. 174, 5540-5548. https://doi.org/10.1128/jb.174.17.5540-5548.1992 (1992).

Vitorino, L., Zé-Z¢, L., Sousa, A., Bacellar, F. & Tenreiro, R. rRNA intergenic spacer regions for phylogenetic analysis of Rickettsia
species. Ann. N. Y. Acad. Sci. 990, 726-733. https://doi.org/10.1111/j.1749-6632.2003.tb07451 x (2003).

Choi, Y. J. et al. Spotted fever group and typhus group rickettsioses in humans, South Korea. Emerg. Infect. Dis. 11, 237-244. https://
doi.org/10.3201/eid1102.040603 (2005).

Ishikura, M. et al. Phylogenetic analysis of spotted fever group rickettsiae based on gltA, 17-kDa, and rOmpA genes amplified by
nested PCR from ticks in Japan. Microbiol. Immunol. 47, 823-832. https://doi.org/10.1111/j.1348-0421.2003.tb03448.x (2003).
Regnery, R. L., Spruill, C. L. & Plikaytis, B. D. Genotypic identification of rickettsiae and estimation of intraspecies sequence
divergence for portions of two rickettsial genes. J. Bacteriol. 173, 1576-1589. https://doi.org/10.1128/jb.173.5.1576-1589.1991
(1991).

Lin, M. H,, Chen, T. C,, Kuo, T. T, Tseng, C. C. & Tseng, C. P. Real-time PCR for quantitative detection of Toxoplasma gondii. .
Clin. Microbiol. 38, 4121-4125. https://doi.org/10.1128/JCM.38.11.4121-4125.2000 (2000).

Homan, W. L., Vercammen, M., De Braekeleer, ]. & Verschueren, H. Identification of a 200- to 300-fold repetitive 529 bp DNA
fragment in Toxoplasma gondii, and its use for diagnostic and quantitative PCR. Int. J. Parasitol. 30, 69-75. https://doi.org/10.
1016/50020-7519(99)00170-8 (2000).

Acknowledgements
This work was funded by a project Grant (B-1543081-2020-22-03) from the Animal and Plant Quarantine Agency
(APQA) awarded to Dr. Yun Sang Cho. Partial funding was provided by the Armed Forces Health Surveillance

Scientific Reports |

(2022) 12:12672 | https://doi.org/10.1038/s41598-022-16785-0 nature portfolio


https://doi.org/10.3347/kjp.2016.54.2.201
https://doi.org/10.1016/j.phrp.2012.12.006
https://doi.org/10.1111/1348-0421.12496
https://doi.org/10.1111/1348-0421.12496
https://doi.org/10.3201/eid1207.051372
https://doi.org/10.1186/s13071-021-04695-5
https://doi.org/10.1159/000326941
https://doi.org/10.1371/journal.pone.0150249
https://doi.org/10.1017/S0031182020001961
https://doi.org/10.1017/S0031182020001961
https://doi.org/10.1080/14787210.2019.1682550
https://doi.org/10.1080/14787210.2019.1682550
https://doi.org/10.17420/ap6203.52
https://doi.org/10.17420/ap6203.52
https://doi.org/10.1186/s13071-015-1249-8
https://doi.org/10.1186/s13071-015-1249-8
https://doi.org/10.1007/s10493-015-9975-3
https://doi.org/10.1016/j.ttbdis.2018.11.020
https://doi.org/10.1016/j.ttbdis.2018.11.020
https://doi.org/10.1186/s13071-021-04744-z
https://doi.org/10.1186/s13071-021-04744-z
https://doi.org/10.1093/jme/tjx123
https://doi.org/10.3390/pathogens10101337
https://doi.org/10.4269/ajtmh.1999.60.62
https://doi.org/10.1186/s13071-020-04146-7
https://doi.org/10.1186/s13071-020-04146-7
https://doi.org/10.1093/nar/gkn201
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1186/1471-2180-6-2
https://doi.org/10.1128/jb.174.17.5540-5548.1992
https://doi.org/10.1111/j.1749-6632.2003.tb07451.x
https://doi.org/10.3201/eid1102.040603
https://doi.org/10.3201/eid1102.040603
https://doi.org/10.1111/j.1348-0421.2003.tb03448.x
https://doi.org/10.1128/jb.173.5.1576-1589.1991
https://doi.org/10.1128/JCM.38.11.4121-4125.2000
https://doi.org/10.1016/s0020-7519(99)00170-8
https://doi.org/10.1016/s0020-7519(99)00170-8

www.nature.com/scientificreports/

Division-Global Emerging Infections Surveillance (AFHSD-GEIS), Silver Spring, MD, USA and the 65th Medi-
cal Brigade, Seoul, Korea (ProMIS ID #P2026_16_RP). The funder had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript. The opinions expressed herein are those of
the authors and are not to be construed as official or reflecting the views of the U.S. Departments of the Army
or Defense. Authors, as employees of the U.S. Government (STC, HCK, and TAK), conducted this work as part
of their official duties. Title 17, U.S.C., §105 provides that copyright protection under this title is not available
for any work of the U.S. Government. Title 17, U.S.C., §101 defines U.S. Government work as work prepared
by a military Service member or employee of the U.S. Government as part of that person’s official duties. Data
analysis was partially supported by the National Research Foundation of Korea (NRF 2018R1D1A1B07050135
awarded to C.-.Y.C.) Grant funded by the Korean Government (Ministry of Education). We sincerely thank the
many researchers at the Migratory Birds Research Center, National Park Research Institute, Korea National Park
Service, on Heuksan-do, Jeollanam Province, ROK, for examining captured migratory birds for ticks during the
migratory bird banding survey. We also thank Keun-Ho Kim, Jinhyeong Noh, and Bo-Ram Yun, Animal and
Plant Quarantine Agency (APQA), for critical comments for the pathogen detection.

Author contributions

A.-TT, M.-S.Y, S.M,, J.-Y.C, H.-].S,, H.-CK,, S.-T.C,, TAK,, C.-UP, S.-Y.C,, C.-Y.C, Y.-S§ K,, M.K,, §.-S.Y,,
and Y.S.C. analyzed data, drafted and critically revised the manuscript. All authors discussed the results and
commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-16785-0.

Correspondence and requests for materials should be addressed to Y.S.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:12672 | https://doi.org/10.1038/s41598-022-16785-0 nature portfolio


https://doi.org/10.1038/s41598-022-16785-0
https://doi.org/10.1038/s41598-022-16785-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Toxoplasma gondii and Rickettsia spp. in ticks collected from migratory birds in the Republic of Korea
	Results
	Tick-borne microorganisms in bird ticks. 
	Sequencing and phylogenetic analysis. 
	Rickettsial infected ticks and migratory bird species. 

	Discussion
	Materials and methods
	Tick collection. 
	DNA extraction. 
	PCR analysis. 
	Sequence and phylogenetic analysis. 
	Ethics approval. 

	References
	Acknowledgements


