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Abstract — Ticks and tick-borne diseases pose a significant threat to public health. In this study, we aimed to
determine the tick species distribution and pathogens carried by ticks in Yanbian, China. A total of 2673 questing ticks
were collected from eight counties and cities in Yanbian and were morphologically identified. The presence of
Candidatus Rickettsia tarasevichiae (CRT), spotted fever group Rickettsia (SFGR), severe fever thrombocytopenia
syndrome virus (SFTSV), Theileria, and other pathogens was confirmed using polymerase chain reaction (PCR)
and real-time quantitative PCR assays, followed by phylogenetic and genotypic analyses. According to the
morphological identification, the tick species in Yanbian consisted of Haemaphysalis longicornis, Ixodes persulcatus,
Dermacentor silvarum, H. japonica, and H. concinna. In H. longicornis, CRT, SFGR, SFTSV and Theileria orientalis
were detected, while CRT, SFGR, and SFTSV were detected in I. persulcatus, H. japonica, and D. silvarum. Only
SFTSV was detected in H. concinna. Mixed infection with CRT and SFTSV was observed in I persulcatus and
H. japonica. The gene sequences of all tested pathogens exhibited 95.7%—-100% identity with the corresponding
sequences deposited in GenBank. Phylogenetic analysis showed that different SFGR and SFTSV genotypes were
closely related to the Korean strains. This study is the first to describe the genetic diversity of SFGR Candidatus
Rickettsia longicornii in H. longicornis in Yanbian, China, using the ompA, ompB, sca4, and rrs genes. These results
provide epidemiological data to support the prevention and control of ticks and tick-borne diseases in the border areas
of China, North Korea, and Russia.
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Résumé — Enquéte sur les espéces de tiques et détection moléculaire de certains agents pathogénes transmis par
les tiques a Yanbian, en Chine. Les tiques et les maladies transmises par les tiques constituent une menace importante
pour la santé publique. Dans cette étude, nous avons cherché a déterminer la distribution des especes et les agents
pathogenes portés par les tiques a Yanbian, en Chine. Un total de 2 673 tiques errantes ont été collectées dans huit
comtés et villes de Yanbian et identifiées morphologiquement. La présence de Candidatus Rickettsia tarasevichiae
(CRT), de Rickettsia du groupe de la fievre boutonneuse (SFGR), du virus du syndrome de la fievre
thrombocytopénique sévere (SFTSV), de Theileria et d’autres agents pathogenes a été confirmée a 1’aide d’une
réaction en chaine par polymérase (PCR) et de PCR quantitative en temps réel, suivies par des analyses
phylogénétiques et génotypiques. Selon leur identification morphologique, les especes de tiques a Yanbian se
composaient de Haemaphysalis longicornis, Ixodes persulcatus, Dermacentor silvarum, H. japonica et
H. concinna. Chez H. longicornis, CRT, SFGR, SFTSV et Theileria orientalis ont été¢ détectés, tandis que CRT,
SFGR et SFTSV ont été détectés chez L. persulcatus, H. japonica et D. silvarum. Seul le SFTSV a été détecté chez
H. concinna. Une infection mixte par CRT et SFTSV a été observée chez I persulcatus et H. japonica. Les
séquences des geénes de tous les agents pathogenes testés présentaient une identité de 95,7 % a 100 % avec les
séquences correspondantes déposées dans GenBank. L’analyse phylogénétique a montré que différents génotypes
SFGR et SFTSV étaient étroitement li€s aux souches coréennes. Cette étude est la premiére a décrire la diversité
génétique de SFGR Candidatus Rickettsia longicornii chez H. longicornis a Yanbian, en Chine, en utilisant les
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genes ompA, ompB, sca4 et rrs. Ces résultats fournissent des données épidémiologiques pour soutenir la prévention et
le contrdle des tiques et des maladies transmises par les tiques dans les zones frontalieres de la Chine, de la Corée du

Nord et de la Russie.

Introduction

Ticks act as vectors for many pathogens and are widespread
in nature [16, 25]. Ticks include the families Ixodidae,
Argasidae, Deinocrotonidae, and Nuttalliellidae [2, 17]. A tick
bite penetrates the skin of the host, which can result in dermati-
tis, ulcers, or secondary infection. The presence of large
numbers of ticks in livestock not only damages the affected
area, but also results in anemia and reduced development, yield,
and quality of the livestock; sometimes, infestation even results
in death. More and more studies have clarified the ability of
ticks to carry and transmit a variety of disease-causing patho-
gens [18], including viruses, protozoa, and bacteria [24]. Ticks
and tick-borne diseases cause substantial harm to human health
and animal husbandry, and have become an important public
health problem worldwide [14, 19].

China covers a vast area and includes regions with dramat-
ically different natural conditions. There are obvious differences
in the distribution of ticks between the southern and the north-
em regions of the country, and tick-borne diseases occasionally
occur. Yanbian is located at 41°59'47" — 44°3(0/ 42" North
latitude, 127°27'43" — 131°18'33” East longitude, and is bor-
dered by North Korea and Russia. This region, approximately
covering 43,329.34 km?, is largely covered in forest and has
a mid-temperate humid monsoon climate. It is rich in biological
resources and provides suitable conditions for the development
and reproduction of ticks. However, the species distribution of
ticks and tick-borne pathogens in the border area of China, Rus-
sia, and North Korea is unclear. Therefore, we systematically
examined the species distribution and pathogens carried by
ticks in Yanbian to provide a scientific basis to support the pre-
vention and control of ticks and tick-borne diseases in Yanbian.

Materials and methods
Ethics

All experimental procedures in animals were conducted fol-
lowing the Ethical Principles in Animal Research issued by
Yanbian University (approval number: 20180301).

Sample collection

A total of 2673 unattached adult ticks were collected from
Hunchun, Tumen, Yanji, Dunhua, Helong, Longjing,
Wangqing, and Antu in Yanbian, China (Fig. 1), during sunny
morningsfrom April to August 2019, using the dragging-
flagging method. A white gauze mesh, 2 m long and 1 m wide,
was completely spread out on the grass and dragged slowly
over the grass to capture ticks. Ticks attached to the gauze mesh
were then transferred to the collection tube by tweezers, and the
related information, such as collection time and location, were
marked in detail. The ticks were stored live in water in the
refrigerator at 4 °C. The date and place of collection was
recorded for each sample.

Figure 1. Map of sampling districts in Yanbian, Jilin, China. The
different colors represent the various districts sampled in this study.

Tick classification and nucleic acid extraction

The collected ticks were classified morphologically based
on the “Classification and Identification of Important Medical
Insects of China” [13] and “Ticks of Japan, Korea, and the
Ryukyu Islands” [21] by examining the specimens under a
microscope (OLYMPUS CX23, Japan).

The ticks were grouped according to species and region.
Each tick was washed three times in normal saline solution,
placed in a 1.5-mL centrifuge tube, and 600-puL phosphate-
buffered saline were added. The ticks were then ground with
a tissue breaker (TissueLyserll; Qiagen, Germany), followed
by centrifugation at 1300x g for 1 min. Approximately
200 pL of the supernatant were collected to extract the nucleic
acid. RNA was extracted from samples using an RNA extrac-
tion kit (Suzhou Tianlong Science and Technology Co., Ltd.,
Suzhou, China), and used to synthesize cDNA using a reverse
transcription kit (Tiangen, Beijing, China).

Pathogen detection

The Candidatus Rickettsia tarasevichiae (CRT) ompA and
17-kDa genes were amplified as described by Jia et al. [4].
The spotted fever group Rickettsia (SFGR) Candidatus
Rickettsia longicornii ompA, ompB, sca4, rrs genes were
detected as described by Jiang er al. [3]. The severe fever
thrombocytopenia syndrome virus (SFTSV) Small, Medium,
and Large gene segments were detected as described by Liu
et al. [10]. The Theileria orientalis MPSP gene was amplified
as described by Ota et al. [15] and the Theileria sinensis MPSP
gene was detected as described by Liu et al. [8]. The primers
used in this study are listed in Table 1.
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Table 1. Primer sequences used for the gene amplification of different pathogens.

Pathogen gene Primer name Sequence (5'-3') Annealing Fragment Reference
temperature size (bp)
O
CRT ompA Rr190.70p ATGGCGAATATTTCTCCAAAA 60 346 Jia et al. [4]
Rr190.602n AGTGCAGCATTCGCTCCCCCT
190.70-38s1 AAAACCG CTTTATTCACC 58
190.602-384r1 GGCAAC AAGTTACCTCCT
CRT 17kDa 17K3 GCTTTACAAAATTCTAAAAACCATATA 50 395 Jia et al. [4]
17K5 TGTCTATCAATTCACAACTTGCC
17KD113s1 ATTGTCCGTCAGGTTGGC 52
17KD408r1 CGGGCGGTATGAATAAGC
SFGR Candidatus H-LompA-F TTTAATTGATTTAATTTTTAT 60 647 Jiang et al. [3]
Rickettsia TAAGGTTTACATATGGCG
longicornii ompA
H-LompA-R GTCTTGACAGTTATTATACCTCCTCCAT
SFGR Candidatus H-LompB-F1 GTTCAGCTATGGGTGCTGCTATACAG 63 1203 Jiang et al. [3]
Rickettsia
longicornii ompB
H-LompB-R1 GCACTAGCACTTGCTAAAGTACCGT
SFGR Candidatus H-Lsca4-F2 AGTTCTCAGTCCAGCACAACAAC 63 885 Jiang et al. [3]
Rickettsia
longicornii sca4
H-Lsca4-R2 GCCTTTACCAGCTCATCTACTTT
SFGR Candidatus H-L16S-F TGCAAGTCGAACGGACTAATTGG 65 976 Jiang et al. [3]
Rickettsia
longicornii rrs
H-L16S-R AATGAGGGTTGCGCTCGTTG
SFTSV Small S-F1 ACACAAAGACCCCCTTCATTTGGA 58 588 Liu et al. [10]
S-R1 TGGAGGAGGGCCACATCCAG
SFTSV medium M-F1 GATGAGATGGTCCATGCTGATTCT 58 560 Liu et al. [10]
M-R1 CTCATGGGGTGGAATGTCCTCAC
SFTSV large L-F1 ACACAGAGACGCCCAGATGAAC 60 684 Liu et al. [10]
L-R1 GCCTCAAGCTCTTCCTCACTCTTCTG
T. orientalis MPSP P1 CACGCTATGTTGTCCAAGAG 53 875 Ota et al. [15]
P2 TGTGAGACTCAATGCGCCTA
T. sinensis MPSP P3 CACTGCTATGTTGTCCAAGAGATATT 56 887 Liu et al. [8]
P4 AATGCGCCTAAAGATAGTAGAAAAC
Table 2. Composition of tick species in 8 counties and cities of Yanbian.
Location Haemaphysalis Ixodes Haemaphysalis Dermacentor Haemaphysalis Total
longicornis persulcatus Jjaponica silvarum concinna
Quantity Constituent Quantity Constituent Quantity Constituent Quantity Constituent Quantity Constituent Quantity Constituent
ratio (%) ratio (%) ratio (%) ratio (%) ratio (%) ratio (%)
Hunchun 348 68.24 129 25.29 17 3.33 16 3.14 0 0.00 510 100.00
Tumen 37 20.22 0 0.00 120 65.57 14 7.65 12 6.56 183 100.00
Yanji 192 48.98 174 44.39 0 0.00 0 0.00 26 6.63 392 100.00
Dunhua 0 0.00 106 42.74 125 50.40 17 6.85 0 0.00 248 100.00
Helong 87 26.69 158 48.46 67 20.55 14 4.29 0 0.00 326 100.00
Longjing 426 88.38 56 11.62 0 0.00 0 0.00 0 0.00 482 100.00
Wangqing 283 84.73 23 6.89 28 8.38 0 0.00 0 0.00 334 100.00
Antu 0 0.00 5 2.53 0 0.00 79 39.90 114 57.58 198 100.00
Total 1,373 51.37 651 24.35 357 13.36 140 5.24 152 5.68 2673 100.00

Sequence identity and phylogenetic analyses

MEGA 7.0 software.

The PCR products of the positive samples were sent to

Shanghai Shenggong Co., Ltd. for sequencing. The correct

gene sequences were analyzed in DNAStar and GenBank,

and phylogenetic trees were constructed based on sequences
obtained in this study and those previously published, using

Statistical analysis

the maximum likelihood method with relative models by

Data were processed using Microsoft Excel 2007 and
statistical analysis was carried out using SAS8.2 software.
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Numerical data were expressed as a constituent ratio (%) and
positive rate (%), where the constituent ratio (%) = (number
of each tick species in the same location/total number of all tick
species in same location) x 100, and the positive rate
(%) = number of positive samples detected for pathogens/total
number of tested samples of the same species (1) x 100.

Results
Tick species survey and pathogens in ticks

A total of 2673 ticks were collected, including 1373
Haemaphysalis longicornis (51.37%), 651 Ixodes persulcatus
(24.35%), 357 Haemaphysalis japonica (13.36%), 140 Derma-
centor silvarum (5.24%), and 152 Haemaphysalis concinna
(5.68%) (Table 2).

After screening for pathogens by targeting different
genes, we detected CRT, SFGR, SFTSV, and T. orientalis in
H. longicornis, CRT, SFGR, and SFISV in I persulcatus
and H. japonica, CRT and SFTSV in D. silvarum, and only
SFTSV in H. concinna. Moreover, different CRT and SFGR
genotypes were identified in H. longicornis and H. japonica,
while different SFTSV genotypes were confirmed in H. con-
cinna. Mixed infection with CRT and SFTSV in I persulcatus,
H. japonica, and D. silvarum were observed. The highest fre-
quency of CRT/SFTSV co-infection included 13 cases
(2.00%) in I. persulcatus, five cases (1.40%) in H. japonica,
and one case (0.71%) in D. silvarum. Theileria orientalis was
detected in H. longicornis, while T. sinensis was not detected
in any ticks (Table 3).

Percent identities and phylogenetic analyses

Analysis of the sequence identity showed that the
CRT ompA gene sequences generated from ticks in Yanbian
YB02 strain (MT511087) shared 100% identity with the
Henan Xinyang strain (KX365196), Northeast China strain
(KT899079), and  Heilongjiang  Mudanjiang  strain
(IX996053). Phylogenetic analysis showed that the CRT ompA
sequence from Yanbian clustered with the sequences mentioned
above (Fig. 2). In a similar manner, the 17-kDa gene sequence
(MT511086) obtained in this study shared 99.7%—-100% identi-
ties and clustered with sequences from Henan Xinyang
(KX365195), Heilongjiang Mudanjiang (KT259906), and Jilin
(KT384433) (Fig. 2).

From the samples positive for SFGR Candidatus
R. longicomnii, four fragments of the ompA, ompB, sca4, and
rrs genes were obtained by PCR amplification. Phylogenetic
analysis showed that the ompA sequence of Candidatus
R. longicornii (MT511088) from this study formed one cluster
with the isolates from Korea (MG906676), Chinese Changchun
(KT899081), and Chinese Dandong (MH427382). The ompB
gene sequence (MT511089) was in the same clade as the
Chinese HC strain (MK620854) and exhibited a close evolu-
tionary relationship with the Korean ROK-HL727 strain
(MG906675). The rrs gene sequence (MT535574) formed
one cluster with the Candidatus Rickettsia jiangxiensis-related
sequence (MH500204) found in H. longicornis in China and
Candidatus R. longicornii ROK-HL727 strain (MG906672) in

Table 3. Infection of pathogens in different tick species in Yanbian, China.

T. orientalis T sinensis

SFGR SFGR SFTSV SFTSV SFTSV CRT +

Candidatus Candidatus

SFGR
Candidatus

SFGR

Candidatus
R. longicornii R. longicornii

CRT
17kDa

CRT
ompA

Species

Medium Large SFTSV MPSP MPSP

Small

R.
longicornii

longicornii

ompB

ompA

rrs

sca4
Number of Number of

positives

Number of Number of

Number of
positives

Number of Number of

Number

Number
of positives

Number of Number
of positives

positives

Number of
positives

positives

positives

positives

positives

positives (%) of positives

(0)

(%)
13 (0.95)

()

(%)
15 (1.09)

(%) (%) (%) (%)
16 (1.17) 13 (0.95)

261 (19.01) 287 (20.90) 364 (26.51)

(%)
323 (23.53)

(%)

23 (1.68)

(%)
22 (1.60)

0

0

Haemaphysalis longicornis

(n = 1373)
Ixodes persulcatus

57 (8.76) 7 (1.08) 5 (0.77) 50077 6092 22338  17(261) 26 (3.99) 13 (2.00) 0

71 (10.91)

(n=651)
Haemaphysalis japonica

0

5 (1.40)

25 (7.00) 8 (2.24) 6 (1.68) 7(1.96)  7(1.96) 38 (10.64) 23 (6.44) 27 (7.56)

26 (7.28)

(n =357)
Dermacentor silvarum

44 (31.43) 26 (18.57) 37 (26.43) 1 (0.71)

0

49 (35.00) 0

28 (20.00)

(n = 140)
Haemaphysalis concinna

17 (11.18) 11 (7.24) 19 (12.50)

0

(n = 152)
Total (n = 2673)

90 (3.37) 124 (4.64) 19 (0.71) 13 (0.49) 0

338 (12.64) 272 (10.18) 299 (11.19) 377 (14.10) 137 (5.13)

154 (5.76)

147 (5.50)
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Candidatus Rickettsia tarasevichiae (MG888729.1)
Candidatus Rickettsia tarasevichiae Ipe_152(LC379461.1)
Candidatus Rickettsia tarasevichiae Bayan-68(MN450411.2)
Candidatus Rickettsia tarasevichiae XY2015(KX365196.1)

~
=

[l Candidatus Rickettsia tarasevichiae(KU361217.1)
Candidatus Rickettsia tarasevichiae 1p4 (KT899079.1)

99| | Candidatus Rickettsia tarasevichiae Hc3 (KT899078.1)

0.1

B
(17kDa)

100

Candidatus Rickettsia tarasevichiae (JX996052.1

Candidatus Rickettsia tarasevichiae (KT259906.1
98| Candidatus Rickettsia tarasevichiae (KT384433.1

Candidatus Rickettsia tarasevichiae (KX365195.1

Candidatus Rickettsia tarasevichiae (LC379446.1)

@ Candidatus Rickettsia tarasevichiae (MT511086.1)
99 Rickettsia endosymbiont (HF935072.1)

@ Candidatus Rickettsia tarasevichiae YB02 (MT511087.1)
Candidatus Rickettsia tarasevichiae C3H3 (KF008252.1)
— Candidatus Rickettsia tarasevichiae MDJ14 (JX996053.1)

[ Rickettsia conorii(AY346453.2)
o ){»Rickettsia slovaca(U43808.1)
Rickettsia rickettsii(U43804.1)
Rickettsia sp(AF179365.1)
Rickettsia heilongjiangensis(AB473998.1)
Rickettsia japonica(U43795.1)
a9 Rickettsia sp. DnS14(AH009130.2)
Rickettsia MC16(U43800.1)
Rickettsia sp. California 2(AF210694.1)

Rickettsia rickettsii (KC845924.1)
Rickettsia africae (EU072684.1)
Rickettsia sibirica (KT438781.1)
Rickettsia conorii ( KY069263.1)
Rickettsia parkeri (U17008.1)
Rickettsia sibirica (MF002548.1)

Rickettsia honei (AF060706.1)
Rickettsia raoultii (JX885457.1)
Rickettsia montanensis (DQ402377.1)

Rickettsia massiliae (KU723485.1)

)
)
)
)

Rickettsia canadensis (AF445381.1)

| —|
0.02

Rickettsia bellii (AF445380.1)

Figure 2. Phylogenetic trees based on the ompA and 17kDa genes of CRT. The ML trees were implemented by MEGA7 with a Hasegawa—
Kishino—Yano model. The numbers at the nodes represent percentage of occurrence of clades in 1000 bootstrap replications of data. The gene

sequences from this study are indicated by a round shape.

Korea. The sca4 gene sequence (MT511090) was also closely
related to the Korean Candidatus R. longicornii ROK-HL727
strain (MG906677.1) (Fig. 3). Sequence analysis showed that
the four gene sequences (MT511088, MT511089, MT511090,
and MT535574) shared 100%, 99.70%, 100%, and 95.70%
identities, respectively with the corresponding fragments
(MG906676, MG906675, MG906677, and MG906672) of
SFGR Candidatus R. longicornii newly discovered in the
Korean H. longicornis (ROK-HL727).

The SFTSV Large (MT517309), Medium (MT517308),
and Small (MT517307) gene sequences were identified in this
study. The nucleotide sequence identity data demonstrated that
sequences of SFTSV obtained in this study shared more than
95% identity with most of the SFTSV gene sequences previ-
ously identified in China and South Korea. The phylogenetic
analysis showed that the SFTSV Small gene sequence from

ticks in Yanbian (MT517307) was in the same clade as the
SFTSV gene sequence (KT890282) from lJilin ticks in China.
The Medium gene sequence (MT517308) formed one clade
with the Chinese JS2014-18 strain (KR230781), and the Large
sequence was located in the same branch as the Chinese
JS2014-18 strain (KR230761) and was closely related to
SFTSV isolated from Zhejiang (KR017839) and South Korea
(KY789434) (Fig. 4).

The MPSP gene sequence obtained from this study
(MT517304) was 99.4% identical to that of the T. orientalis
Chongqing (MG664537) isolate. The phylogenetic analysis
showed that the T. orientalis MPSP gene sequence in this study
was classified nearer the cluster of 7. sergenti than T. sinensis.
The T. orientalis MPSP gene isolate in our study was 68.2% —
99.6% identical to the sequences of T. orientalis and T. sergenti
cited in this study (Fig. 5).
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Rickettsia sp.( KX418672.1)

Candidatus Rickettsia jingxinensis (KT899081.1)
Rickettsia sp. (MF134885.1)

Candidatus Rickettsia longicornii (MG906676.1)
Rickettsia endosymbiont (MH427382.1)
Candidatus Rickettsia jingxinensis (MH932069.1)
Candidatus Rickettsia longicornii (MK620856.1)
Candidatus Rickettsia longicornii (MN026548.1)
Candidatus Rickettsia jingxinensis (MN463706.1)
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Figure 3. Phylogenetic trees based on the SFGR Candidatus Rickettsia longicornii ompA, ompB, sca4 and rrs partial sequences obtained
from Haemaphysalis longicornis. The ML trees were implemented by MEGA7 with a Kimura 2-parameter model. The numbers at the nodes
represent percentage of occurrence of clades in 1000 bootstrap replications of data. The gene sequences from this study are indicated by a

round shape.

Discussion

Yanbian is located at the junction of China, North Korea,
and Russia, and has a long border spanning 755.2 km. Due
to strengthened ecological and environmental protection in
China, the species along the border have diversified gradually.
Thus, the number and species of ticks are constantly changing,
and their activity is increasing. Ticks and other vectors in the
border zone can freely migrate to another country through a
variety of routes, which may increase the risk of infection with
tick-borne diseases. In this study, 2673 ticks collected from
eight counties and cities in Yanbian were classified and ana-
lyzed. Among the six identified species, H. longicornis and
L. persulcatus were the dominant tick species in Yanbian.
Haemaphysalis longicornis is widely distributed throughout
Asia and the Pacific, including China, Russia, South Korea,
Japan, Australia, New Zealand, and the South Pacific islands,
and is known for its strong reproductive ability and environ-
mental adaptability. While it often parasitizes medium and large
wild or domestic animals, humans are accidental hosts of
H. longicornis. Moreover, H. longicornis spreads a variety of
pathogens that can affect wild animals and livestock, as well
as human health [3].

Ticks can be infected with various pathogens, including
viruses, bacteria, and spirochetes. Ticks can act as both vectors

and hosts in the transmission of disease. At present, the main
research into co-infections of tick-borne pathogens has been
focused on Borrelia burgdorferi, Babesia microti, Ehrlichia,
and Anaplasma phagocytophilum [26]. Previous studies have
confirmed that one-third of patients with a CRT infection
had neurological symptoms that differed from other SFGR
infections [11], and were associated with a higher case-fatality
rate during co-infection with SFTSV [20]. Thus, more attention
should be paid to SFTSV transmission through both tick bites
and close contact with infected cases [27]. In this study, we
confirmed the occurrence of CRT/SFTSV co-infection in
Yanbian ticks. Ixodes persulcatus is a common dominant tick
species in Yanbian, and is especially widely distributed in
Hunchun, Yanji, Helong, and other regions, resulting in a
higher risk of infection with CRT and SFTSV via tick bites
in these regions.

SFGR forms a long-lasting infection cycle between ticks
and mammals and can also be transmitted vertically through
tick eggs, making ticks the main host and vector of SFGR. In
2016, a new genotype of SFGR, Candidatus R. jingxinensis,
was identified in H. longicornis in Northeast China by Liu
et al. [9]. Jiang et al. [3] reported the new SFGR genotype,
Candidatus R. longicomii, in H. longicornis in Korea. The
new genotypes of SFGR, Candidatus R. longicornii ompA,
ompB, sca4, and rrs genes, were all detected in H. longicornis,
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Figure 4. Phylogenetic tree based on the SFTSV small, medium and large partial sequences obtained from Haemaphysalis longicornis. The
ML trees were implemented by MEGA7 with a Tamura 3-parameter model. The numbers at the nodes represent percentage of occurrence of
clades in 1000 bootstrap replications of data. The gene sequences from this study are indicated by a round shape.

L persulcatus, and H. japonica collected in this study. The
SFGR Candidatus R. longicornii gene sequences detected in
our study showed high identity with the related gene sequences
newly discovered in South Korea (ROK-HL727) and the
sequences of ompA and ompB genes belonging to an unknown
SFGR genotype found in H. longicornis from Dandong, China
(border between China and North Korea). The results of our
study suggested that the new SFGR Candidatus R. longicornii
genotypes are widely distributed throughout the border between
China and North Korea. Although there have been no reports of
infections caused by the new SFGR genotype, the ompA gene
sequence of Candidatus R. longicornii found in Yanbian was
highly identical to an unknown species of Rickettsia detected
in mouse spleen tissue in South Korea [3]. These findings indi-
cate that the Candidatus R. longicomii identified in this study
was likely to be infectious in mammalian hosts and even in
humans. Therefore, it is necessary to strengthen the surveillance
for the SFGR Candidatus R. longicornii infection in ticks and
relevant hosts in the border of China, North Korea, and Russia,
as well as other areas with a concentrated distribution of
H. longicornis, in order to prevent cross-border transmission
and an epidemic of tick-borne diseases affecting human health
and animal husbandry [3].

SFTS is a novel infectious disease that was first discov-
ered in China [5, 6, 12]. SFTSV was first isolated from
H. longicornis in Korea [22]. The SFTSV Small, Medium,

and Large gene sequence analysis indicated that sequences
from the present study had more than 95% identity with the
SFTSV gene sequences found in South Korea. Phylogenetic
analysis showed that the SFTSV Small, Medium, and Large
gene sequences were in the same clade as the isolates from Jilin
and Jiangsu, and were closely related to SFTSV isolated from
Zhejiang and South Korea. This may be related to the tick-
parasitized migratory birds from the eastern part of China or
the transmission by migratory birds infected with SFTSV.
A previous study suggested that migratory birds may play an
important role in the spread of SFTSV [23]. The abovemen-
tioned results suggest that the border area of China, North
Korea, and Russia may be a key region for tick-borne SFTSV,
and should be considered in the prevention and control of
imported infectious diseases.

Theileria orientalis is a protozoan parasite that infects cattle
and buffalo and is generally transmitted by ticks of the genus
Haemaphysalis [7]. Theileria sinensis named by Chinese schol-
ars was originally isolated from naturally infected cattle by Bai
et al. in Gansu Province [1]. Theileria orientalis is transmitted
by H. longicornis, H. concinna, and H. japonica ticks.
However, the tick species differ among regions; for example,
H. japonica is the main vector of Oriental Taylor disease in
Russia, followed by H. concinna. Haemaphysalis concinna is
also the main vector in Korea, whereas H. longicornis is the
main vector in China and Japan. In this investigation, we



8 J. Li et al.: Parasite 2022, 29, 38

100[ Theileria sp. (MPSP) gene (FJ560983.1)
Theileria orientalis (KT220522.1)
100 I: Theileria orientalis ET2 (KU170787.1)
Theileria orientalis MPSP gene (LC125418.1)

Theileria orientalis SD43-4 (MH539832.1)

77

Theileria sp. LTKN-2011 (JN648698.1)

Theileria orientalis Ts-U-6 (HQ322620.1)
Theileria sergenti (D50304.1)

Theileria orientalis (KP313255.1)
Theileria orientalis (KY018590.1)

mor Theileria orientalis (AB562581.1)

99 Theileria orientalis (AB571887.1)

100

66

Theileria sp. (D50305.1)

Theileria orientalis TN-31 (MG664537.1)
Theileria orientalis SD43-3 (MH539831.1)
Theileria sergenti T31( JN648691.1)

571" Theileria orientalis Ts-U-5 (HQ322619.1)

@ Theileria orientalis YB07 (MT517304.1)

[ Theileria orientalis (EU047751.1)
Theileria sergenti (GQ180198.1)

LThei/eria sinensis (MG784422.1)
100

Theileria sp. Easten Texas (AB010702.1)
Theileria sinensis (KX375400.1)

T.annulata (Z48738.1)

Figure 5. Phylogenetic tree based on the T. orientalis MPSP sequences obtained from Haemaphysalis longicornis. The ML trees were
implemented by MEGA7 with a Kimura 2-parameter model. The numbers at the nodes represent percentage of occurrence of clades in 1,000
bootstrap replications of data. The gene sequence from this study is indicated by a round shape.

detected T. orientalis in H. longicornis but failed to detect
T. sinensis in any ticks. The non-detection of T. sinensis may
be attributed to the relatively smaller collection area and small
numbers of its vector, H. japonica.

In this study, some regional endemic tick-borne pathogens
were detected, such as CRT, SFGR, SFTSV, and Theileria, but
whether there are other tick-borne pathogens remains to be
studied. The phylogenetic analysis of tick-borne pathogens
was mainly described and analyzed using the epidemic strains
in China and the strains in Korea adjacent to Yanbian. The
results of our study determined the epidemic trend of tick-borne
pathogens in the border zone among China, Russia and North
Korea.

Conclusions

Haemaphysalis longicornis and I persulcatus are the
dominant tick species in Yanbian, China. Four pathogens

(CRT, SFGR, SFTSV and T. orientalis) were detected in the tick
species collected in this study, and CRT/SFTSV co-infection
was also identified in L persulcatus and H. japonica. Moreover,
this study provides the first evidence of the SFGR genotypes
Candidatus R. longicornii ompA, ompB, sca4, and rrs in
H. longicornis in Yanbian, China. In addition, 7. orientalis
was detected in H. longicornis. These findings provide epidemi-
ological data to support the prevention and control of ticks and
tick-borne diseases in the border region of China, North Korea,
and Russia.
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