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Molecular surveillance reveals a potential i

hotspot of tick-borne disease in Yakeshi City,
Inner Mongolia
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Abstract

A molecular surveillance of tick-borne diseases was performed in Hulunbuir City, Inner Mongolia. A total of 149 ticks
including three species (Ixodes persulcatus, Haemaphysalis concinna, and Dermacentor silvarum) were collected. As
many as 11 tick-borne bacterial pathogens were identified in them. Some of them have high positive rates. For exam-
ple, Candidatus Rickettsia tarasevichiae was detected with a high prevalence of 72.48%, while Candidatus Lariskella sp.
was detected in 31.54% of ticks. For both Rickettsia raoultii and Anaplasma phagocytophilum, two distinct genotypes
were identified based on their phylogenetic trees based on 165 rRNA, gltA, and groEL sequences. Remarkable genetic
diversity was also observed for 16S and flaB genes of Borreliella garinii, an agent of Lyme disease. Rickettsia heilongji-
angensis causing Far-Eastern spotted fever (2.68%, 4/149), Ehrlichia muris causing human ehrlichiosis (4.70%, 7/149),
Borrelia miyamotoi causing relapsing fever (2.01%, 3/149), and Borreliella afzelii causing Lyme disease (2.01%, 3/149)
were also detected. Additionally, a previously uncharacterized Anaplasma species closely related to Anaplasma ovis
was identified. Herein we name it “Candidatus Anaplasma mongolica” Based on these results, we propose that Yakeshi
City might be a potential hotspot of tick-borne diseases.
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Introduction
Emerging tick-borne diseases pose a threat to pub-
lic health worldwide. To date, at least 124 tick spe-
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Candidatus Neoehrlichia species (or variants) were
detected in ticks from China. Of those, A. phagocytophi-
lum, E. chaffeensis, and R. raoultii parasitize the largest
number of tick species (reported in 22, 16, and 15 tick
species, respectively) [1]. Human cases infected by these
pathogens were also frequently reported. From 2009 to
2010, 46 human cases infected with A. phagocytophilum
were laboratory-confirmed in Beijing, Hebei, and Shan-
dong provinces, North China [2]. In addition to the well-
known pathogens, some newly identified members of
Rickettsiales are increasingly reported to infect humans.
As recently as in 2022, Candidatus Midichloria mito-
chondrii, previously known as an endosymbiont of hard
ticks, was detected in blood samples of 34.1% of humans
with a tick bite history, suggesting that the genetic diver-
sity and human pathogenicity of various Rickettsiales
bacteria still warrant further explorations [3]. The genus
Borrelia is closely related to lots of human diseases. Since
2014, the genus Borrelia was divided into two genera: the
genus Borrelia containing the members of the relapsing
fever Borrelia (Borrelia miyamotoi, Borrelia theileri, Bor-
relia persica, etc.), and the genus Borreliella containing
the Lyme disease Borrelia (Borrelia burgdorferi sensu
lato, Borrelia afzelii, etc.) [4]. Of those, Lyme borreliosis
caused by the Lyme disease group is considered the most
common tick-borne disease in the Northern Hemisphere.
Approximately 476,000 human cases were reported in
the USA each year [5]. In China, at least nine genospecies
of B. burgdorferi have been documented, most of which
were detected in ticks [6].

The Inner Mongolia Autonomous Region located in the
north of China is rich in various wildlife and has a diverse
ecosystem. Due to the vast territory (1, 183, 000 km?)
and unique geographical/ecological features, this is one
of the several regions that harbor the most abundant tick
species in China [1]. Accordingly, it is one of the major
epidemic areas of tick-borne infectious diseases in China
including tick-borne encephalitis, anaplasmosis, rickett-
siosis, Lyme disease, and babesiosis [7]. Although lots of
studies have been performed in ticks from Inner Mongo-
lia, Rickettsiales bacteria and other tick-borne pathogens
in many tick species and many cities in this area are still
not extensively characterized. In this study, we collected
three tick species from Hulunbuir City in northeast Inner
Mongolia and studied the potential human pathogens in
them.

Methods

Sample collection and DNA extraction

In 2018, ticks were collected in the Ilekd Village, Wun-
uer Town, Yakeshi County-Level City of Hulunbuir City,
Inner Mongolia (Fig. 1). This location is located in for-
est areas of the Greater Khingan Range, with an average
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altitude of approximately 850 m. The ticks were carefully
removed from the body surface of free-ranging goats
and cattle using tweezers and then transported alive
to Wuhan Center for Disease Control and Prevention.
Based on the taxonomic characters described in previ-
ous literature, the tick species were initially determined
by morphological observation of their palp, scutum, anal
groove, and shape of basis capitulum. All the ticks were
observed by a stereoscopic microscope (Olympus SZX
16, Olympus Corporation, Tokyo, Japan). For further
confirmation, ticks were randomly selected from each
species, and the COI (Cytochrome oxidase I) sequences
were PCR amplified and sequenced (primers shown in
reference [8]) after DNA extraction.

Before DNA extraction, each tick was washed twice
using phosphate buffer saline (PBS) to exclude possi-
ble environmental contamination, and then individually
ground into homogenate manually in a mortar with 100
uL PBS. Total DNA was extracted from the homogenates
using a Mollusc DNA Extraction Kit (Omega Bio-Tek,
USA) following the instructions. To test the quality of
DNA extraction, the DNA concentration was measured
by spectrophotometric analysis (Thermo Scientific Nan-
odrop, Delaware, USA).

Molecular detection and identification of the pathogens
The DNA samples were screened for the presence of
Rickettsia, Anaplasmataceae (Anaplasma spp., Ehrli-
chia spp., etc.), and Borrelia bacteria. Primers used were
shown in previous reports [9-11], generating PCR prod-
ucts with a size of approximately 900 bp, 450 bp, and
400 bp, respectively. The Rickettsia and Anaplasmataceae
were detected targeting the 16S rRNA gene, while Borre-
lia was screened targeting the flaB (flagellin B) gene. For
precise identification, the gltA and groEL (60 kDa chap-
eronin) sequences were amplified from the Rickettsia,
Enrlichia, and Anaplasma strains detected in this study
using primers as shown [9, 10]. Furthermore, 16S rRNA
sequences (approximately 1200 bp) were amplified from
the Borrelia strains [11], and gltA sequences (approxi-
mately 400 bp) were amplified from the Candidatus Lar-
iskella strains [9].

Genetic and phylogenetic analysis

To calculate the nucleotide similarities and deter-
mine their species, all the nucleotide sequences recov-
ered in this study were manually aligned with reference
sequences in the GenBank Database by BLASTn. The
representative reference sequences were downloaded
from the database. After alignment by Mega 6.0, the
nucleotide sequences were phylogenetically analyzed
based on the maximum likelihood (ML) method by
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PhyML3.0 [12]. All the phylogenetic trees were visualized
and edited using FigTree v1.4.3.

Results

Sample collection and species identification

In May 2018, a total of 149 ticks were collected from the
body surface of ten cattle and eight goats in the Yakeshi
County-Level City of Hulunbuir City, Inner Mongolia
(49.17°N, 120.40°E). Based on morphological observa-
tion, three species were identified: 99 Ixodes persulcatus,
24 Haemaphysalis concinna, and 26 Dermacentor silva-
rum (Fig. 2). For further confirmation, the COI sequences
of all three tick species have nucleotide similarities higher
than 99% with reference sequences.

Detection and analysis of the Rickettsia spp.

Based on the PCR results and sequencing of 16S rRNA
sequences, a total of three Rickettsia species including
four genotypes were identified. Candidatus Rickettsia
tarasevichiae was detected in all L persulcatus (99/99,
100%), 7 of 24 H. concinna (29.17%), and 2 of 26 D. sil-
varum (7.69%) (Table 1). All the 16S sequences are 100%
identical to Ca. Rickettsia tarasevichiae isolate Dog-145,

[ Alpine meadow steppe
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Ca. Rickettsia tarasevichiae isolate Bayan-68, and Ca.
Rickettsia tarasevichiae isolate Mulan-11, which were
all detected in the Heilongjiang Province of Northeast
China. Similarly, the gltA (1007 bp) sequences show high-
est 99.90% nucleotide similarity to these strains, and the
groEL (1060 bp) sequences have 99.65-99.88% (cover-
age 76—-80%) to previously uploaded sequences (Acces-
sion numbers: ON863711, OP722688, MN450404, and
MN450402).

Two genotypes of R. raoultii were detected only in
D. silvarum, with positive rates of 50.00% (13/26) and
26.92% (7/26), respectively. All three genes of type I
(strains N78, N83, and N95) were 100% identical to Rick-
ettsia conorii subsp. raoultii strain IM16. In contrast, the
16S sequences of type II were 100% identical to Rick-
ettsia conorii subsp. raoultii isolate Tomsk, R. conorii
strain Malish_7, and R. massiliae MTUS5, while their gltA
sequences were 100% to that of R. raoultii isolate Binx-
ian-91. As shown in Fig. 3, these strains clearly divided
into two distinct clades.

Four H. concinna ticks were tested positive for
R. heilongjiangensis. All their 16S rRNA and gltA
sequences show 100% and 99.90% identities to both R.
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Fig. 2 The photographs of ticks under a stereoscopic microscope. A Ixodes persulcatus. B Dermacentor silvarum. C Haemaphysalis concinna

Table 1 Prevalence of Rickettsia spp., Anaplasma spp., Borreliella spp., Borrelia miyamotoi, Ehrlichia muris, and Candidatus Lariskella sp.

in different tick species from Hulunbuir City of Inner Mongolia

Ixodes persulcatus Haemaphysalis concinna Dermacentor silvarum Total

Candidatus Rickettsia tarasevichiae 99/99 (100%)° 7/24 (29.17%) 2/26 (7.69%) 108/149 (72.48%)
Rickettsia raoultii type | 0/99 (0.00%) 0/24 (0.00%) 13/26 (50.00%) 13/149 (8.72%)
Rickettsia raoultii type Il 0/99 (0.00%)

Rickettsia heilongjiangensis 0799 (0.00%) 4/24
Anaplasma phagocytophilum type | 1/99 (1.01%)

Anaplasma phagocytophilum type |l 3/99 (3.03%)

Anaplasma bovis 0/99 (0.00%) 1/24 (4
Candidatus Anaplasma mongolica 1/99 (1.01%)

Ehrlichia muris 7/99 (7.07%)

Candidatus Lariskella sp. 47/99 (47 47%)

Borrelia miyamotoi 3/99 (3.03%)

Borreliella afzelii 3/99 (3.03%)

Borreliella garinii 8/99 (8.08%)

0/24 (0.00%)
16.67%)
0/24 (0.00%)
0/24 (0.00%)

0/24 (0.00%)
0/24 (0.00%)
0/24 (0.00%)
0/24 (0.00%)
0/24 (0.00%) 0/26 (0.00%
0/24 (0.00%)

7/26 (26.92%)
0/26 (0.00%)
0/26 (0.00%
0/26 (0.00%

7/149 (4.70%)
4/149 (2.68%
1/149 (0.67%
3/149 (2.01%
1/149 (0.67%
1/149 (0.67%
7/149 (4.70%
47/149 (31.54%)
3/149 (2.01%)

3/149 (2.01%)

8/149 (5.37%)

( )
( ) )
( ) )
17%) 0/26 (0.00%) )
0/26 (0.00%) )
0/26 (0.00%) )
0/26 (0.00%)
0/26 (0.00%)

( )

( )

0/26 (0.00%

2 Positive samples/total samples

heilongjiangensis CH8-1 and R. japonica strain YH_M.
For the groEL sequences, they are 100% identical to those
of R. heilongjiangensis CH8-1 and R. heilongjiangensis
HCN-13, but only 99.53% to R. japonica strains. These
results confirmed that these strains should be classified
as R. heilongjiangensis.

Detection and analysis of the Anaplasma spp.

Based on analysis of the 16S sequences, a total of three
Anaplasma species were detected: A. phagocytophilum,
A. bovis, and an unclassified Anaplasma sp., showing
100%, 100%, and 99.87% to A. phagocytophilum str. ]M,
A. bovis clone Am-Hc60, and A. centrale isolate LP10,
respectively. Notably, based on gltA and groEL sequences,

the A. phagocytophilum strains divided into two types in
the phylogenetic trees: A. phagocytophilum N3 represent
type I while strains N54, N55, and N136 belong to type
II (Fig. 4). The gltA sequences of type II are 100% iden-
tical to Anaplasma sp. Khablx detected in the Russian
Far East, and only 82.73-88.11% to A. phagocytophilum
strains. Similarly, the groEL sequence of type I (strain
N3) was 100% identical to A. phagocytophilum isolate
Ip11, but sequences of type II have 98.59-100% similari-
ties to A. phagocytophilum strains identified in Tomsk
and Omsk in Russia. These results showed the genetic
diversity of A. phagocytophilum in this area. Out of our
expectation, the gitA sequence of Anaplasma sp. N127
was 100% identical to Anaplasma sp. BL126-13, but its
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Fig. 3 Phylogenetic trees based on the nucleotide sequences of 16S rRNA, gltA, and groEL genes of Rickettsia spp.
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Fig. 4 Phylogenetic trees based on the nucleotide sequences of 16S rRNA, gltA, and groEL genes of Anaplasma spp.

groEL sequence has a long genetic distance to that of
Anaplasma sp. BL126-13 (Fig. 4). In contrast, it was 100%
identical to the groEL sequence of Anaplasma sp. clone
B251. The 23S sequence of Anaplasma sp. N127 was also
obtained, showing highest 96.79% identity to A. ovis str.
Haibei and 94.81% to A. marginale str. Florida (Fig. S1).
We propose it as a novel species, namely “Candidatus

Anaplasma mongolica”.

Detection and analysis of the Ehrlichia sp. and Lariskella sp.
Seven I persulcatus ticks were tested positive for Ehrli-
chia, and all of them were identified as Ehrlichia muris. In
addition to the 16S rRNA (456 bp) sequences which show
100% to E. muris strains, the gltA (986 bp), and groEL

with nucleotide identities of 99.29-100% (Fig. 5). To
date, there is only one E. muris sequence in the GenBank
Database from mainland China.

Unexpectedly, Candidatus Lariskella sp. belonging
to the family Candidatus Midichloriaceae, order Rick-
ettsiales, was detected in as many as 47 of the 99 Ixodes
persulcatus ticks (47.47%) using the primers screening

Anaplasmataceae. All the 16S rRNA sequences are 100%
identical to each other and have 98.83—-100% identity to

(1121 bp) sequences were also successfully obtained. The

gltA sequences have highest 99.47-99.80% identities to E.
muris strains in rodents (isolate Khab-85_Mruf, AS145)
and I persulcatus ticks (isolate Omsk-563_Ip) from
Japan and Russia. The groEL sequences are also highly
homologous to E. muris strains from Japan and Russia,

spp-

Candidatus Lariskella arthropodarum, 98.82-99.06%
to Candidatus Lariskella guizhouensis we previously
reported. Interestingly, their gltA sequences (400 bp) are
only highly homologous to Ca. Lariskella guizhouensis,
with similarities of 99.50-99.73% (Fig. 6).

Detection and analysis of the Borrelia sp. and Borreliella
One Borrelia sp. (Borrelia miyamotoi) and two Borreli-

alla spp. (Borreliella afzelii and Borreliella garinii) were
detected. As shown in Table 1, all of them were detected
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16S

82 CP040111 Ehrlichia ruminantium Springbokfontein7
“ MZ733620 Candidatus Ehrlichia pampeana S11HN18
NRO044747 Ehrlichia ewingii Stillwater
AB074459 Candidatus Ehrlichia shimanensis

KR063138 Candidatus Ehrlichia khabarensis m3
MT875371 Candidatus Ehrlichia

82| AF311968 Ehrlichia sp. EHt224

{—— KX987322 Ehrlichia sp. WHBMXZ-43

CP000107 Ehriichia canis Jake

KF843826 Candidatus Ehrlichia regneryi Camel17

‘QOHL01000005 Ehrlichia minasensis B11

87 CP007480 Ehrlichia chaffeensis West_Paces

OM883910 Candidatus Ehrlichia zunyiensis GZ81

MN658722 Ehrlichia muris Omsk-55_Mruf

NR025962 Ehriichia muris AS145

OR226566 Ehrlichia muris N142

OR226565 Ehrlichia muris N61

OR226564 Ehriichia muris N53

OR226563 Ehriichia muris N46

OR226561 Ehriichia muris N32

is Hainan67

DQ513396 Ehrlichia ruminantium Senegal

KRO063140 Candidatus Ehrlichia khabarensis m3

MT875372 Candidatus Enrlichia hainanensis Hainan67
DQ365879 Ehrlichia ewingii

KX987353 Ehrlichia sp. WHBNIXZ-43

AF311966 Ehrlichia sp. EH224

AF304143 Ehrlichia canis Oklahoma

UX629807 Ehrlichia minasensis UFMG-EV
NC007799 Ehrichia chaffeensis Arkansas
OM920705 Candidatus Enhrlichia zunyiensis GZ81
DQB47319 Ehrlichia sp. HF

CPO0BY17 Ehriichia muris AS145

OR?284794 Ehrlichia muris N142

99) OR284793 Ehrlichia muris N61

92 OR284789 Ehrlichia muris N32

75 MNGB85601 Ehriichia muris Khab-85_Mruf

87| OR284792 Ehrlichia muris N53

85| OR284790 Ehriichia muris N37
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groEL

MT875367 Candidatus Enrlichia hainanensis Hainand3
MZ779095 Candidatus Enrlichia pampeana S14HN39

AF195273 Ehrlichia ewingii

KX987384 Ehrlichia sp. WHBMXZ-43

AB074462 Candidatus Ehrlichia shimanensis
KR063139 Candidatus Ehrlichia khabarensis m3
U96731 Ehrlichia canis

JQ085941 Ehrlichia chaffeensis

OM920710 Candidatus Ehrlichia zunyiensis GZ81
98/ DQ672553 Candidatus Ehrlichia_ovata

CP007474 Ehriichia sp. HF

KU214846 Ehriichia sp. EMLA

OR284800 Ehriichia muris N142
96|| OR284799 Ehrichia muris N61
91| OR284795 Ehrlichia muris N32
OR284798 Ehrlichia muris N53
CP006917 Ehriichia muris AS145
OR284796 Ehrlichia_muris_N37
85| OR284797 Ehrlichia muris N46

0.002 OR226562 Ehriichia muris N37 0.02

OR284791 Ehrlichia muris N46

0.02

MN685606 Ehrlichia muris Omsk-55_Mruf

Fig. 5 Phylogenetic trees based on the nucleotide sequences of 16S rRNA, gltA, and groEL genes of Ehrlichia muris

16S

HE978249 Candidatus Defluviella procrastinata 26
KM497527 Candidatus Fokinia solitaria Rio ETE ALG 3VII
KU736846 Candidatus Fokinia cryptica US BI 111111
ﬂ[L0381237 Candidatus Midichloria mitochondrii G1

AM181356 Candidatus Midichloria symbiont of Hyalomma marginatum 3
ON982709 Candidatus Euplotella sexta Zam5b-1
FN552697 Candidatus Cyrtobacter comes 8m
MT544612 Candidatus Aquarickettsia rohweri a cerv 44
AF069962 Candidatus Jidaibacter acanthamoeba
AB746416 Lariskella endosymbiont of Curculio okumai P123-1
JQ726736 Candidatus Lariskella arthropodarum AmLaKka1
98| OP115564 Candidatus Lariskella guizhouensis QDN-26
KX987317_Uncultured Candidatus Lariskella sp. WHISXZ-23
811 OP839484 Candidatus Lariskella arthropodarum MDJ-T
83] OR228870 Candidatus Lariskella sp. N143
OR228869 Candidatus Lariskella sp. N45
OR228868 Candidatus Lariskella sp. N21
OR228866 Candidatus Lariskella sp. N5
OR228867 Candidatus Lariskella sp. N11

89

0.02

glt4

CP009217_Rickettsiales bacterium Ac37b

79,
U59713 Rickettsia canadensis 2678

CP084576 Candidatus Megaira endosymbiont of Mesostigma viride
RXFMO01000055 Candidatus Aquarickettsia rohweri

JSWE01000058 Candidatus Jidaibacter acanthamoeba UWC36 NF27 CG
CP004403_Endosymbiont of Acanthamoeba sp. UWC8

] CP002130 Candidatus Midichloria mitochondrii IricVA
OR284801 Candidatus Lariskella sp. N5

OR284805 Candidatus Lariskella sp. N45

OP125510 Candidatus Lariskella guizhouensis 26
OR284804 Candidatus Lariskella sp. N143

OR284802 Candidatus Lariskella sp. N11

0.05 OR284803 Candidatus Lariskella sp. N21

Fig. 6 Phylogenetic trees based on the nucleotide sequences of 16S rRNA and gltA genes of Candidatus Lariskella sp.

in L persulcatus, with positive rates of 3.03% (3/99), 3.03%
(3/99), and 8.08% (8/99), respectively. The flaB and 16S
sequences of B. miyamotoi strains were all closely related
to B. miyamotoi strain Yekat-31 from Russia, with nucle-
otide similarities of 98.72% and 100%, respectively. Nota-
bly, phylogenetic analysis indicated that both the flaB
and 16S gene sequences of B. garinii showed remarkable
genetic diversity (shown in Fig. 7).

Co-infections of tick-borne pathogens

Because all I persulcatus ticks were positive for Ca.
Rickettsia tarasevichiae, ticks infected with A. phagocy-
tophilum (four strains), Ca. Anaplasma mongolica (one
strain), E. muris (seven strains), Candidatus Lariskella
sp. (47 strains), Borrelia (three strains), and Borrelialla
(11 strains) strains detected in I persulcatus were all co-
infected with Ca. Rickettsia tarasevichiae. Of those, one
tick infected with B. miyamotoi is co-infected with Ca.
Rickettsia tarasevichiae and Candidatus Lariskella sp.,
while one infected with B. aafzelii is co-infected with Ca.
Rickettsia tarasevichiae and A. phagocytophilum (type II).
Furthermore, in the nine ticks infected with B. garinii,
two are co-infected with Ca. Rickettsia tarasevichiae and

Candidatus Lariskella sp., and one is co-infected with
Ca. Rickettsia tarasevichiae and Ca. Anaplasma mongol-
ica. No co-infection was observed in H. concinna and D.
silvarum.

Discussion

Inner Mongolia has been recognized as an endemic
region of tick-borne diseases. To date, numerous stud-
ies have been carried out on tick-borne pathogens cir-
culating in this area [7, 13—18]. However, most of these
studies only focused on one or two pathogens, and
exhaustive investigations on their genetic characteristics
are still very few. In this study, we detected and identi-
fied as many as 11 tick-borne bacterial pathogens in
three tick species from Hulunbuir City, Inner Mongolia.
The abundance of tick-borne pathogens, as well as the
high positive rates and remarkable genetic diversity of
some pathogens, clearly suggest the risk to public health
in this area. Furthermore, apparent host specificity was
observed for most of these pathogens. For example,
seven bacterial species were only detected in I persul-
catus. It was consistent with the previous report that 1.
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KU565881 Borrelia persica 8738
GU357615 Borrelia hispanica JH

JF708951 Borrelia microti Abyek
JF708952 Borrelia latyschewii S
DQ346837 Borrelia duttonii Ku

83 DQ346831 Borrelia recurrentis A18
GU357619 Borrelia crocidurae Achema
KY438930 Borrelia anserina 5AY HO1 8-125ans E G03
DQ855535 Borrelia hermsii MAT

99, MT890154 Borrelia turicatae CSB

AY934623 Borrelia parkeri CA221

100— MN336354 Borrelia lonestari 21A
ON191583 Borrelia theileri Goias
CP004217 Borrelia miyamotoi FR64b

91| CP036726 Borrelia miyamotoi Yekat-31
OR284808 Borrelia miyamotoi N34

90| OR284807 Borrelia miyamotoi N16
OR284806 Borrelia miyamotoi N8

ON995404 Borreliella chilensis 1S9
100| — NZCP044535 Borrelia maritima CA690
— ON310823 Borreliella valaisiana Bor val1
ONG640810 Borreliella spielmanii 289

77 ON640809 Borreliella lusitaniae 147
ON310824 Borreliella turdiBor tur1
NZ CP015780 Borreliella mayonii MN14-1420
NZ JACHFB010000002 Borreliella californiensis DSM17989
MK749690 Borreliella bissettiae 2876
NZABCW02000004 Borreliella burgdorferi Bol26

87 8 MF150046 Borreliella finlandensis isolate PS78
MK688392 Borreliella lanei 4647
KT356619 Borreliella americana LB-21
m| OR284814 Borreliella afzelii N136

0Q076395 Borreliella afzelii IR527
81, OR284811 Borreliella garinii N74
AY342022 Borreliella garinii PD89
100]; OR284810 Borreliella garinii N22
OR284812 Borreliella garinii N130
CP075407 Borreliella garinii J21
OR284813 Borreliella garinii N141
CP003151 Borreliella garinii BgVir

92f- MW963152 Borreliella bavariensis BbavV1/WM16-17

— OR284809 Borreliella garinii N11
0.02 811pQ188918 Borreliella garinii JW1
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16S

AY166715 Borrelia lonestari
LC656247 Borrelia theileri Nt26

OR226550 Borrelia miyamotoi N16
OR226551 Borrelia miyamotoi N34
CP036726 Borrelia miyamotoi Yekat-31
OR226549 Borrelia miyamotoi N8
CP004217 Borrelia miyamotoi FR64b
MT633575 Borrelia turicatae CSB

U42284 Borrelia anserina

GQ202264 Borrelia hispanica 6HOJ06
AF107367 Borrelia recurrentis A1
JF681792 Borrelia microti Abyek

JF681793 Borrelia latyschewii S

GU350713 Borrelia crocidurae Achema
AF107366 Borrelia duttonii Ma

CP009910 Borreliella chilensis VA1

NR118689 Borreliella andersonii 21038

— NR158115 Borreliella lanei CA28-91

EU081287 Borreliella americana SCW-42b
CP015780 Borreliella mayonii MN14-1420
D67020 Borreliella tanukii

88~ OR226557 Borreliella afzelii N136
CP075216 Borreliella afzelii JAASAAF1010
MW301935 Borreliella valaisiana 5
LC572075 Borreliella yangtzensis 1G-219
NR025873 Borreliella turdiYa501
NR104871 Borreliella spielmanii PC-Eq17N5
MW301934 Borreliella burgdorferi 201
NR024713 Borreliella sinica CMN3
KY563140 Borreliella bissettiae 12-454

90| CP003866 Borreliella garinii NMJW1
OR226552 Borreliella garinii N11
CP075246 Borreliella bavariensis JAASAAF1016
OR226556 Borreliella garinii N141

84| 'CP003151 Borreliella garinii BgVir
OR226553 Borreliella garinii N22

OR226554 Borreliella garinii N74

CP028861 Borreliella garinii 20047
AY342031 Borreliella garinii PD89
CP075407 Borreliella garinii J21

CP075228 Borreliella garinii JAASAAM1086
g2] OR226555 Borreliella garinii N130

NR148824 Borreliella californiensis CA446
NRO036806 Borreliella lusitaniae Poti B2

0.002
76

Fig. 7 Phylogenetic trees based on the nucleotide sequences of flaB and 16S rRNA genes of Borrelia miyamotoi and Borreliella spp.

persulcatus is only second to H. longicornis as the carrier
of tick-borne agents [1].

All three Rickettsia species in this study are well-recog-
nized human pathogens. Candidatus Rickettsia tarasevi-
chiae is first detected in I persulcatus ticks from Russia
in 2003 [19]. After then, tens of human cases infected by
this Rickettsia were reported in Heilongjiang (northeast
China) and Henan (eastern central China) provinces,
with the major symptoms of fever, malaise, and anorexia
[20, 21]. As previously reported, the tick hosts of Ca.
Rickettsia tarasevichiae are L persulcatus, 1. sinensis, H.
longicornis, H. concinna., and D. silvarum [1]. It is of note
that in this study, the positive rate in different tick hosts
varies dramatically, suggesting that the distribution and
density of I persulcatus may be the major risk factors
for Ca. Rickettsia tarasevichiae infections. Rickettsia hei-
longjiangensis and R. raoultii are both spotted fever group
Rickettsia. As the etiologic agent of Far-Eastern spotted
fever, R. heilongjiangensis has been detected in multiple
tick species. However, it is most frequently reported in
H. concinna ticks, which is consistent with our results
[22]. Interestingly, we found two genotypes of R. raoultii
in D. silvarum. One is closely related to Rickettsia conorii
subsp. raoultii strain IM16. In contrast, the 16S, gltA, and
groEL genes of the other type all show different positions

in the phylogenetic trees. Rickettsia raoultii infections
in humans have been occasionally reported in China. In
2018, 26 human cases collected in three Medical Centers
from Henan, Shandong, and Inner Mongolia were deter-
mined infected with R. raoultii [23]. Most of the patients
only showed common nonspecific manifestations, such
as fever and malaise. Our result revealed the genetic
diversity of R. raoultii in this area. Their virulence and
infectivity still need further exploration.

Three Anaplasma species were identified in this
study. Except for A. bovis, all of them were detected
in I persulcatus ticks, indicating their host specific-
ity. Of those, A. phagocytophilum is considered the
most important human-pathogenic Anaplasma spe-
cies. Human cases infected by A. phagocytophilum
have been reported in multiple provinces of China [2,
24, 25]. In this study, two genotypes of A. phagocyt-
ophilum were identified. Although their 16S sequences
were 100% identical, they separated into two distinct
clades in the phylogenetic trees based on gltA and
groEL sequences. This result may suggest the long-term
evolution and recombination of A. phagocytophilum in
this area. Notably, the type I strain was detected in an
L persulcatus tick from a goat, while the type II strains
were all detected in I persulcatus ticks from cattle. It is
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of interest whether there are any relationships between
the animal hosts and the genetic types of A. phago-
cytophilum. In addition, a previously uncharacter-
ized Anaplasma species closely related to A. ovis was
detected. Herein we name it “Candidatus Anaplasma
mongolica”.

Ehrlichia muris is an agent of human ehrlichiosis. In
2009, an E. muris-like agent was identified as a causa-
tive agent of human ehrlichiosis in the United States
[26]. Although there have been several reports of E.
muris in ticks from northeast China [27], only one single
sequence was available in the GenBank Database to date.
Our result may provide some information on the distri-
bution and genetic characteristics of E. muris in China.
Although no human cases infected by E. muris have been
reported in China, our data suggest the potential risk of
ehrlichiosis in this area. Out of our expectation, Candi-
datus Lariskella sp. belonging to the family Candidatus
Midichloriaceae, the order Rickettsiales, was detected.
In 2004, Candidatus Lariskella arthropodarum has been
detected in acutely febrile patients who have been bit-
ten by Ixodes ticks in the Far East of Russia, suggesting
that it may be a potential tick-borne human pathogen
[28]. In 2022, we detected Candidatus Lariskella sp. in
Ixodes ticks from Guizhou Province, Southwest China,
and obtained the gltA and groEL sequences of the genus
Ca. Lariskella for the first time. We name it “Candidatus
Lariskella guizhouensis” [9]. However, in this study, the
16S sequences of Ca. Lariskella strains we detected were
100% identical to Ca. Lariskella arthropodarum, while
the gltA sequences were 100% identical to Ca. Lariskella
guizhouensis in the absence of those of Ca. Lariskella
arthropodarum strains. Based on the current data, it is
hard to determine whether the detected strains should
be classified as Ca. Lariskella arthropodarum or Ca. Lar-
iskella guizhouensis. Actually, it is also quite possible that
these two species be the same species.

Borrelia miyamotoi is an etiologic agent of relapsing
fever. In 2021, an investigation performed in the same
area reported B. miyamotoi infections in both ticks and
humans [16]. Our result confirmed the circulation of B.
miyamotoi in this area. In addition, B. afzelii and B. gari-
nii were also detected. Borreliella garinii is the agent
of Lyme disease widely distributed in China. To date,
it has been reported in Heilongjiang, Jilin, Liaoning,
Hebei, Inner Mongolia, Gansu, Zhejiang, and Xinjiang
provinces in China, mainly located in north China [29,
30]. In this study, a high prevalence (8.08%) of B. garinii
was observed in I persulcatus ticks. Additionally, the
detected strains showed considerable genetic polymor-
phism. Although Lyme disease is rarely reported in this
area, our results suggest that local people may be at risk
of Lyme disease infection.
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To be noticed, environmental factors may affect the
distribution of tick species, thus affecting the diversity
and abundance of tick-borne pathogens. In this study,
all the ticks were collected in forest areas of the Greater
Khingan Range, Northeast China. Accordingly, most
of the ticks (. persulcatus and H. concinna) collected in
this study ecologically fit biogeographic zones covered by
coniferous forests with strong seasonality in temperature.
As previously reported, I persulcatus and H. concinna
harbor an extremely high variety of tick-borne agents
[1]. In this study, the remarkable diversity and abundance
of tick-borne pathogens were identified, which is highly
consistent with previous studies. This result also suggests
that similar biogeographic zones may also warrant sur-
veillance of tick-borne pathogens.

There are some limitations in this study. First, all the
ticks were collected from a few domestic animals in one
site, and the sample size was also small. Therefore, the
tick species and the pathogens they carried may not be
representative of this area. Second, because all the ticks
were removed from domestic animals, it is possible that
the detected pathogens are from the blood meal of ticks
instead of the ticks themselves. In further study, testing
tick-borne pathogens in host-seeking ticks and domestic
animals may provide more useful information.

Conclusion

In conclusion, 11 tick-borne bacterial pathogens were
identified in Yakeshi City, Inner Mongolia. Some of them
showed a high prevalence (Ca. Rickettsia tarasevichiae)
and diverse genotypes (R. raoultii and A. phagocytophi-
lum). These data suggest that Yakeshi City might be a
potential hotspot of tick-borne diseases.
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