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The prevalence, evolution, and disease risk of pathogenic tick-borne viruses
(TBVs) remains poorly understood in northwest China and adjacent countries,
which are endemic for several TBVs of public health importance. Herein, we
perform meta-transcriptomic sequencing of >9600 ticks collected across this
vast geographic area to identify 92 RNA viruses and assemble 1567 viral gen-
omes from 28 different tick species, including ten human- and mammal-
infecting TBVs. Tacheng tick virus 1 (TcTV-1), Tacheng tick virus 2 (TcTV-2),
Tamdy virus (TAMV), and Crimean-Congo hemorrhagic fever virus (CCHFV)
are the most common human-infecting TBVs detected. We also report several
pathogenic TBVs not previously identified in China (Burana virus and Bhanja
virus), Kazakhstan (TcTV-1), and northwest China (Wad Medani virus and
Alongshan virus). We predict a significant increase in the number of high-risk
regions for the four major tick vectors of pathogenic TBVs, and the distribu-
tion of TAMV, TcTV-1, TcTV-2, and CCHFV, with 65.4% of the counties in this
region identified as high risk for CCHFV. Therefore, the real disease burden
caused by TBVs in northwest China and adjacent countries may be more
underestimated than appreciated, and we call for strengthened field surveys
and epidemiological surveillance in this vast region.

Ticks are second only to mosquitoes as vectors of human infectious
diseases”. There are more than 900 recognised species of ticks
worldwide® that transmit over 100 viral, bacterial and parasite patho-
gens to humans and other mammals®, including tick-borne viruses
(TBVs) such as Crimean-Congo haemorrhagic fever virus (CCHFV)’,
Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV)® and
Alongshan virus (ALSV). Largely due to the increased threat posed by
arthropod-borne viral diseases®® and viromic surveys facilitated by
meta-transcriptomic sequencing, our knowledge of the genetic diver-
sity of TBVs has significantly increased in the past two decades' ™.

In total, 124 tick species and over 100 tick-borne agents have been
described in China*. Most regions in northwest China have a high
diversity of tick species, including the Xinjiang Uygur Autonomous
Region (XUAR), Gansu province, Qinghai province, the Ningxia Hui
Autonomous Region and the Inner Mongolia Autonomous Region
(IMAR). Indeed, more than one-third of the tick species described in
China can be found in the XUAR". Importantly, several human- and
mammal-infecting TBVs have also been identified in northwest China,
and related human cases have been documented, including
those associated with the well-studied CCHFV”, as well as the
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newly-discovered Tacheng tick virus 1 (TcTV-1)'* and Tacheng tick virus
2 (TcTV-2)". In addition, Asian countries adjacent to northwest China
have also faced a serious public health threat from TBVs. Aside from
the epidemics caused by CCHFV in Pakistan, tick-borne encephalitis
has been documented in both Kyrgyzstan and Mongolia. Also of note
are the zoonotic TBVs Burana virus (BURV), Dhori virus (DHOV) and
Tamdy virus (TAMV) that have been identified in ticks in
Kyrgyzstan'®'’, and Uzbekistan?® and confirmed to be infectious to
humans or mammals® %, Considering the high diversity of both tick
species and TBVs and the paucity of systematic sampling, as well as the
large population engaged in livestock husbandry in northwest China
and adjacent countries, a fuller understanding of the hidden diversity
and distribution of ticks and TBVs, particularly to delineate the disease
risk and burden of zoonotic TBVs in this vast area, is clearly warranted.

Despite these public health risks, our knowledge of the diversity,
geographical distribution, and transmission risk of TBVs in northwest
China and adjacent countries is limited. Herein, we collected >100,000
ticks and performed meta-transcriptomic sequencing of >9600 ticks to
characterise their viromes, with the specific aim of documenting the
presence of potentially pathogenic TBVs. We also performed a com-
prehensive literature search and built a database of tick species and TBVs
in this region, then used this information to perform ecological model-
ling to map the presence of major tick species and four important TBVs.

Results

Distribution of the ticks and tick species diversity

We collected 100,406 ticks from 53 counties in XUAR (n = 85,960), two
counties in IMAR (n=1602), two counties in Qinghai (n=475), three
counties in Gansu (n=55), China and 22 counties in Kazakhstan
(n=12,314), from 2012 to 2024 (Fig. 1). Based on the morphological
characterisations and the COI gene comparison, the ticks were classified
into 28 tick species from 7 genera: 7 species in the genus Dermacentor
(n=50,120, 49.92%), 5 species in Hyalomma (n= 37,666, 37.52%), 3 spe-
cies in Rhipicephalus (n=7289, 7.26%), 6 species in Haemaphysalis
(n=2876, 2.86%), 2 species in Argas (n = 2153, 2.14%), 4 species in Ixodes
(n=205, 0.20%) and 1 species in Ornithodoros (n=97, 0.10%) (Fig. 1,
Supplementary Data 1 and 2). A total of 55,345 blood-feeding ticks from
the genera Dermacentor, Haemaphysalis, Hyalomma, Rhipicephalus and
Argas were collected from domestic animals: sheep (n=26,965), cattle
(n=17,516), camels (n=5266), horses (n=3994), dogs and -cats
(n=1100) and poultry (n = 504). A total of 2824 blood-feeding ticks from
seven genera were collected from wild animals: small rodents (n =1151)
including Rhombomys opimus (n=850), Spermophilus undulatus
(n=209), Spermophilus dauricus (n=39), Rattus pyctoris (n=22), Nivi-
venter confucianus (n=17), Apodemus agrarius (n=9), Apodemus draco
(n=4), Meriones meridianus (n=1) and other wild animals Vormela
peregusna (n=>584), Lepus yarkandensis (n=523), Ochotona curzoniae
(n=386), Pipistrellus pipistrellus (n=67), Vulpes vulpes (n=62), Hemi-
echinus auritus (n=28), Meles leucurus (n=15), Lynx lynx (n=35) and
Anourosorex squamipes (n =3) (Supplementary Data 1). In addition, one
tick (Hy. asiaticum) was collected from a patient®.

The literature-based data provided essential supplementary
information for the tick species included in the ecological modelling—
D. marginatus, D. nuttalli, D. silvarum and Hy. asiaticum. This integra-
tion enabled a robust and precise modelling analysis, particularly for D.
silvarum, as ecological modelling for this species would not have been
feasible without the literature-based data (Supplementary Table 1). In
addition, the diversity of tick species and their spatial distribution
increased significantly when our field survey data were combined with
literature-based data (Supplementary Data 3). Overall, 105 tick species
from 11 genera were identified in 404 counties from the studied
regions in China and neighbouring countries. The most widely dis-
tributed tick species was Hy. anatolicum found in 131 counties, fol-
lowed by Hy. asiaticum in 122 counties, and D. nuttalli in 120 counties

(Supplementary Data 4). For 34 counties from Pakistan and 29 counties
from China (XUAR, n = 25; Gansu, n = 3; IMAR, n=1), each reported >10
tick species, representing tick diversity hotspots. Notably, over 20 tick
species were recorded in the Charsadda and Peshawar regions of
Pakistan, while Wen county in Gansu and Kashgar city in XUAR
reported 15-19 tick species (Supplementary Fig. 1).

Identification, composition and prevalence of RNA viruses

in ticks

A total of 9610 samples of 20 tick species from 30 counties were
pooled into 515 sequencing libraries, with 1-80 ticks per pool (Sup-
plementary Data1and 5). Meta-transcriptomic sequencing generated a
total of -3.42 Tb raw data, ranging from 15,360 to 86,640,235 reads per
library (Supplementary Data 5).

Accordingly, analyses of the assembled viral contigs from each
library revealed 92 RNA virus species belonging to 19 defined virus
families and unclassified families (Fig. 2 and Supplementary Data 6 and
7), from which 1567 full-length or near-complete genomes were
obtained (Supplementary Data 6). The genome sizes of the RNA viru-
ses identified in this study ranged from 2.3 Kb for Korla tick mitovirus
to 19.8 Kb for Bachu tick virus 2, with most falling within 4-12Kb.
Among these, 56 viruses exhibited over 90% amino acid (aa) similarity
in the RNA-dependent RNA polymerase (RdRp) protein or typical
conserved domain to known viruses, and fell into 12 families: Chuvir-
idae, Flaviviridae, Hepeviridae, Iflaviridae, Lispiviridae, Nairoviridae,
Orthomyxoviridae, Partitiviridae, Peribunyaviridae, Phenuiviridae,
Rhabdoviridae and Totiviridae. The remaining 36 viruses were more
divergent, exhibiting 29.17-88.49% aa identities to known viruses,
thereby meeting the criteria (i.e. <80% nucleotide identity across the
complete genome or <90% aa identity of the RdARp domain with known
viruses) to be classified as novel virus species (Table 1 and Supple-
mentary Data 7).

The most common virus detected was Bole tick virus 1 (BLTV1,
family Phenuiviridae), found in 222 pools (43.1% of all pools) from four
tick species (D. marginatus, Hy. anatolicum, Hy. asiaticum and R. tur-
anicus) collected in 15 counties. Taishun tick virus (TSTV) (Rhabdo-
viridae) was detected in 184 pools (35.7%) from seven tick species (D.
marginatus, Ha. Punctata, Hy. anatolicum, Hy. asiaticum, Hy. detritum,
Hy. scupense and R. turanicus) collected in 18 counties, followed by
Bole tick virus 4 (BLTV4) (n=162, 31.4%), Bole tick virus 3 (BLTV3)
(n=144, 28.0%), Bole tick virus 2 (BLTV2) (n=126, 24.5%), Tick phle-
bovirus (n=109, 21.2%) and Brown dog tick phlebovirus 1 (n=104,
20.2%) (Supplementary Data 6). Other viral families, such as the
Dicistroviridae (n=6, 116%), Iflaviridae (n=9, 1.74%), Orthomyxovir-
idae (n =8, 1.55%) and Sedoreoviridae (n =1, 0.19%) were less frequently
detected. Several nairoviruses, including BURV, CCHFV, Nairoviridae
sp., TAMV, Wusu tick nairovirus, novel Awat tick nairovirus (ATNV) and
TcTV-1, were detected in the tick genera Dermacentor, Haemaphysalis
and Hyalomma, but not in Rhipicephalus and Argas (Fig. 2).

Hy. asiaticum harboured the highest diversity of TBVs, with up to 38
virus species. Other tick species that carried more than 15 TBVs included
R. turanicus (n=230), D. marginatus (n=23), Hy. anatolicum (n=17) and
A. persicus (n=15). Viruses from the Phenuiviridae and Rhabdoviridae
and several unclassified viruses, were the most widely distributed
among different tick species, and showed relatively high abundance
(Fig. 2). For example, the viral family Phenuiviridae, including BLTV1,
Brown dog tick phlebovirus 1, Changping Tick Virus 1, Dermacentor
reticulatus uukuvirus, Kharabali tick phlebovirus, Qinghai Lake uuku-
virus, TcTV-2, Gonghe tick phlebovirus (GTPV), Tick phlebovirus and
Xinjiang tick phlebovirus, was detected in 14 tick species (Supplemen-
tary Data 6).

Otyrar county in Turkistan (Kazakhstan) was the location with
the highest variety of TBVs (n = 38). Other counties that carried more
than 15 TBVs included Bachu county (n=21), Shihezi city (n=22),
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Fig. 1| Overview of the ticks analysed in this study. a Geographic distribution of
the ticks collected in northwest China and Kazakhstan. Shading colour represents
the number of ticks collected at each location. Each sampling site is geo-referenced
to the China and Kazakhstan maps based on its latitude and longitude. The Chinese

provinces unsampled are shown in grey. b Numbers of the pools for meta-
transcriptomic sequencing per sampling location. Colours indicate the unfed/
blood-feeding status of the ticks.

Tumxuk city (n=20), Tacheng city (n =18) and Yining city (n=15) in
XUAR, China, respectively. The literature-based data provided
essential supplementary information for the four human-infecting
TBVs included in the ecological modelling—CCHFV, TAMV, TcTV-1
and TcTV-2. Indeed, ecological modelling for CCHFV, TAMV and
TcTV-2 would not have been feasible without the literature-based
data (Supplementary Table 2). Furthermore, the diversity of TBVs
and their spatial distribution increased significantly when our field
survey data were combined with literature-based data (Supplemen-
tary Data 8). A total of 106 TBVs were identified across 161 counties in
China and neighbouring countries. The Otyrar region in Kazakhstan
recorded 38 TBVs, while Bachu county in XUAR, China, reported 24
TBVs (Supplementary Fig. 2). The most widely distributed TBV was
CCHFV, found in 118 counties, followed by tick-borne encephalitis
virus (TBEV) in 27 counties, and TSTV in 23 counties (Supplemen-
tary Data 9).

Composition and prevalence of human- or mammal-

infecting TBVs

Among the 92 TBVs identified, 10 were associated with human and/or
other mammalian infection—ALSV, BURV, CCHFV, DHOV, TAMV, TcTV-
1, TcTV-2, Alxa tick phlebovirus (ATPV), Bhanja virus (BHAV) and Wad
Medani virus (WMV)—with the recently described TBVs ATNV and
GTPV also considered to pose a threat to public health (Table 1). Three
of these viruses (ALSV, ATPV and TAMV) were detected in IMAR, GTPV
was detected in Qinghai, TcTV-1 and TcTV-2 were detected in
Kazakhstan, and 10 pathogenic TBVs (with the exceptions of ALSV and
GTPV) were found in XUAR.

BURV, CCHFV, TAMV and TcTV-1 fell within the family Nairovir-
idae. Three of the 515 libraries (0.58%) tested positive for BURV, and
three complete or near-complete genome sequences were generated.
BURYV was not previously identified in China. The three positive pools
were from Ha. punctata ticks collected from Shihezi city (n=2) and
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Fig. 2 | Distribution and abundance of the tick-associated viruses by tick spe-
cies. The abundance of the tick-associated viruses is represented as a logarithm of
the number of mapped viral reads per million total reads (RPM). Each column
represents a different tick species from the geographic regions studied, while each
row represents a virus species. The tick genus marked with an asterisk indicates that
more than one species was mixed into a pool: Dermacentor*—mixture of D. sinicus
and D. everestiamus, or D. sinicus and D. silvatum; Haemaphsalis*—mixture of Ha.
sulcata and Ha. lagostrophi; Hyalomma*- mixture of Hy. anatolicum and Hy.

-ssRNA
1
1
i

D&‘\ NN 0\35 & 4 TR N R

S QQ d &
o_, QQ, & \) N
NS 3

| Tacheng tick virus 4
Bole tick virus 3
L Hebei mivirus 1
N Otyrar tick mivirus
Tumxuk tick associated virus
| Tacheng tick virus 6
Burana virus A
Crimean-Congo haemorrhagic fever virus A
Nairoviridae sp.
| l'acheng tlck virus 1 A
Tamdy vi A
Awat nck nalrowrus A
Wausu tick nairovirus
Dhori thogotovirus ~ &
Otyrar tick orthomyxovirus
Yushu Ortho tick virus 1
Zhangye tick virus 1
Alxa tick phlebovirus &
Bhanja virus A
| I Brown dog tick phlebovnrus 1
Changping tick viru: 5.00
BN B Kharabali tick ph\ebovlrus
Tacheng tick virus
Bonghe tick phlebovirus
| NN Tick phlebovirus
Xinjiang tick phlebovirus
Bole tick virus 1
Dermacentor rehculalus uukuvirus
Qinghai Lake uukuvi
Bachu tick rhabdowus 1
Bole tick virus 2
Qinghe tick rhabdovirus
Xinjiang tick rhabdovirus
Bachu tick rhabdovirus 2
Tumxuk tick rhabdovirus
Dermacentor reticulatus rhabdovirus 1
Jinghe tick associated virus
Otyrar tick rhabdovirus 1
Otyrar tick rhabdovirus 2
Shihezi tick rhabdovirus
Tacheng tick virus 3
Tacheng tick virus 7
| EEEESS W Taishun tick virus
Yushu Rhabd tick virus 2
| Tacheng tick virus 5
Shihezi tick barnavirus
Tacheng tick botourmiavirus
Alongshan virus
Flaviviridae sp.
NI Xinjiang tick virus 1
Yanggou tick virus
Hepeviridae sp.
Iflaviridae sp
Korla tick mitovirus
Tacheng tick narnavirus 1
Tacheng tick narnavirus 2
Xinjiang tick narnavirus
Xinjiang tick tombusvirus
Bachu tick virus
Bole tick virus 4
Otyrar tick associated virus
Tacheng tick virus 8

Gonghe tick associated virus
Jinghe tick partitivirus
B?rg(l’\\;‘lrlgae sp.
lad Medani virus A

[ | onestar tick totivirus

Otyrar tick totivirus
- Totiviridae sp.

Xinjiang tick totivirus 1
Xinjiang tick totivirus 2
Kashgar Reovi tick virus 1
Yanbian Reovi tick virus 4

NN Aketao tick virus 2
Bachu tick associated virus
Bole hyalomma asiaticum virus 1
Eskeldi tick virus 1
Eskeldi tick virus 2
| Hubei tick virus 2
NN Liman tick virus
B Otyrar sobemo-like virus
Bachu tick virus 1
| Otyrar tick virus 2
| Otyrar tick virus 3
|
|

Province in China
,,,,,,, Kazakhstan

A Wirus of concern
Novel virus

RPM (log2)
20.00

15.00

10.00

N 0.00

Taxonomy

Chuviridae
Dicistroviridae

W Lispiviridae
Nairoviridae

M Orthomyxoviridae
Peribunyaviridae
Phenuiviridae

B Rhabdoviridae

I Barnaviridae
Botourmiaviridae
Flaviviridae
Hepeviridae

W iflaviridae
Mitoviridae

W Narnaviridae
Tombusviridae
Partitiviridae

B Sedoreoviridae
Totiviridae
Unclassified

Otyrar tick virus 4
Otyrar tick virus 5
Qinghai Lake virus 1
Shihezi tick virus 1
Xinjiang sobemo-like virus
- Xinjiang tick associated virus 1
Xinjiang tick associated virus 2
Xinjiang tick associated virus 3

asiaticum; Hyalomma**—mixture of Hy. asiaticum and Hy. scupense. Sampling sites
are shown at the provincial level at the top. Tick taxonomy (species) and virus
taxonomy (family) are shown at the bottom and left, respectively, and the colours
of the strips on the left indicate the virus family. Red triangles indicate ‘viruses of
concern’, defined as those that are pathogenic or potentially pathogenic to humans
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Huocheng county (n =1), XUAR (Table 1, and Supplementary Data 6). In
addition, CCHFV was identified in Hy. asiaticum in 10 positive pools
(1.94%): Korla city (n=5), Aksu prefecture (n =2), Kashgar city (n=2) in
southern XUAR and Altay prefecture (n =1) in northern XUAR. Only 12
libraries (2.33%) tested positive for TAMV, and eight complete or near-
complete genome sequences were generated from Hy. asiaticum col-
lected in Alxa Left Banner (n=35), Bachu county (n=1), Dabancheng
district (n=1) and Korla city (n=1). In addition, 21 libraries (4.08%)
tested positive for TcTV-1, with 12 complete or near-complete genome
sequences obtained. Positive samples were identified from the tick
species D. marginatus, D. niveus and D. nuttalli collected from Tacheng
city (n=9), Jinghe county (n=6), Wenquan county (n=1), Yanqi Hui
Autonomous county (n=1) and Yining city (n=1), China, as well as
Eskeldi (n=1), Otyrar (n=1) and Sayram (n=1), Kazakhstan,

respectively. This represents the definite identification of TcTV-1 in
Kazakhstan. Additionally, a novel virus species from the genus Ortho-
nairvirus was identified from four pools of Hy. asiaticum collected in
Awat county, XUAR. This virus sequence shared the closest relation-
ship (79.89% aa similarity in RdRp) with the TAMV strain LEIV-1308Uz,
and was named ATNV (Table 1).

BHAV and TcTV-2 belong to the family Phenuiviridae. BHAV was
first isolated from ticks (Haemaphysalis intermedia) in India in 1954,
and a human laboratory BHAV infection was reported in the USA”. We
identified four BHAV from Ha. punctata infesting cattle and sheep
collected from Shihezi city (n = 3) and Huocheng county (n=1) (Table 1
and Supplementary Data 6). To our knowledge, BHAV was not identi-
fied in China and also in Ha. punctata ticks before this study. We
identified 17 libraries (3.30%) that tested positive for TcTV-2, from
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Table 1| Human- and mammal-infecting viruses, and novel TBVs identified in this study

99.45
95.64

2189
596

Uukuvirus

Phenuiviridae

17

17

3.30
0.19

TcTV-2
WMV

Orbivirus

Sedoreoviridae

D. marginatus, R. turanicus and Haemaphysalis sp. Ticks collected from
Tacheng city (n=9), Yining city (n=4), Shihezi city (n=1) and Yanqi
Hui Autonomous county (n=1), China, as well as Eskeldi (n=1) and
Sayram (n=1), Kazakhstan, respectively, from which 17 complete or
near-complete genome sequences were obtained. A novel virus spe-
cies from the genus Uukuvirus (Phenuiviridae) was identified from two
pools of Dermacentor ticks collected in Gonghe county, Qinghai,
China. It shared the closest (74.12% aa similarity in the RdRp) rela-
tionship with TcTV-2 strain TY1 isolated from a patient’s blood", and
was named GTPV (Table 1). In addition, another TBV belonging to the
family Phenuiviridae—ATPV—was identified from one pool collected
from Korla city and seven pools from Alxa Left Banner (1.55%), repre-
senting the identification of ATPV in XUAR, China. ATPV was only
isolated from Dermacentor and Hyalomma ticks in Alxa Left Banner
and Alxa Right Banner in 2022".

ALSV was first identified to be associated with human disease in
northeast China’, and has now been found in mammalian hosts and
ticks, including Ixodes persulcatus and Ixodes ricinus in multiple
countries outside of Asia*. Notably, two pools of Hy. asiaticum col-
lected from a Bactrian camel from Alxa Left Banner tested positive
for ALSV. Two near-complete genome sequences were generated
(Table 1 and Supplementary Data 6), representing the identification
of ALSV in western IMAR as well as in Hy. asiaticum. The infected
camel may be a potential source of ALSV, and the ALSV detected
might originate from Hy. asiaticum feeding on a viremic camel. Both
the tick-transmitted DHOV and Thogoto virus (THOV) have been
known to cause human infections, with clinical manifestations ran-
ging from benign febrile symptoms to meningoencephalitis®, and
have been identified in both China and Kyrgyzstan'. Two pools of D.
marginatus from Tacheng city and the lli region tested positive for
DHOV, and one set of near-complete genome sequences of PA, PB1,
PB2, NP, M and GP were assembled (Table 1). Finally, one pool of Hy.
asiaticum tested positive for WMV, which can be transmitted by a
range of hard ticks and cause pathogenesis within mammalian cell
lines and mice*”°. The positive library was from Tumxuk city, and
near-complete genome sequences of VP2-VP7 and NSI-NS3 were
assembled (Table 1).

Evolution of human- or mammal-infecting TBVs
We next evaluated the evolutionary history of the 12 important TBVs
(Fig. 3 and Supplementary Figs. 3-12). Phylogenetic analyses of 351 full-
length CCHFV genome sequences globally (Supplementary Data 10)
indicated that the NP gene of CCHFV could be placed into eight lineages:
Asia 1-2, Africa 1-3 and Europe 1-3 (Fig. 3a and Supplementary Fig. 3). The
NP gene of our five sequences fell within the Asia 2 lineage. JMNO1 and
XMLLC14 formed a distinct sub-lineage with four sequences from
Uzbekistan and Kazakhstan. The GP gene of CCHFV could be placed into
10 lineages, comprising Asia 1-4, Africa 1-3 and 3* and Europe 1-2 (Fig. 3a).
Five sequences—XHYYL8 and KELMLO1-KELMLO4—fell within the Asia 4
lineage, while JMNO1, XHYYJ2 and XMLO9 fell within the Asia 2 lineage.
XMLLC14 fell within the Africa 3 lineage (Fig. 3a). Eight lineages were also
present in the phylogenetic tree of the RdRp gene (Fig. 3a). XHYYLS8 and
XHYY]J2 fell into the Asia 1 and Asia 2 lineages, respectively. JMNOI1,
XMLO9 and XMLLC14 fell into the Asia 3 lineage. Taken together, the
newly identified CCHFV sequences belonged to four genotypes,
including two known genotypes: Asia 2-Asia 2-Asia 2 (XHYYJ2), and Asia
2-Asia 2-Asia 3 JMNO1, XML09), and two novel genotypes: Asia 2-Asia 4-
Asia 1 (XHYYLS8), and Asia 2-Africa 3-Asia 3 (XMLLC14) (Fig. 3b).
Phylogenetic analyses similarly revealed that the TAMV sequences
identified here formed a distinct sister clade to the lineage of TAMV
and Wanowrie virus previously reported (Fig. 3c and Supplementary
Fig. 4). Phylogenetic analyses of the RdRp gene of the newly identified
TcTV-1 viruses revealed two clusters: one in D. marginatus and D.
niveus, as well as the reference strain QH1 associated with human
infection, and another cluster comprising sequences in D. marginatus
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Fig. 3 | Phylogenetic analyses of pathogenic human-/mammal-infecting TBVs.
a Phylogenetic trees of the CCHFV NP (left), GP (middle), and RdRp (right) genes.
Genotypes are labelled and shaded in different colours. b Genotypes of the CCHFV
sequences obtained in this study. The three gene segments (shown as horizontal
bars starting from top to bottom of the ‘virion’) are NP, GP and RdRp. Different
colours of the gene segments represent different virus lineages. The two novel
genotypes are denoted with red stars. c-k Phylogenetic trees of the 11 important
TBVs discovered in this study. In all trees, the viruses identified here are marked
with solid circles (known viruses) and triangles (novel viruses), and the colours
represent different tick species. The asterisk (*) in panel ¢ represents the Wanowrie

----- Identified in China

..... Identified in countries
adjacent to China

~~~~~ Identified in other countries

h DHOV GP

virus. Branch colours represent the isolation country: China in red, adjacent
countries in green, and other countries in black. The isolation continents of all the
viruses are also highlighted with different colours. Trees are midpoint-rooted, and
the scale bars represent the number of nucleotide substitutions per site. Bootstrap
values >70% are shown for major nodes. ALSV Alongshan virus, ATNV Awat tick
nairovirus, ATPV Alxa tick phlebovirus, BHAV Bhanja virus, BURV Burana virus,
CCHFV Crimean-Congo haemorrhagic fever virus, DHOV Dhori virus, GTPV Gonghe
tick phlebovirus, TAMV Tamdy virus, TcTV-1 Tacheng tick virus 1, TcTV-2 Tacheng
tick virus 2, WMV Wad Medani virus. (See Supplementary Figs. 3-12 for each tree in
detail).

collected from cattle in this study (Fig. 3d and Supplementary Fig. 5).
Phylogenetic analysis also revealed that the TcTV-2 sequences identi-
fied here grouped with those from China, as well as those from
Romania and Turkey. In addition, GTPV formed a distinct sister clade
(Fig. 3e and Supplementary Fig. 6).

In the phylogenetic trees of ALSV (Fig. 3f and Supplementary
Fig. 7), ATPV (Fig. 3g and Supplementary Fig. 8), and DHOV (Fig. 3h
and Supplementary Fig. 9), most of the newly identified sequences
were grouped within previously described viruses from China. The
NS5-like protein of ALSV detected in Hy. asiaticum in this study
shared 99.11% amino acid identity with the ALSV strain NE-TH4 found
in Ixodes persulcatus, and clustered closely with NE-TH4 and other
strains also from /. persulcatus identified in China (Fig. 3f and Sup-
plementary Fig. 7). Hence, this may simply reflect feeding on a vire-
mic camel host. In the phylogenetic trees of BURYV, the three novel
Chinese sequences clustered with a Kyrgyzstan sequence
(NC_0434397-NC_043439), the only one available in GenBank (Fig. 3i
and Supplementary Fig. 10). Similarly, in the phylogenetic trees of
BHAV (Fig. 3j and Supplementary Fig. 11), the viruses newly described
formed a separate and novel clade, although this may reflect a lack of
reference viruses. However, the novel Chinese WMV sequences
clustered with previously described viruses from Tajikistan, Turk-
menistan and Azerbaijan in the phylogenetic trees of VP3 and other
genes (Fig. 3k and Supplementary Fig. 12). Generally, phylogenetic
analyses of the 12 viruses estimated using maximum likelihood (ML)
and Bayesian methods revealed consistent results (Supplementary
Figs. 3-12).

Risk map for tick species

Risk maps were projected for four tick species that serve as primary
vectors for four human- and mammal-infecting TBVs with sufficient
data for modelling (Supplementary Table 3). In the main analysis, the
BRT model used all tick data (1950-2024) as dependent variables, and
risk factors comprised climatic, land type and livestock as independent
variables (Supplementary Table 4). Since over 90% of the tick sampling
records in our comprehensive data set spanned from 1980 to 2024
(Supplementary Fig. 13), climatic data between 1980 and 2024 were
used to derive bioclimatic predictors. After screening the multi-
collinearity among the 19 candidate predictors, four predictors—bio5
(max temperature of warmest month), bio8 (mean temperature of
wettest quarter), biol0 (mean temperature of warmest quarter) and
biol8 (precipitation of warmest quarter)—were included in the BRT
model as representative climatic risk factors (Supplementary
Figs. 14 and 15 and Supplementary Tables 5 and 6). After correcting
sampling bias by a logistic model (Supplementary Table 7), the models
were configured with the following parameters: for D. marginatus and
D. nuttalli, the models used a tree complexity of 7, a learning rate of
0.001 and a bag fraction of 0.7; for D. silvarum, a tree complexity of 5, a
learning rate of 0.001 and a bag fraction of 0.7 were applied; and for
Hy. asiaticum, a tree complexity of 5, a learning rate of 0.01 and a bag
fraction of 0.8 were applied (Supplementary Table 8). The estimated
average testing area under the curve (AUC) ranged from 0.80 to 0.87,
sensitivity ranged from 0.78 to 0.87 and specificity ranged from 0.70
to 0.84 (Supplementary Table 9), indicating modest support for the
projections. Importantly, the model predicted that high-risk counties
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for tick species were more extensive than currently observed (Fig. 4).
The number of counties with D. silvarum increased by 1327.3%
((942-66)/66 x100%), rising from 66 counties (observed) to 942
counties (predicted). This was followed by D. marginatus (1016.0%,
from 81to 904), D. nuttalli (871.7%, from 120 to 1166) and Hy. asiaticum
(665.6%, from 122 to 934) (Supplementary Table 10). All four tick
species showed a wide distribution across northwest China and
neighbouring countries. Specifically, D. marginatus demonstrated a
significant distribution potential in Kazakhstan and Kyrgyzstan
(Fig. 4a). D. nuttalli was projected to have high distribution potential
across the whole of Mongolia (Fig. 4b), and a similar distribution pat-
tern was also observed in D. silvarum, although with a probability of
less than 20% (Fig. 4c). Hy. asiaticum displayed a distinct distribution
pattern, primarily within latitudes 30°-50° N (Fig. 4d). Accordingly, the
modelled geographic area and population size of the four tick species
increased by 213.5% to 733.3%, and 584.8% to 1058.3%, respectively
(Supplementary Table 10). The relative contribution of risk factors
varied among tick species (Supplementary Table 11). The highest
contributing risk factors were the density of horses for D. marginatus
(11.1%), bio8 for D. nuttalli and D. silvarum (10.3% and 11.8%, respec-
tively), and the density of cattle for Hy. asiaticum (8.5%). The partial
dependence plots of risk factors with over 5% relative contribution
showed that different risk factors had different impacts on the
occurrence risk of ticks (Supplementary Figs. 16-19). Two additional
analyses, focusing on climatic and tick distribution data for periods
before 2010 and after 2010, were conducted. For all four tick species,
the modelled high-risk counties, geographic area and affected popu-
lation sizes were broader than the observed counts, supporting the
robustness of our modelling analyses (Supplementary Figs. 20 and 21
and Tables 12-14).

Risk map for TBVs
We also created risk maps for four human- and mammal-infecting TBVs
with abundant data for ecological modelling. In the main analysis, the

BRT model used all TBV data (1950-2024) as dependent variables, and
risk factors used in the modelling of ticks, along with two demographic
factors, as independent variables (Supplementary Table 4). The model-
predicted distribution of ticks was used to define the control counties
for the corresponding TBVs, and therefore, it was not included in the
model as an independent variable. The models were configured with
the following parameters: for CCHFV and TAMV, the models used a
tree complexity of 3, a learning rate of 0.01 and a bag fraction of 0.7;
for TcTV-1, a tree complexity of 7, a learning rate of 0.001 and a bag
fraction of 0.7 was applied; and for TcTV-2, a tree complexity of 3, a
learning rate of 0.005, and a bag fraction of 0.76 was applied (Sup-
plementary Table 15). The estimated average testing AUC ranged from
0.92 to 0.98, sensitivity ranged from 0.92 to 1.0 and specificity ranged
from 0.89 to 0.97, indicating highly accurate predictions (Supple-
mentary Table 16). The modelling results showed that high-risk
counties with TBVs were much more extensive than currently
observed (Fig. 5). The number of counties with TAMV increased by
2844.4% ((265-9)/9 x 100%), rising from 9 counties (observed) to 265
counties (predicted). This was followed by TcTV-2 (1,100.0%, from 15
to 180), CCHFV (733.9%, from 118 to 984) and TcTV-1 (311.1%, from 9 to
37) (Supplementary Table 17). Remarkably, 984 counties (65.4% of
1505) were identified as high risk for CCHFV (Fig. 5a). CCHFV exhibited
96.3% distribution potential in XUAR (104 of 108 counties predicted as
high-risk) and 68.2% (15/22) in Ningxia, 64.7% (33/51) in IMAR, 30.0%
(27/90) in Gansu, 18.69% (20/107) in Shaanxi and 15.56% (7/45) in
Qinghai, China. The distribution potential of CCHFV was also extre-
mely high in Afghanistan (91.8%, 301/328), Kyrgyzstan (88.6%, 39/44),
Pakistan (85.8%, 121/141) and Tajikistan (79.3%, 46/58). In contrast,
although lower in Kazakhstan (59.77%, 104/174) and Mongolia (49.55%,
167/337) compared to other countries, the CCHFV risks remained high
in these regions relative to those of other viruses. TAMV had a similar
but lower distribution potential compared to CCHFV and was pre-
dicted to affect 265 counties (17.6% of 1505) (Fig. 5b). TcTV-1and TcTV-
2 had a similar pattern, with high distribution potential in northern
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Fig. 5 | Modelling the distribution of the major zoonotic TBVs in northwest
China and adjacent countries. a-d Model-predicted probabilities of the presence
of CCHFV, TAMV, TcTV-1and TcTV-2, along with locations reporting their presence
(no matter they were reported as cases or detected in ticks). Counties with the
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TBVs in counties with recorded and model-predicted presence. Geographic range
of the map: 18°-57° N, 45°-140° E. CCHFV Crimean-Congo haemorrhagic fever
virus, TAMV Tamdy virus, TcTV-1 Tacheng tick virus 1, TcTV-2 Tacheng tick virus 2.

XUAR, China, and adjacent areas of Kazakhstan (Fig. 5c, d). Accord-
ingly, the predicted geographic area and affected population size of
the four TBVs increased by 320.4% to 1906.9%, and 297.9% to 1778.6%,
respectively (Supplementary Table 17). Overall, Alxa Left Banner in
IMAR and northern XUAR in China were identified as high-risk regions,
reporting at least four of the 12 high-risk TBVs, either through recorded
presence or classification as high-risk (Fig. 5e). The distribution pat-
terns of these TBVs were heavily shaped by the distribution of their
primary vectors (e.g. Hy. asiaticum for CCHFV and TAMV). The relative
contribution of risk factors varied among TBVs (Supplementary
Table 18). For CCHFV and TAMV, which have a single tick vector, the
built-up area and density of cattle were the most significant con-
tributing factors, with a maximum contribution of up to 26.8%. In
contrast, for TcTV-1 and TcTV-2, which are associated with multiple
tick vectors, horse density contributed 28.8% and 13.7%, respectively.
Similarly, the partial dependence plots showed that different risk fac-
tors had different impacts on the occurrence risk of TBVs (Supple-
mentary Figs. 22-25). For example, basically, the occurrence risk of
CCHFV, TAMV, TcTV-1 and TCTV-2 increased with the decrease in
precipitation of the warmest quarter (biol8). However, when the mean
temperature of the wettest quarter (bio8) exceeded 20 °C, the risk of
TAMV occurrence increased until reaching ~23 °C. In the additional
analyses for CCHFV before 2010 and all four TBVs after 2010, the
modelled high-risk counties, geographic area and affected population
size were generally consistent and also broader than the observed,

supporting the robustness of our modelling analyses (Supplementary
Figs. 26 and 27 and Tables 19 and 20).

Discussion

This is a systematic surveillance and assessment of tick species and
TBV diversity in northwest China and adjacent countries. Compared
to previous studies, sample collection was more systematic and
performed in 82 counties covering northwest China (XUAR, IMAR,
Qinghai and Gansu) and Kazakhstan, with the dominant tick vector
species for known zoonotic TBVs in this region chosen for meta-
transcriptomic sequencing. In addition, we performed a systematic
literature search using the terms ‘tick’, ‘tick-borne disease’, ‘tick-
borne virus’, ‘diversity’, ‘risk factor’, ‘northwest China’ and ‘Central
Asia’, in various combinations, to search studies published between
January 1950 and October 2024 in six major reference databases.
From this literature search, we identified 105 tick species from 11
genera in 404 counties from the studied regions in China and
neighbouring countries. Thus, the diversity of tick species and TBVs,
as well as their spatial distribution, increased when combining our
field surveys with the literature-based data. Finally, we identified 92
RNA viruses and assembled 1567 viral genomes from our collection
of 9610 samples of 20 tick species from 30 counties, including 10
viruses that infect or have the potential to infect humans and/or
other mammals, as well as two novel viruses closely related to
known pathogenic TBVs. Notably, BHAV and BURV were not
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previously reported in China, ALSV and WMV were not pre-
viously reported in northwest China, and TcTV-1 was never pre-
viously reported in Kazakhstan. CCHFV was predicted to have the
most extensive geographic distribution, approximating the dis-
tribution of its principal vector and reservoir ticks of the genus
Hyalomma®*'. The 10 CCHFV genome sequences generated here
belonged to four genotypes, including two novel genotypes defined
for the first time.

For decades, the geographic distribution of BHAV was thought to
cover southern and Central Asia, Africa, and southern (partially also
central) Europe®™!, with some genomic evidence for BURV in
Kyrgyzstan'®. These viruses have been detected in Ha. intermedia and
Rhipicephalus decoloratus, as well as in several cases of patients with
febrile illness. In Ha. punctata, we identified three BHAV sequences
from Shihezi city and one from Huocheng county in XUAR, China.
Moreover, we identified two BURV sequences from the same pools
from which two BHAV were detected, indicating an expansion of both
viruses into China. We also observed an expansion of the newly
documented pathogenic TBV, TcTV-1, into Kazakhstan, Central Asia.
These viruses should be included in the diagnostic assessment of
symptomatic cases associated with tick bites and vector surveillance
efforts. Of note, 43.1% of the pools tested positive for BLTV1, 28.0%
were positive for BLTV3, and 31.4% were positive for BLTV4. A wide
distribution range of these viruses may pose potential public health
risks that warrant further investigation and monitoring.

Our modelling predicts that the number of high-risk counties for
the four tick species will be 6.6-fold larger than currently observed
values. The relative contribution of risk factors varied among tick
species, and their impacts on the occurrence risk of ticks also varied.
Additionally, we identified several tick diversity hotspots in China and
Pakistan, highlighting the need for increased surveillance in these
regions as they may serve as reservoirs for novel TBVs.

The model-predicted number of high-risk counties for the four
human/mammal-infecting TBVs were also larger than observed, con-
sistent with previous studies**. CCHFV was predicted to have the
widest distribution potential, affecting >95% of counties in XUAR,
China, as well as >75% of the counties in a few adjacent countries,
excluding Kazakhstan and Mongolia. Similarly, the relative contribu-
tion of risk factors and their impacts on the occurrence risk of TBVs
also varied, suggesting the complicated biological and ecological fac-
tors jointly shaping the diversity of TBVs in northwest China and
adjacent countries.

Our study has some limitations. No Ha. longicornis and only 14 /.
persilcatus ticks were collected in this study, which might account for
the absence of SFTSV and TBEV. The absence of the tick species is
more likely due to habitat selection, seasonal mismatch, insufficient
sampling intensity and current niche shrinkage. /. persulcatus prefers
coniferous and broad-leaved mixed forests with humidity >80%°%,
while the sampling sites of this study were mainly shrub grasslands and
farmland edges, which were not suitable for the survival of . persul-
catus. Ha. longicornis was found in regions between 18°-53° latitude in
the northern hemisphere. The critical equilibrium relative humidity of
Ha. longicornis is about 85%, and if humidity drops below this thresh-
old, ticks will lose their water continuously***°. This might explain why
Ha. longicornis is mainly distributed in coastal areas, and Changji Hui
Autonomous Prefecture is the only recorded location of this tick in
XUAR, China*. Moreover, the grazing area of local cattle and sheep,
and the community structure of wild small mammals have changed,
which may further shrink the suitable habitat range of the two tick
species. In addition, the grid data for livestock was sourced from 2015,
and land cover from 2021, while the tick species and TBV data were
collected over a broad time period. This may introduce an unknown
effect on the model-predicted results. The low detection rate of TBVs
in field-collected ticks, coupled with the high underreporting rate of
tick-borne disease cases, poses challenges in establishing accurate

criteria for defining a control county. The stricter selection criteria in
this study resulted in fewer counties being defined as controls, which
further contributes to an overestimation of high-risk counties for
TBVs. However, from a disease prevention perspective, overestimation
is preferable to underestimation. For instance, based on our literature
review, TBEV has been reported in 27 counties, although it was not
detected in this study. In addition to sampling deficiency, mis-
identification of other flaviviruses as TBEV by qPCR or serological
investigation might account for the inconsistent positive rate. In 2022,
a significant serological cross-reaction between the tick-borne flavi-
virus Karshi Virus and TBEV was documented, implying that the
reported seroprevalence of TBEV in humans and animals in northwest
China may be overly high*2. In-depth molecular detection and epide-
miological investigations should therefore be performed to confirm
the TBEV prevalence and incidence.

Overall, our results provide evidence that at least 10 pathogenic
TBVs circulate in northwest China and adjacent countries, including
some that were previously undetected. The high-risk regions of these
TBVs might also be much more extensive than currently known, and
most of the counties in the region were predicted to be at high risk for
CCHFV. In sum, this study provides valuable resources for the pre-
vention and control of tick-borne disease in this region and also
globally.

Methods

Sample collection

From 2012 to 2024, a total of 100,406 ticks were collected from 82
counties in XUAR (n=85,960), Qinghai (n=475), Gansu (n=>55), and
IMAR (n=1602), China, and Kazakhstan (n=12,314) (Supplementary
Data 1). In total, there were 53 counties covering northern and south-
ern XUAR, and 22 counties in Kazakhstan, with a nationwide distribu-
tion. The collection sites included different ecological environments,
such as desert, shrubland, steppe and farmland. The latitude and
longitude of each collection site were recorded. We collected 41,847
unfed ticks by flagging, and 58,559 blood-feeding ticks were removed
from different domestic or wild animals, such as camels, cattle, horses,
sheep, dogs, poultry, mice, bats, hedgehogs, badgers, foxes, rabbits
and mustelids.

The dominant tick vector species for known zoonotic TBVs col-
lected from understudied counties were selected for meta-
transcriptomic sequencing. Samples collected in the early years of
the study (2012-2015) were not well-stored and therefore were not
chosen for sequencing. From 2016 to 2024, a total of 7486 tick samples
chosen for meta-transcriptomic sequencing were collected from 46
counties in northern XUAR and seven counties in southern XUAR,
including the dominant tick species of D. marginatus, D. nuttalli, D.
silvarum, Hy. asiaticum, Hy. anatolicum. In addition, densely populated
counties with different ecological environments were also included in
the study. Because Gansu, Qinghai and IMAR have been less well stu-
died, all the ticks from Gansu (n =55) and Qinghai (n=402), and the
majority (1068 out of 1602) from the IMAR were chosen for sequen-
cing. Ticks of the same species and collection location from IMAR were
randomly chosen for sequencing. In addition, 599 ticks of 13 species
from five counties of Kazakhstan were also selected for meta-
transcriptomic sequencing. These samples included the dominant
tick species of D. marginatus and Hy. asiaticum in Kazakhstan*>*,

In sum, a total of 9610 ticks containing 3493 unfed and 6117
feeding ticks from 30 counties were used for meta-transcriptomic
sequencing. All samples were captured alive and then transported
from the field to the laboratory, and stored at —-80 °C until further
processing.

Sample processing and meta-transcriptomic sequencing
All ticks were pretreated as described previously®”. They were first
washed in 1 mL of 70% ethanol, followed by the 1 x PBS solution. The
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species and developmental stage of each tick were tentatively identi-
fied using the dissecting microscope (Olympus, Japan). Ticks were
divided into pools on the basis of species, sampling sites and time, and
unfed/blood-feeding status. The pools of unfed ticks were suspended
in1x PBS and homogenised with steel beads (2 mm) employing a tissue
crusher (Jingxin, Suzhou, China) at 4 °C and 70 Hz for 120 s. The pools of
blood-feeding ticks were pestled in a mortar under liquid nitrogen. Total
RNA of each pool was extracted using RNAiso Plus (Takara, Japan) from
the ground products and purified according to the manufacturer’s
instructions. RNA quantity and quality were checked, and used for RNA
library construction. Ribosomal RNA (rRNA) was removed using the
MGIEasy rRNA Depletion Kit (Human-Mouse-Rat) (MGI, Shenzhen,
China). A total of 515 RNA sequencing libraries were then constructed
using the MGIEasy mRNA library Prep Kit (MGI, Shenzhen, China).
Paired-end (100 bp) sequencing of each RNA library was performed on
the MGISEQ-2000RS platform in our laboratory.

Data analysis and confirmation of tick species

Raw sequencing reads were first subjected to quality control, using
Fastp v.0.20.0 and Trimmomatic v.0.36*° to remove adaptor and low-
quality reads. To further confirm the tick species, clean reads were
mapped onto a custom tick reference database using Bowtie2 v2.4.1,
employing the end-to-end mode and searching for at most two distinct
alignments with 10 parallel search threads"’. The reference database
only included representative mitochondrial cytochrome ¢ oxidase |
(COI) gene sequences from 109 tick species, including 5 tick species of
the genus Argas, 13 tick species of the genus Dermacentor, 25 tick
species of the genus Haemaphysalis, 15 tick species of the genus
Hyalomma, 34 tick species of the genus Ixodes and 17 tick species of the
genus Rhipicephalus (Supplementary Data 11). The tick species was
then determined based on the maximum number of mapped reads and
the coverage of the assembled COI gene sequences. Based on the SAM
files from Bowtie2, SAMtools (v1.10)*® was used to calculate the cov-
erage depth of the COI gene, and Geneious Prime (v2023.2.1) was used
to check the mapping results manually. These tools were run with
default settings unless otherwise specified.

Sequence assembly and virus discovery

Clean sequence reads generated after quality control were processed
for de novo assembly using Trinity v2.5.1 with default settings*. The
assembled contigs were annotated by BLASTN and Diamond BLASTX*®
against the GenBank non-redundant nucleotide (nt) and non-
redundant protein (nr) databases (downloaded on 2021/02/22), with
e-value thresholds of 1x107° and 1x107, respectively. The contigs
annotated as the same tick-associated virus in individual libraries were
first merged using the ‘De Novo Assemble’ tool embedded in Geneious
Prime with the sensitivity parameter set to ‘Highest Sensitivity/Slow’.
Subsequently, reads were directly mapped to the sequence of a re-
merged close relative using Bowtie2 employing the end-to-end mode
and 15 parallel search threads. A consensus genome sequence was
obtained from the mapped reads as the final sequence, with thresholds
of the consensus >90% at all sites and the number of degenerate bases
<0.2% of the total genome length. Ambiguous bases were determined
by a consensus threshold setting (90%) for IUPAC ambiguity codes in
Geneious. The relative abundance of each virus was estimated using
the number of reads per million (RPM), calculated as ‘mapped viral
reads/raw reads*one million’.

The assembled contigs were annotated by BLASTN and Diamond
BLASTX against the GenBank non-redundant nt and nr databases,
which included all prokaryotic and eukaryotic species. All contigs
annotated as prokaryotes and eukaryotes were removed, and contigs
annotated as viruses were retained for further analyses. In addition, we
removed any possible contaminating viral sequences as previously
reported®’. Finally, if the read abundance of a virus was less than 0.1% of
the highest value for that virus among other libraries, the virus in

question was discarded to exclude potential false-positives, as the
index-hopping rate is usually between 0.01% and 0.1%*.

Assembled viral contigs exceeding RPM >1 and 1000 bases in
length were retained for further classification. Open reading frames
(ORFs) of these viruses were predicted using the online tool ORFfnder
(https://www.ncbi.nlm.nih.gov/orffinder/), and functional predictions
of conserved domains were performed against the Conserved Domain
Database  (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Amino acid sequences with positive hits to the RARp domain were
retained and compared against the non-redundant protein database at
NCBI using the BLASTP programme (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=
blasthome). A commonly applied rule for the delineation of a new virus
species is that it exhibits <80% nucleotide identity across the complete
genome or <90% amino acid identity in the RdRp to known
viruses'>*>*’, For known viruses identified in this study, the virus
strains were named as the best-matched virus from the BLASTP com-
parison, followed by the sequencing pool ID. For putative novel viru-
ses, they were named using the sampling location and the best match
viral family from the BLASTX search if the amino acid identity in the
RdRp was between 40% and 90%. In cases where RdARp amino acid
identity was <40%, viruses were named using the sampling location
and the term ‘tick-associated virus’.

Phylogenetic analysis

For the viruses of potential health concern, all complete or near-
complete sequences available in the NCBI database were included as
references for phylogenetic analysis. For CCHFV, sequences with 100%
sequence identity were removed to minimise redundancy. Nucleotide
sequences for each group were aligned using MAFFT v7.490%,
employing the E-INS-i algorithm in Geneious. Phylogenetic trees were
then inferred using the ML method in IQ-TREE v1.6.1241, with the best-
fit substitution model and 1000 bootstrap replicates®. Phylogenetic
analysis was also performed using a Bayesian method as specified in
MrBayes®®, employing the GTR nucleotide substitution model. Ten
million steps were run, with trees and parameters sampled every
10,000 steps. The first 10% of the samples were discarded as burn-in.

Literature review

A literature review on the spatial distribution of ticks and TBVs was
conducted, and the resulting database was combined with our field
surveys to achieve accurate and reliable model-predicted risk maps.
The search terms included (‘tick’ or ‘tick-borne’) and (‘China’ or ‘Gansu’
or ‘Inner Mongolia’ or ‘Ningxia’ or ‘Qinghai’ or ‘Shaanxi’ or ‘Xinjiang’ or
‘Afghanistan’ or ‘Kazakhstan’ or ‘Kyrgyzstan’ or ‘Mongolia’ or ‘Pakistan’
or ‘Tajikistan’). For the TBVs of interest, their names were added to the
search terms using the operator ‘or’. Studies published between Jan-
uary 1950 and October 2024 were searched in six major electronic
databases: PubMed, Web of Science, Embase, China Wan Fang, China
National Knowledge Infrastructure and the Chinese Scientific Journal
Database (Supplementary Table 21). The studies identified were initi-
ally screened by titles and abstracts, and the full texts of those relevant
to the topic were downloaded. Only studies that provided clear
county-level locations (for provinces in China) or district-level loca-
tions (for neighbouring countries) of tick species or TBVs were inclu-
ded (Supplementary Fig. 28). Data were recorded using a standardised
form that captured the study date, study location, coordinates, tick
species, hosts and detection results for TBVs. In cases where more than
one tick species was isolated from the same host in a single study, a
separate record was created for each tick species. Similarly, if the same
tick species was isolated from different hosts, a record was created for
each host. If the same tick species was isolated from the same host in
different years, a record was created for each year. Additionally, if
multiple TBVs were found in the same tick species, a record was cre-
ated for each TBV. However, if a tick species or TBV was reported more
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than once in the same county or district within the same year, only one
record was created in our database. Any ambiguous information
reported in the studies was discussed among team members, and such
records were excluded if the ambiguity could not be clarified. Each
record in the database was reviewed independently by two team
members. The included studies were provided in the Supplementary
List of Included Studies.

Risk factors

Based on previous studies**>*"%, both climatic and environmental risk
factors significantly influence the distribution of tick species. Given
that ticks are blood-feeding vectors, the distribution of host animals
also plays a critical role in shaping tick distribution. As with TBVs,
whose distribution is largely determined by the distribution of their
major vectors, the aforementioned risk factors were also incorporated
into the model for projecting TBV distribution. Additionally, because
high-risk populations for TBVs are primarily farmers and individuals
with a high probability of contact with ticks, two demographic risk
factors, including population density and the proportion of the rural
population among the total population, were included in the model for
TBV distribution projection. These risk factors were used as indepen-
dent variables in the BRT model.

Climatic data from 1980 and 2024 across six provinces in China
(Gansu, Inner Mongolia, Ningxia, Qinghai, Shaanxi and Xinjiang) and
six neighbouring countries (Afghanistan, Kazakhstan, Kyrgyzstan,
Mongolia, Pakistan and Tajikistan) were sourced from the European
Centre for Medium-Range Weather Forecasts®*. This data set provides
high spatiotemporal resolution gridded climatic data from 1940
onwards, including daily mean temperature, maximum temperature,
minimum temperature, dewpoint temperature and total precipitation
(Supplementary Figs. 29-33). County-level averaged values of these
variables were subsequently calculated. Given that bioclimatic pre-
dictors recommended by the U.S. Geological Survey better capture the
seasonal trends than traditional meteorological variables®>*°, and have
been widely used in ecological studies*®’, 19 bioclimatic predictors
were calculated, with their yearly averages used as risk factors in the
ecological model. To avoid overfitting and enhance model interpret-
ability, multicollinearity among these 19 candidate predictors was
screened. A clustering analysis was performed based on their pairwise
correlations. Specifically, a binary distance matrix was constructed,
where the distance between any pair of variables was set to O if the
absolute value of their Pearson correlation coefficient exceeded 0.8,
and 1 otherwise®””°. The optimal number of clusters was determined
using the Krzanowski and Lai index (sum of these two indexes) via the
hierarchical clustering method due to a small data size’* ', From each
cluster, only one predictor, the one with the lowest mean absolute
value of correlation coefficients with all variables outside its cluster,
was selected for modelling”. County-level averaged values of relative
humidity were calculated using dewpoint and mean temperature, and
these values were selected for inclusion in the modelling.

Global grid data on elevation at a spatial resolution of 30 m were
downloaded from the Land Processes Distributed Active Archive
Center’?, and the spatial distribution of elevation is shown in Sup-
plementary Fig. 34. We rescaled the elevation to a spatial resolution
of 3000 m and then estimated the mean elevation at the county level
for provinces in China and at the district level for neighbouring
countries. Global grid data for land cover at a spatial resolution of
30 m were downloaded from the ESA WorldCover 2021 archive”, and
the spatial distribution of 11 land cover types is shown in Supple-
mentary Fig. 35. We rescaled the land cover data to a spatial reso-
lution of 3000 m and then estimated the proportion of each land
cover type at the county level for provinces in China and at the
district level for neighbouring countries.

Similarly, we downloaded global livestock grid data at a spatial
resolution of 10 km from the Food and Agriculture Organization of the

United Nations™. The spatial distribution of the average number of
cattle, goats, horses and sheep per square kilometre is shown in Sup-
plementary Figs. 36-39. We then estimated their average values at the
county level for provinces in China and at the district level for neigh-
bouring countries.

In total, 21 risk factors at the county or district level were used to
model the spatial distribution of tick species. Additionally, these 21 risk
factors, along with population density and the proportion of the rural
population relative to total population downloaded from the online
website City Population”, were utilised to model the spatial distribu-
tion of TBVs (Supplementary Table 4).

Case-control design

A case-control study design was employed to classify counties or
districts into binary categories, with their binary status used as
dependent variables in the BRT model**’. Counties with at least one
record of any tick species were classified as surveyed, while those
without records were considered unsurveyed. Within the surveyed
counties, those with records of the analysed tick species were con-
sidered as ‘case’ counties (labelled 1), while those without records
were classified as ‘control’ counties (labelled 0). Unsurveyed counties
were excluded from the model building but included in risk map-
ping. To address potential sampling bias for tick species, a logistic
regression model was developed. All 21 risk factors mentioned above
were incorporated as independent variables, while the binary status
of all counties served as the dependent variable. To avoid overfitting,
alogistic regression model was initially run, and the significance level
of all risk factors was calculated to identify key risk factors, using a
threshold of 0.05. These key risk factors were then used in the final
logistic regression model to calculate the model-predicted sampling
probability for each county (the likelihood of being selected as a
survey location). The reciprocals of the predicted sampling prob-
abilities of all surveyed counties were rescaled to have a mean of one
and were used as weights in the BRT model to counterbalance the
sampling bias for tick species.

A similar case-control design was applied for TBVs. Counties
where TBVs were detected in ticks or where human cases of the
associated tick-borne disease were reported were classified as
‘case’ counties. To address the potential bias for TBVs, strict cri-
teria were used to define a control county. Given that the dis-
tribution of TBVs is largely shaped by the distribution of their
major tick vectors, model-predicted high-risk counties for these
tick species were considered when defining control counties for
TBVs. Specifically, for TBVs with a single major tick vector, a
‘control’ county must meet the following conditions: (1) it is
included in the list of surveyed counties; (2) it is not classified as a
‘case’ county; and (3) it is not in the list of model-predicted high-
risk counties for the tick vector. For TBVs with multiple major tick
vectors, a county was classified as a ‘control’ if it was designated
as a ‘control’ county for any tick vector, according to the criteria
applied to viruses with a single tick vector.

Boosted regression tree model

A tree complexity of 5, a learning rate of 0.005 and a bag fraction of
75% have been widely used in studies due to their satisfactory
performance*®. A grid search was conducted separately, considering
tree complexity values of [3, 5, 7], learning rates of [0.001, 0.005,
0.010] and bag fractions of [0.7, 0.75, 0.8], using negative mean
squared error to identify the optimal parameters for each tick species
and TBV. These ranges were selected based on the aforementioned
parameter set as a reference. Given the computational constraints—
specifically, the substantial number of models required ([4 tick spe-
cies +4 TBVs] x 27 x 5)—it was not feasible to optimise all model para-
meters with smaller intervals. Following this, the BRT model was
configured with the optimal tree complexity, learning rate and bag
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fraction, along with a fixed number of trees set to 3000 and ‘binary:
logistic’ objective using XGBoost. This model was subsequently
employed to predict the probabilities of occurrence of ticks and TBVs
across all counties within the studied area, as well as the relative
contribution of risk factors. Note that a higher relative contribution for
a certain risk factor only indicates a stronger influence on the response
of the BRT model; the partial dependence plots were provided to
visualise the effect of a variable on the fitted function after accounting
for the average effects of all other variables in the model. A two-stage
bootstrapping procedure was implemented to obtain a robust and
parsimonious estimation. In each stage, the split-and-fit process was
repeated several times. A training set comprising 75% of data points
was randomly selected, while the remaining 25% served as a test set. In
the first stage, the split-and-fit process was repeated 10 times to
identify the key risk factors, defined as those with a mean relative
contribution greater than 2%"’. In the second stage, only key risk
factors were included, and the split-and-fit process was repeated 100
times. For each simulation, the predicted probabilities of occurrence
across all counties for each tick species and TBV, along with the testing
AUC, sensitivity and specificity, were recorded. The averaged pre-
dicted probabilities were used to generate the figure, while the mean
and 95% confidence interval for the other three metrics were also
reported. A dynamic cut-off value maximizing the sum of sensitivity
and specificity along the receiver operating characteristic curve was
chosen for each simulation to determine model-predicted high-risk
counties for tick species. A constant cut-off probability of 50% was
used to identify model-predicted high-risk counties for TBVs.

Robustness analysis of the modelling results

Climatic data spanning from 1980 to 2024, along with all tick species
and TBVs distribution data, were utilised to develop the ecological
model. To address potential bias arising from the variability of these
variables, two additional analyses were conducted: one for the period
before 2010 (using climatic data from 1980 to 2009 and distribution
data recorded before 2009) and another for the period after 2010
(using climatic data from 2010 to 2024 and distribution data recorded
after 2010). The daily mean temperature, maximum temperature,
minimum temperature, dewpoint temperature and total precipitation
exhibited temporal variations, resulting in distinct sets of the 19 bio-
climatic predictors for the periods 1980-2024, 1980-2009 and
2010-2024. Consequently, the clusters identified and the selected
representative bioclimatic predictors varied across analyses (Supple-
mentary Table 12). Projections for the four tick species were conducted
for both periods (Supplementary Table 13). However, due to data
availability constraints, only CCHFV was modelled for the period
before 2010, while all four TBVs were included for the period after
2010 (Supplementary Table 19).

Ethics statement

The study was approved by the ethics committee of the First Affiliated
Hospital of Shihezi Medical University, including the procedures and
protocols of specimen collection and processing. Informed consent
was obtained from the patient involved (No. A2018-144-01). One tick
(Hy. asiaticum) was collected from a patient, who was a woman living in
Manas County, XUAR. On September 26, 2019, she noticed a tick on
the right lower leg.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequence reads generated in this study have been deposited in
the NCBI Sequence Read Archive (SRA) database under BioProject
accession number PRJNA1190384 (SRA accession numbers:

SRR32560802-  SRR32561316) [https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA1190384]. The assembled sequences are available
at GenBank under accession numbers PV023382-PV023575. The
study data is also available in an openly available repository, Fig-
share [https://doi.org/10.6084/m9.figshare.28831238]. All data
required to develop the BRT model in this study are provided in the
Supplementary Data or are accessible via the provided source links.

Code availability

The codes used in this study are archived on Zenodo with the https://doi.
0rg/10.5281/zenodo.17385901. The corresponding GitHub repository can
be found at https://github.com/HengcongLiu/NorthWestBRTmodel.
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