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Abstract

Background The emergence of tick-borne pathogens poses a serious threat to both human and animal health.
There remains controversy about virome diversity in relation to tick genus and ecogeographical factors.

Results We conducted the meta-transcriptomic sequencing of 155 pools of ticks encompassing 7 species of 3
genera collected from diverse geographical fauna of Ningxia Province, China. Two species of Dermacentor genus were
distributed in the predominantly grassland areas of the central and eastern regions, with the lowest viral diversity.
Two species of Hyalomma ticks were found in the predominantly desert areas of the northern regions, with inter-
mediate viral diversity. Three species of Haemaphysalis ticks were concentrated in the predominantly forested areas

of the southern regions, exhibiting the highest viral diversity. We assembled 348 viral genomes of 63 species in 14
orders, including 26 novel viruses. The identified viruses were clearly specific to tick genus: 22 virus species were exclu-
sive to Dermacentor, 12 to Hyalomma, and 27 to Haemaphysalis.

Conclusions The associations between tick genera and geographical distribution, viral richness, and composition
provide new insights into tick-virus interactions, offering clues to identify high-risk regions for different tick-borne
viruses.
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Consequently, there is a limited understanding of the
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prevalence of pathogenic TBVs across most tick species
despite the potential for spillover events associated with
many tick-associated viruses.

With the rapid advancement of sequencing technology,
especially next-generation sequencing (NGS), a plethora
of unknown viruses have been unearthed from ticks [10,
11], highlighting the complexity of the tick virome and
the inadequacy of our understanding. Although previous
studies have investigated the viromes of multiple tick spe-
cies [12, 13], the variations in viruses among ticks remain
largely unexplored. Different tick genus and species
inhabit various ecological environments and a wide range
of animal hosts, suggesting a diverse array of viruses they
may carry [14-16]. While tick species are distributed
across various regions and habitats, the extent to which
the distribution of tick-borne viruses is influenced by tick
species and environmental factors necessitates further
investigation. Therefore, conducting multi-species tick
virome studies in different habitats can not only eluci-
date differences in viromes among tick species but also
contribute to understanding the biological basis of tick-
borne virus transmission [12].

We conducted investigations in Ningxia, northwestern
China (located between longitude 104°17"~107°39" E and
latitude 35°14"-39°23" N), characterized by its complex
terrain, diverse ecology, abundant flora and fauna, and
rapid growth in animal husbandry [17]. In this study, the
ecological factors influencing the distribution of tick spe-
cies were explored. Subsequently, based on meta-tran-
scriptomic analysis, we conducted comparative virome
studies on seven species of free-living ticks collected
across the territory of Ningxia. The objectives were to
understand the composition of viral communities in
these seven tick species, identify novel tick-borne viruses,
elucidate the genetic evolution characteristics of viruses,
compare the differences in virus carriage between differ-
ent tick species and genera, and ultimately provide sci-
entific support for the prevention and control of tick and
tick-borne virus infections.

Methods

Sample collection

Ticks were collected in Ningxia Province, China, during
the spring of 2022 and 2023. Sampling locations were
selected based on the ecological environment, including
forests, grasslands, farmlands, deserts, and Gobi. Ticks
were collected by dragging a 1-square-meter standard
flannel flag over the vegetation. The latitude and lon-
gitude of each sampling location were recorded. Ento-
mologists identified the species, sex, and developmental
stage of each tick. Free-living adult ticks were used for
subsequent meta-transcriptome analysis and divided into
pools based on tick species, sex, and sampling location.
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Comparative analysis of different tick species

and ecological factors

ArcGIS software (v10.7) was used to perform spatial
autocorrelation analysis (Global Moran’s I) and inverse
distance weighting (IDW) for ticks, showing the spa-
tial autocorrelation and spatial distribution of differ-
ent tick species. Based on the IDW-predicted regional
divisions, a comparison of ecogeographical factors in
each region was conducted, including Digital Eleva-
tion Model (DEM), annual precipitation, NDVI, annual
average relative humidity, annual sunshine duration,
annual evaporation, annual average ground temperature,
annual average temperature, and annual average pres-
sure extracted from the Institute of Geographic Sciences
and Natural Resources Research (https://www.resdc.cn/).
The Kruskal-Wallis test was performed with R software
to evaluate the statistical differences in ecological factors
among different tick species.

RNA preparation and sequencing
Total RNA was extracted using the AllPrep DNA/RNA
Mini-kit (Qiagen) from 155 pools of free-living ticks.
Each pool only included the ticks of the same species
and same sex collected from the same site. The number
of ticks in each pool varies depending on the size and
weight of the tick species (Supplementary Table S1). The
process was as follows: the ticks were homogenized using
an RLT solution in a mortar treated with liquid nitro-
gen. Homogenate was incubated with Qiagen protease
K (Qiagen) at room temperature for 10 min and centri-
fuged at 15,000 % g for 30 s. The homogenized lysate was
transferred to AllPrep DNA spin column and centrifuged
at 8000 g for 30 s. The flowing liquid was used for RNA
purification according to the manufacturer’s instructions.
The purified RNA was quantified using Qubit 4.0 fluo-
rometer, and RNA quality was assessed using an Agilent
Bioanalyzer 2200 (Agilent). The ribosomal RNA was
removed using RiBo-Zero Gold rRNA removal reagents
(Illumina). Paired-end (2Xx150 bp) sequencing (RNA-
seq) was conducted on an Illumina NovaSeq 6000 plat-
form at Novogene Tech.

Analyses of tick virome diversity

Low-quality and short reads in raw sequencing reads
were removed using AfterQC (v2.3.3) [18]. The remaining
clean reads were compared with Hy. asiaticum genome
(GCA_013339685 BIME_Hyas_1.3), D. silvarum genome
(GCA_013339745 BIME_Dsil_1.4), and Hae. longicornis
genome (GCA_013339765 BIME_Hael,_1.3) using Bow-
tie2 (v2.3.5.1) [19] to remove reads associated with the
ticks. The quality-controlled reads were compared to the
NCBI nucleotide sequence database by Kraken2 (v2.1.2)
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[20], and the virus abundance of each family was meas-
ured as the number of mapped reads per million viral
reads in the library (RPM). Alpha diversity was measured
at the viral order level using the Richness, Shannon index,
and Simpson index using the Rhea alpha diversity script
[21] in the R software. We further analyzed the reads
from complete viral sequences assembled in this study on
order level (Supplementary Fig. S1). Statistical differences
in a-diversity among groups of different tick species or
genus were assessed by the Kruskal-Wallis test and Wil-
coxon rank-sum test. Based on the Bray—Curtis distance
index, the similarity matrix was calculated for different
groups, and principal coordinates analysis (PCoA) was
used to analyze the B-diversity of virome among tick spe-
cies. All statistical analyses were performed in R.

Viral contig assembly and annotation

The quality-controlled reads were de novo assembled
using Trinity (v2.13.2) [22]. All assembled contigs were
compared to the NCBI non-redundant protein data-
base (nr) using Diamond BLASTx (v2.0.13) [23] and
to the NCBI nucleotide sequence database (nt) using
blastn (v2.12.0+) [24] to identify virus-related con-
tigs. The E-value was set at 1x107°, The potential open
reading frames (ORFs) of viral contigs were compared
with reference sequences downloaded from NCBI using
Geneious prime v2023.0.4 (https://www.geneious.com).
The conserved RNA-dependent RNA polymerase (RdRp)
domains present in the contigs were annotated and com-
pared with the Conserved Domain Database (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

To address the potential issue of identical or near-iden-
tical viral sequences observed across multiple libraries,
we implemented the following steps to rule out possible
contamination. First, we estimated the read ratio between
the highest-abundance library and other lower-abun-
dance libraries on the same sequencing chip. If the ratio
was below the index-hopping threshold for the sequenc-
ing platform, the reads from the lower-abundance librar-
ies were considered as potential cross-contamination
during library preparation and were excluded from fur-
ther analysis [25]. To mitigate the risk of index-hopping,
we set a threshold of 0.1% as the maximum allowable rate
based on previous studies [26, 27].

The viruses detected in this study were classified
according to the report of the International Commit-
tee on Taxonomy of Viruses (ICTV) (https://talk.ictvo
nline.org/ictvreports/ictv_online_report/). If the spe-
cies demarcation criteria remain unclear in the report,
a novel virus was proposed if the sequence holds>90%
amino acid similarity of the RdRp with known viruses
[28, 29]. Moreover, the new viral genome was con-
firmed by checking read coverage and continuity using
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Bowtie2. All putative novel viruses were provision-
ally named “Ningxia’;, plus the genus name or the family
name, excluding “viridae” characters according to their
taxonomy.

Phylogenetic analysis

The amino acid or nucleotide of RdRp in viral sequences
was aligned with related reference downloaded from
GenBank using MAFFT (v7.490) [30], and ambiguously
aligned regions were removed using TrimAl (v1.4) [31].
Maximum likelihood (ML) phylogenetic trees were con-
structed using the IQ-TREE (v2.2.2.3) algorithm [32] with
1000 bootstrap replicates based on the sequence align-
ments. Visualize the tree using the ggtree [33], phangorn
[34], treeio [35], and ggplot2 [36] packages in R and iden-
tify the midpoint as the root of the phylogenetic tree.

Prevalence and abundance of viruses for tick species

The positive rate with a 95% confidence interval (CI) of
each tick-associated RNA virus was calculated using R.
The association among the viruses identified in this study
tick species, and NDVI was visualized using the net-
workD3 package (https://github.com/christophergand
rud/networkD3) in R. We used Bowtie2 to map the clean
reads to assembled viral contigs. Read counts for each
viral RNA were obtained from the mapping results and
normalized within each sample (reads per million/viral
reads) for comparison. Finally, the relative abundance of
reads for each virus family was represented by the font
size of their names.

Results

Three tick genera inhabiting distinct geographical regions

From 2022 to 2023, we conducted a comprehensive sur-
vey of ticks in Ningxia, China. We pooled free-living
ticks according to collection sites, tick species, and gen-
der, extracted total RNA, and finally constructed 155
sequencing libraries for meta-transcriptome analysis.
These libraries originated from seven tick species of
three genera, including Hyalomma scupense (12), Hya-
lomma asiaticum (18), Dermacentor nuttalli (54), Der-
macentor silvarum (39), Haemaphysalis longicornis (6),
Haemaphysalis qinghaiensis (15), and Haemaphysalis
japonica (11) (Supplementary Table S1). Ticks used for
meta-transcriptome analysis covered various land-use
types in Ningxia, including farmland, forest, grassland,
desert, and Gobi (Fig. 1a). Each tick genus was found in
unique habitats, with Hyalomma ticks predominantly
distributed in arid areas such as deserts and the Gobi,
characterized by low elevation, low Normalized differ-
ence vegetation index (NDVI), and limited precipitation.
Dermacentor ticks were mainly found in farmland and
grasslands, while Haemaphysalis ticks were exclusively
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Fig. 1 Geographic distribution of tick collections and spatial correlation in Ningxia, China. a Distribution of sample collection. Land use is shown
in different colors on the map. The color of the points represents the tick species. b Spatial autocorrelation analysis among seven tick species
in Ningxia. ¢ Spatial clustering of tick species based on inverse distance weighting (IDW) analysis. The colors on the map represent clusters of tick
species or genus. Hyalomma scupense, Hyalomma asiaticum, Dermacentor nuttalli, Dermacentor silvarum, and Haemaphysalis spatial clustering

regions are represented by green, blue, orange, yellow, and red, respectively

discovered in mountainous regions with higher elevation,
higher NDVI, and greater precipitation (Fig. 1a and Sup-
plementary Table S2).

To understand the spatial distribution patterns of the
seven tick species, spatial autocorrelation analysis was
conducted. The results showed a Global Moran’s Index of
14.3 (P<0.001), indicating a high degree of spatial auto-
correlation in the distribution of tick species in Ningxia
(Fig. 1b). Further, using Inverse Distance Weight (IDW)
to discriminate the distribution range for each tick spe-
cies, it was found that the northernmost part of Ningxia
was mainly inhabited by Hy. scupense, while the central
and western regions were dominated by Hy. asiaticum.
The predicted D. nuttalli distribution was in the Middle

East, accounting for 28.7% of the total area of Ningxia,
with 18,949 km?2. The distribution area of D. silvarum
was primarily in the central and southern parts, with the
smallest predicted area of 4698 km?2 The three species
of Haemaphysalis were found to overlap in the south-
ernmost region (Fig. 1c). Based on the IDW-predicted
regional divisions, a comparison of ecogeographical fac-
tors in each region was conducted, revealing significant
differences in all factors, including elevation, annual
precipitation, NDVI, annual average relative humidity,
annual sunshine duration, annual evaporation, annual
average ground temperature, annual average tempera-
ture, and annual average pressure (Kruskal-Wallis test,
all P<0.001) (Supplementary Table S3), indicating that
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the distribution of each tick species is influenced by a
combination of geographical and ecological factors [37].
In general, the distinct geographical clustering of tick
genera was observed. Hyalomma ticks predominantly
occurred in northwestern Ningxia, Haemaphysalis in the
central and eastern parts, and Dermacentor primarily in
the southern regions.

Significant difference in virome diversity among tick
genera

In this study, a total of 5.6x10° paired-end reads of
100-150 bp were generated from 155 sequencing librar-
ies. After removing background gene reads of ticks, the
median clean reads for Hae. ginghaiensis was the high-
est at 15.61x 10% followed by Hae. japonica (median of
14.61x10%, Hy. scupense (median of 12.76x10°), Hy.
asiaticum (median of 10.85%x10°%), D. silvarum (median
of 6.33x10°%), Hae. longicornis (median of 6.33x10°),
and D. nuttalli (median of 6.06x10°), and the propor-
tion of viral reads of the remaining total reads in each
library ranged from 0.03 to 11.59%, with a median of
0.09% (Supplementary Table S1). Subsequently, virus
reads were classified into 85 virus families after excluding
phages and revealed significant differences in the preva-
lence and abundance of viruses in each family among dif-
ferent tick genera (Fig. 2a). These virus families included
17 families of double-stranded DNA (dsDNA) viruses, 8
families of single-stranded DNA (ssDNA) viruses, 8 fami-
lies of dsRNA viruses, 31 families of positive-sense sin-
gle-stranded RNA (ssRNA(+)) viruses, and 21 families of
negative-sense single-stranded RNA (ssRNA(—)) viruses.
Most virus families in Dermacentor ticks showed lower
prevalence and abundance compared to those in Hya-
lomma and Haemaphysalis ticks. The family Artiviridae,
which was known as vertebrate-associated virus, exhib-
ited higher abundance and prevalence in both species of
Dermacentor. Another vertebrate-associated virus family
Phenuiviridae had a high prevalence and abundance in
D. silvarum and Hae. longicornis. The families Sedoreo-
viridae, Flaviviridae, Orthomyxoviridae, and Rhabdoviri-
dae showed relatively high prevalence in Hyalomma and
Haemaphysalis ticks. The family Nairoviridae was spe-
cific to the genus Haemaphysalis regardless of species.
Among the fungal-related virus families, families Narna-
viridae and Botourmiaviridae showed higher prevalence
in Haemaphysalis compared to other tick genera.

We evaluated the distribution of viruses at the order
level to compare the differences in viral composition
among samples of seven tick species. Beta diversity anal-
ysis conducted through Principal Coordinates Analy-
sis (PCoA) revealed significant differences in virome
among different tick species. Notably, two species of
the genus Dermacentor formed distinct clusters in the
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virome compared to samples from the other two tick
genera (Fig. 2b), which is consistent with the genus-level
results (Supplementary Fig. S2a). We assessed a-diversity
among samples of the three tick genera using Richness,
Shannon index, and Simpson index, and found signifi-
cant differences (Kruskal-Wallis test, all P values <0.001)
(Fig. 2c, Supplementary Fig. S2b and c). The viral diver-
sity of Dermacentor ticks was significantly lower than
the other two genera (Wilcoxon rank-sum test, Richness
(P<0.001), Shannon index (P<0.001), and Simpson index
(P<0.001)), while the Richness of Hyalomma ticks carry-
ing viruses was significantly lower than those of Haem-
aphysalis ticks (Wilcoxon rank-sum test, P=0.0014).
Further comparisons revealed significant differences in
viral diversity among tick species (Kruskal—Wallis test, all
P values <0.001) (Fig. 2d, Supplementary Fig. S2d and e).
D. nuttalli had the lowest richness of viruses (Wilcoxon
rank-sum test, all P values <0.001), and there was no sig-
nificant difference between the two species of the genus
Hyalomma, while Hae. longicornis had significantly lower
viral richness than Hae. ginghaiensis (P=0.0012) and
Hae. japonica (P=0.0021). The analysis based on the
reads from complete viral sequences assembled in this
study on order level further validated the virome diver-
sity (Supplementary Fig. S1).

Taxonomy and evolutionary of RNA viruses

We de novo assembled 34,311 virus-related contigs from
155 libraries, obtaining 348 virus genomes containing
RdRp. Among these, 284 sequences were complete or
nearly complete and have been deposited in GenBank
(Supplementary Table S4). According to the classifica-
tion criteria provided by the International Committee
on Taxonomy of Viruses (https://talk.ictvonline.org/ictv-
reports/ictv_online_report/), a total of 14 orders and 63
species were identified, comprising 4 dsRNA viruses, 14
ssSRNA(—) viruses, and 45 ssRNA(+) viruses (Fig. 3a,
Supplementary Table S5). Among the 63 species, 37
belong to known viral genera within 15 families, while 26
ssSRNA(+) viruses from 5 families were newly discovered
in this study (Supplementary Fig. S3).

For the dsRNA viruses, we constructed the phyloge-
netic tree of the order Ghabrivirale using representative
viral sequences from 19 families and 23 genera and found
that our sequences were genetically closest to the family
Artiviridae, which were all reported in different kinds of
arthropods. Therefore, we have tentatively named them
Ningxia arti-like viruses to indicate their origin from the
arthropod tick. According to the latest species classifi-
cation criteria for this virus order by the ICTYV, viruses
with more than 70% amino acid identity are considered
the same species. Our sequences belong to three dis-
tinct virus species. Although they cluster in different


https://talk.ictvonline.org/ictv-reports/ictv_online_report/
https://talk.ictvonline.org/ictv-reports/ictv_online_report/

Tian et al. Microbiome (2025) 13:57 Page 6 of 14

Hae. longicornis
a D. nuttalli D. silvarum Hy. asiatic Hy. P Hae. qil iensis Hae. jap

Yy les_Phycodnavirid

1 virales. viridae

1 -ﬁlsq';v[rgles'As*a "(7 d
Suisiiar [ireee

Hsrpeswrals's herpesviridae

Herpesyviral esMHerpesvmdae

Imitervirales

teffgvr[ales_Bac loviridae

iirales; Nu IVI iridae

o; limaviric
p wldwrares ﬁc”ntowndae
ales_Ascoviridae
ales_Iridoviridae
Marse[l!egmdae

Sspo/ywrales Polyomaviridae
Unclassified_Polydnaviriformidae
Cirlivirales_Circoviridae
eplafuvirales_Geminiviridae
Geplafuvirales_Genomoviridae
W Mulpavirales. Nanovmdas
Piccovirales Parvo
Unclassified” Anellovmdas
W Unclassified_ Tolecusalellmdael

dsDNA

ssDNA

Durnavirales. Partmwndae
Durnavirales_Picobirnaviridae
1 Ghabrivirales_Chrysoviridae
briv ralegz Totiviridae
irales_Sedoreoviridae
Reovirales_Spinareoviridae
Unclassified_Birnaviridae
! Unclassified_Polymycoviridae
Amanllowrales Flaviviridae
ryppa rales_Mitoviridae
'Fusan\(lrldae
0 nyviridae
lart e{l virales_Bromovirida
Y ra;es Iodsterovmdae
artellivirales’ lornaviridae
/’, rales” %’gaw’}ﬁ)”
fgavndae

n
nmn

dsRNA

imni n m 1 m 1nm n 1 n UENRNNAN 0 NENE N NNAN NNEREOAREDN
n [ 1 1 i 1 1

NNRN NN NRNRN NREREREDOR

idovirales_ATrtel

ngov ra;es A_ffebsomwndas
virales_ Tol

N’o amuvirales. ?\lot;awndae

1 Ziviral P
i 1 ales B

i 'mdae
[ |
(NN

1 L} 1] n ] I= (W1} III=II L I 1 n

n
n
I —Dicistroviridae

ssRNA(+)

_[flaviridae =

(LLLILI
11

Secol
bslrviral Sa’navmg%e
§?eu‘i~,’v¥ﬁ27e§s—;\s‘§r3'v’}ﬁ§”’e”

ornavira

3%

m g;gg ée/’ ﬁexlwrgdge

f TymAfvmdae

umn
L} 1 1m 1 LI | mi 1 (L1 1 II LU IR LTI
]

rnaviridae

1 1 1 1 1 maun ANER NERR D NRROEENR (1111}
1

-
-
-
-

J

1 mi
1 1mn1 un
mi : 1 1 0 DRRRNREEENRRED DRDR IIIII Ill:lll nma i mm

I’henmwndae
Tospovmdae
E

Cl 2e
'M e
P“ ide

ssRNA(-)

1 ma 1
[
1 1 1 1 1 n BNER NER R RERR R R mmann

avirales”_Pneumoviridae

ul s;Rhabdovmdae
ridae

Ondiassife ??cmm viridae

1 W Unclassified_Pospiviroidae

Viruses

E
g9

10

Relative abundance | Host
per 10° reads 1102 10¢ 10¢

b c d

D. nuttalli Kruskal-Wallis test: P < 0.001 Kruskal-Wallis test: P < 0.001
c Bﬂa’?a’#@m P <0.001
Hy. scupense P <0.001 P=0.0014 | 604 }:< 0.001
Hae. longicornis —_——
04 Hae. qit iensi: o, P <0.001
. qinghaiensis ~
Hae. japonica < 1~ 30 7 P <0.001
- - | = 1 1 P <0.001
b P <0.001 P=0.0021
P <0.001
/ P <0.001
X P <0.001
P <0.001 P=0.0012
P <0.001

P =0.0064 P<0.001

Vertebrates M Invertebrates ®Plants = Fungi

N
o

0.0

Richness
N
o
L= 7}
Richness

PCoA axis2: 6.75 %

‘ |

-08 0 . . . 0 .

-1.0 -0.5 0.0 05 9% 20 3D ) @9 ) 2 &) 5\ )

PCoA axis1: 2023 % maceﬂ“"\ \»\\,a\ovﬂﬁ\"\:\amapwsa\\sK u“ag \5:@::\\ la“\:\;m S p:n e\%g :“;\r\ka‘eﬂ NN

Fig. 2 Virome diversity among tick species. a Relative abundance of viral families detected in each library. Each cell in the heat map represents
the normalized number of reads belonging to the viral family. b Between-group clustering of viromes among seven tick species by Principal
Coordinate Analysis of Bray—Curtis dissimilarities, with axes 1 (6.75%) and 2 (20.23%). ¢ Comparison of the viral richness among tick genera. d
Comparison of the viral Richness among tick species. Boxplot elements: center line, median; box limits, upper and lower quartiles; whiskers
(error bars), the highest and lowest points within the 1.5 interquartile range of the upper and lower quartiles. The P value was calculated using
a two-sided Wilcoxon rank-sum test for pairwise comparisons and a Kruskal-Wallis test for multiple comparisons
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branches from previously reported Totiviridae sp. [12],
we chose to adopt the terminology of the Artiviridae
family and have temporarily named them Ningxia arti-
like virus 1-3. Ningxia arti-like virus 1 was found in 58
D. nuttalli and 44 D. silvarum ticks, previously reported
in the genus Dermacentor. Ningxia arti-like virus 2 was
detected in nine samples of Hy. asiaticum ticks, respec-
tively, were previously reported in the genus Hyalomma.
Ningxia arti-like virus 3 has been reported in two species
of the genus Haemaphysalis and was found in seven Hae.
japonica and 12 Hae. ginghaiensis ticks in this study. In
summary, these three viruses closely related to the fam-
ily Artiviridae exhibited tick-genus-specific distributions.
Furthermore, a sample of D. nuttalli contained Partitivir-
idae sp., a virus previously reported in three tick genera
(Supplementary Fig. S4).

For the 14 ssSRNA(—) viruses, tick genus specificity was
generally observed. Volzhskoe tick virus, Bole Tick Virus
1, and Alpharicinrhavirus bole discovered in the genus
Hyalomma, clustered together with viruses previously
reported in Hyalomma ticks (Fig. 3c—e). Phenuiviridae
sp. has been previously found in the genus Dermacentor;
in this study, it was detected in two species of Dermacen-
tor with no sequence divergence between these tick spe-
cies (Fig. 3d). Seven ssRNA(—) viruses were detected in
three species of Haemaphysalis ticks, confirming their
tick genus specificity, as previously observed only in
Haemaphysalis ticks (Fig. 3e—i). Mivirus boleense and
Taishun Tick Virus were reported predominantly in Hya-
lomma ticks both in this study and previous studies, while
Uukuvirus dabieshanense was predominantly reported in
Haemaphysalis ticks, with only a few sequences reported
in other tick genera [38—40] (Supplementary Fig. S4).

Among the 45 ssRNA(+) viruses, 19 were known
viruses and 26 were novel viruses. Among the 19 known
species, Bole hyalomma asiaticum virus 1 and Bole tick
virus 4 were detected in the genus Hyalomma, consist-
ent with previous reports [28, 41] (Fig. 4a, b). Among
them, Bole tick virus 4 was detected in the skin tissue of
a patient bitten by a tick [42]. In this study, Iflaviridae sp.
and Xinjiang tick-associated virus 1 were found in the
genus Dermacentor, as reported previously [12] (Fig. 4c).
Flaviviridae sp. was primarily found in the genus Derma-
centor in both this study and previous studies. This study

(See figure on next page.)
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was the first to report the presence of Hubei sobemo-like
virus 15 in Hae. japonica, which was previously found in
Hae. longicornis [43]. Additionally, we identified 7, 2, 1,
and 1 known viruses in the families Botourmiaviridae,
Mitoviridae, Narnaviridae, and Virgaviridae respectively
(Fig. 4d—g), most of them showing tick genus-specific.

Among the 26 novel ssRNA(+) virus species, 10, 7,
4, and 4 belonged to the families Botourmiaviridae
(Fig. 4d), Narnaviridae (Fig. 4f), Mitoviridae (Fig. 4e),
Tombusviridae, respectively (Fig. 4e, h), with one belong-
ing to the family Virgaviridae (Fig. 4g). The amino acid
similarity in the RdRp for these viruses was less than
90% compared to their closest virus species (Supple-
mentary Table S6). Most of their viral genome structures
were similar to those of viruses within the same genus
or family (Supplementary Fig. S3), with the exception of
Ningxia tombus-like virus 2, which exhibits structural
differences compared to its closest sequences. The most
similar virus to the novel Ningxia luteovirus was Cheeloo
luteovirus 2 (OR148390) [43], detected from Hae. lon-
gicornis, with an RdRp amino acid similarity of 86.27%.
Except for Ningxia duamitovirus 1, Ningxia tombus-like
virus 3, and Ningxia virga-like virus, most of the other
viruses clustered together with arthropod-borne or tick-
borne viruses within their respective families, forming
distinct branches.

Virus distribution exhibits tick genus specificity

We further summarized the relationship between 63 tick-
associated RNA viruses and tick genera in relation to
NDVI (Fig. 5). The results showed that 61 of these viruses
exhibited genus specificity: 22 virus species were specific
to the genus Dermacentor, 12 to the genus Hyalomma,
and 27 to the genus Haemaphysalis. Among the 22 Der-
macentor-specific viruses, six were detected in both D.
nuttalli and D. silvarum. Ningxia arti-like virus 1 had the
highest prevalence rates in D. nuttalli and D. silvarum, at
88.89% (95% confidence interval [CI] 80.5-97.27%) and
92.31% (95% CI 83.94—100%), respectively, with relatively
high abundance. In contrast, Phenuiviridae sp. showed a
significantly higher prevalence in D. silvarum (84.62%)
compared to D. nuttalli (11.11%). The most abundant
virus families in Dermacentor ticks were Phenuiviri-
dae and Artiviridae (Supplementary Fig. S5). Of the

Fig. 3 Phylogenetic analysis of dsRNA and ssRNA(—) viruses. a Taxonomic distribution of RNA viruses discovered in this study. b Phylogeny

of viruses in the order Ghabrivirales based on RdRp protein. ¢ Phylogeny of viruses in the family Peribunyaviridae based on RdRp protein. d
Phylogeny of viruses in the family Phenuiviridae based on RdRp protein. e Phylogeny of viruses in the family Rhabdoviridae based on RdRp protein. f
Phylogeny of viruses in the genus Thogotovirus based on PB1 protein. g Phylogeny of viruses in the family Orthomyxoviridae based on PB1 protein.
h Phylogeny of viruses in the family Nairoviridae based on RdRp protein. i Phylogenetic tree of Orthonairovirus huangpiense based on RdRp gene.
Viruses of different tick species detected in this study are represented by different colors. The sequences in the red box are the same virus species
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100 Shanxi tick virus 2/Haemaphysalis longicornis/China-NX151/2022
Shanxi tick virus 2/Haemaphysalis japonica/China-NX147/2023
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Fig. 3 (Seelegend on previous page.)
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93 |® Bole hyalomma asiaticum virus 1/Hyalomma asiaticum/China-NX026/2023 100 Bole tick virus 4/Hyalomma asiaticum (3 sequences)
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Fig. 4 Phylogenetic analysis of sSRNA(+) viruses. a Phylogeny of viruses in the family /flaviridae based on RNA-dependent RNA polymerase (RdRp)
protein. b Phylogenetic tree of Bole tick virus 4 based on RdRp gene. ¢ Phylogeny of viruses between the genus Luteovirus and family Solemoviridae
based on RdRp protein. The colors of tip points represent the tick species. The sequences in the red box are the same virus species. Family-level
phylogenetic trees of Botourmiaviridae (d), Mitoviridae (e), Narnaviridae (f), Endornaviridae-Virgaviridae (g), and Tombusviridae (h) are based on RdRp
proteins. The phylogenetic branches and text of novel viruses in this study are highlighted in red. Tree tips are colored according to host types:
yellow, virus reported in ticks; green, virus reported in arthropods other than ticks; gray, virus reported in others
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Host NDVI

Fig. 5 Association between prevalence of viruses tick species and normalized difference vegetation index. A Sankey diagram to visualize

the associations among the prevalence of viruses identified in this study tick species and normalized difference vegetation index (NDVI) where they
were located. The classification criteria of NDVI are as follows: level A <10%; 10% < level B <30%; 30% < level C < 50%; 50% < level D < 70%; level
E>70%. The novel viruses discovered in this study are highlighted in red. Bar chart elements: whiskers (error bars), 95% confidence interval
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remaining 17 viruses, 4 were detected in D. nuttalli and
13 in D. silvarum. When classifying the sample collection
sites by NDVI, it was found that D. nuttalli samples were
mostly distributed in areas with NDVI level B, while D.
silvarum samples were mainly found in areas with NDVI
levels C and D.

Among the 13 Hyalomma-specific viruses, 11 were
found only in Hy. asiaticum, with prevalence rates below
28%. Hy. asiaticum ticks were exclusively collected from
areas with an NDVI level of B. Unlike Hy. asiaticum,
which carried more viruses, Hy. scupense only harbored
two viruses (Bole tick virus 4 and Volzhskoe tick virus)
that were also detected in Hy. asiaticum. The infection
rate of Volzhskoe tick virus in Hy. scupense was signifi-
cantly higher than in Hy. asiaticum (P=0.003). The most
abundant virus families in Hyalomma were Flaviviridae
and Iflaviridae (Supplementary Fig. S5).

Among the 28 Haemaphysalis-specific viruses, 12
were detected in multiple tick species. Shanxi tick virus
2, Orthonairovirus huangpiense, and Guyuan Rhabd tick
virus 1 were found in all three Haemaphysalis species,
with Guyuan Rhabd tick virus 1 detected in 71.87% of
Haemaphysalis ticks (23/32), and the highest prevalence
in Hae. ginghaiensis at 93.33% (95% CI 80.71-105.96%).
The highest number of species-specific viruses was found
in Hae. japonica (10), followed by Hae. longicornis (4),
and Hae. ginghaiensis (2). Haemaphysalis ticks were
primarily distributed in areas with higher NDVI levels
(C-E). Unlike Dermacentor and Hyalomma, the most
abundant virus families in Haemaphysalis were Nairovir-
idae and Rhabdoviridae (Supplementary Fig. S5).

Additionally, we found two ssRNA(+) viruses that
exhibited cross-genera infections. Magoulivirus delta-
plasmoparae was detected in only one sample each of D.
silvarum and Hae. ginghaiensis, while Erysiphe necator
associated narnavirus 6 had a lower infection rate in Der-
macentor compared to Haemaphysalis, indicating that
cross-genera infections of tick-associated RNA viruses
were rare.

We further compared the virus variation among pools
within the same tick genus and found that the virus fami-
lies carried by each pool of Dermacentor ticks were quite
similar. Except for viruses shared by both Dermacentor
species, D. silvarum carried more viruses than D. nuttalli.
In the genus Hyalomma, Hy. asiaticum carried remarka-
bly more viruses, while two viruses found in Hy. scupense
were almost present in every pool. The virus composition
in Haemaphysalis ticks was more complex, with greater
variation in the virus species across each pool (Supple-
mentary Fig. S5). When we investigated the possible
association between virus populations and regions, we
found that the same tick genus in different regions car-
ried the same viruses, while different tick genera within
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the same region carried different viruses, further sup-
porting the tick genus-specificity of the viruses (Supple-
mentary Fig. S6).

Discussion

This study conducted a survey of tick viromes in the
ecologically and geographically diverse Ningxia Prov-
ince of northwestern China, characterized by diverse
host types. We identified 63 RNA viruses, including 26
novel viruses, thereby enriching the diversity database
of tick-borne viruses. Different tick genera, including
Dermacentor, Haemaphysalis, and Hyalomma har-
bored distinct tick-specific viruses distributed across
their respective ecological habitats. Since all tick sam-
ples were free-living individuals, this study basically
reflects the true viral carriage characteristics of ticks
themselves. These findings suggest that the composi-
tion of tick viromes is a result of the combined effects
of tick genera, ecology, and geographical factors, not
only reflecting co-evolutionary relationships between
ticks and viruses but also providing foundational data
for assessing risk areas of ticks and tick-borne viral
infections.

Virome analysis identified significant differences in
viral prevalence and abundance among tick genera, with
Haemaphysalis displaying the highest viral diversity,
followed by Hyalomma and Dermacentor. This pattern
may be attributed to higher vegetation indices in regions
inhabited by Haemaphysalis (Figs. 1 and 5), which typi-
cally support greater biodiversity and diverse host spe-
cies for ticks to feed on [44]. Most ticks are multi-host
organisms, and the high host diversity increases oppor-
tunities for Haemaphysalis ticks to acquire and trans-
mit multiple viruses. Arboviruses can be transmitted
horizontally through blood-feeding and vertically from
infected female ticks to their offspring [45-47], poten-
tially leading to the formation of unique viral composi-
tions across different tick genera following long-term
adaptation (Fig. 5).

Genetic evolutionary analysis further confirms that
most viruses exhibit specificity to tick genera, with only
occasional low-probability events of cross-genus trans-
mission. During the growth and development of ticks,
viral filtering may occur, selecting viruses beneficial for
their evolution. Many RNA viruses undergo long-term
co-divergence with their hosts, seldom crossing spe-
cies barriers [48]. For instance, vertebrate viruses from
Picornaviridae, Paramyxoviridae, and Hepeviridae
are believed to have co-diverged with their hosts over
extended periods [28]. In contrast, other viruses like fla-
viviruses appear to frequently transmit across species,
often mediated by arthropod vectors and character-
ized by short infection durations [49]. Our samples are
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free-living ticks and thus reflect viruses that have com-
pleted their transmission cycle, not yet acquiring viruses
from subsequent feeding stages. These tick-genus-spe-
cific viruses have never been observed in other animals,
indicating their long-term evolutionary adaptation.
Viruses must overcome evolutionary and ecological bar-
riers to successfully cross species boundaries and estab-
lish in new hosts, suggesting that successful cross-species
transmission is relatively rare [50, 51].

The discovery of 26 new viruses expands our under-
standing of tick viromes, suggesting many viruses remain
undiscovered within tick populations. These newly iden-
tified viruses are ssRNA(+) viruses belonging to the
families Botourmiaviridae, Narnaviridae, Mitoviridae,
Tombusviridae, and Virgaviridae. Arthropods are con-
sidered primary reservoirs of diverse viruses [38, 52],
including those affecting vertebrates and plants. Because
ticks often climb onto plants while seeking hosts, they
probably acquire and transmit plant-related viruses [53].
Identifying these new viruses is critical for enhancing
our understanding of the potential threats posed by tick-
borne diseases and devising strategies to mitigate their
impact.

In this virome study conducted in a region with limited
tick and tick-borne disease surveillance, we identified
26 novel viral species. The pathogenicity of these newly
discovered viruses remains uncertain and warrants fur-
ther investigation. However, based on existing knowledge
of known pathogens, certain viruses may pose potential
health risks, including those from the genera of Thogo-
tovirus, Orthonairovirus, and Orthomyxovirus [7, 54,
55], all of which are widely distributed across three tick
species of the genus Haemaphysalis (Fig. 3f-i). We also
detected Bole Tick Virus 1 of Phlebovirus genus and Bole
tick virus 4 of Flavivirus genus [42] with pathogenic
potential from two tick species of the genus Hyalomma
(Fig. 3d and Fig. 4b). Given these findings, it is essential
to strengthen surveillance of human infections in the
region, particularly in areas inhabited by Haemaphysalis
and Hyalomma ticks, in order to enable early detection
and targeted prevention of potential emerging tick-borne
diseases, thus minimizing the risk of public health
threats.

In summary, our study results not only reveal the
relationships among ecological diversity, tick genera,
and tick-associated RNA viruses but also further delin-
eate the differences in viral carriage among different
tick genera, highlighting the pronounced genus-spec-
ificity of tick-associated RNA viruses. Ultimately, this
provides a scientific basis for the prevention and con-
trol of tick-borne viruses. These insights enhance our
understanding of the ecological dynamics influencing
tick distribution and viral diversity, emphasizing the
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importance of considering habitat and host interac-
tions in strategies for preventing tick-borne diseases.
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