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ARTICLE INFO ABSTRACT

Keywords: Haemaphysalis longicornis ticks, commonly found in East Asia, can transmit various pathogenic viruses, including
Ticks the severe fever with thrombocytopenia syndrome virus (SFTSV) that has caused febrile diseases among humans
Virome . L in Hubei Province. However, understanding of the viromes of H. longicornis was limited, and the prevalence of

Haemaphy: Sc_ll's longm_omm viruses among H. longicornis ticks in Hubei was not well clarified. This study investigates the viromes of both

Phylogenetic analysis . s . . . . .

Viral abundance and diversity engorged (fed) and free (unfed) H. longicornis ticks across three mountainous regions in Hubei Province from 2019
to 2020. RNA-sequencing analysis identified viral sequences that were related to 39 reference viruses belonging to
unclassified viruses and seven RNA viral families, namely Chuviridae, Nairoviridae, Orthomyxoviridae, Parvoviridae,
Phenuiviridae, Rhabdoviridae, and Totiviridae. Viral abundance and diversity in these ticks were analysed, and
phylogenetic characteristics of the Henan tick virus (HNTV), Dabieshan tick virus (DBSTV), Okutama tick virus
(OKTV), and Jingmen tick virus (JMTV) were elucidated based on their full genomic sequences. Prevalence
analysis demonstrated that DBSTV was the most common virus found in individual H. longicornis ticks (12.59%),
followed by HNTV (0.35%), whereas JMTV and OKTV were not detected. These results improve our under-
standing of H. longicornis tick viromes in central China and highlight the role of tick feeding status and geography
in shaping the viral community. The findings of new viral strains and their potential impact on public health raise
the need to strengthen surveillance efforts for comprehensively assessing their spillover potentials.

1. Introduction encephalitis and hemorrhage. TBEV, transmitted by Ixodes spp. ticks

across a vast area from western Europe to the eastern coast of Japan

Ticks are blood-sucking arthropods that transmit several viral path-
ogens (Fang et al., 2015; Randolph, 2011). Over a century ago, the first
tick-borne virus causing zoonotic disease was identified (Alexander and
Neitz, 1933), leading to the discovery of many tick-borne viruses (TBVs)
associated with human and animal diseases worldwide (Jia et al., 2020;
Kodama et al., 2021; Yu et al., 2011; Ma et al., 2021; Ni et al., 2023; Shi
et al., 2018; Wang et al., 2019; Xu et al., 2011). Tick-borne encephalitis
virus (TBEV) and Crimean-Congo hemorrhagic fever virus (CCHFV) are
the most notorious tick-borne viral pathogens associated with febrile
diseases of high fatality rates, usually accompanied by severe
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(Lindquist and Vapalahti, 2008), is the causitive agent of tick-borne en-
cephalitis (TBE), a severe central nervous system disease, and has caused
over 10,000 human infections annually in endemic regions of the
Eurasian continent, especially in Russia (Gritsun et al., 2003; Lindquist
and Vapalahti, 2008). In China, the first human infection with TBEV was
reported in 1943, and the virus was first isolated from patients and ticks
in 1952 (Wu et al., 2013). From 2007 to 2018, 3364 TBE cases and 19
deaths were reported (Chen et al., 2019), resulting in a high mortality
rate of up to 25% among the forestry workers in Northeast China (Lu
et al.,, 2008). CCHFV infection leads to Crimean-Congo hemorrhagic
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fever (CCHF), a deadly tick-borne disease with a human mortality rate of
up to 50% (Hoogstraal, 1979; Swanepoel et al., 1987), affecting countries
in Asia, Europe, and Africa (Madison-Antenucci et al., 2020). Bites of
Hyalomma spp. ticks are consistently linked to human infections, making
them the crucial vectors for transmitting CCHFV (Gargili et al., 2017). In
China, CCHFV was first identified in Bachu County of southwestern
Xinjiang in 1965 (Gao et al., 2010; Wu et al., 2013) and has been
sporadically reported subsequently (Gao et al., 2010) with the last report
arriving in 2005. Nonetheless, CCHFV infection risk persists, as the virus
is still detected in ticks in Xinjiang province (Gao et al., 2010; Moming
et al., 2018; Sun et al., 2009), and CCHFV antibodies were detected in
livestock and humans in Qinghai, Inner Mongolia, and Yunnan provinces
(Gao et al., 2010; Wu et al., 2013; Xia et al., 2011).

In recent years, several novel TBVs with medical significance have
been identified, including severe fever with thrombocytopenia syndrome
virus (SFTSV) (Yu et al., 2011), Jingmen tick virus (Qin et al., 2014),
Alongshan virus (Wang et al., 2019), Tamdy virus (Moming et al., 2018),
Songling virus (SGLV) (Ma et al., 2021), and Yezo virus (Kodama et al.,
2021). Owing to limited knowledge about the pathogenesis of these vi-
ruses and the lack of effective antiviral treatment and vaccines, emerging
TBVs pose an increasing threat to public health by challenging disease
prevention and control strategies. Rapid advances in metagenomic
sequencing have led to the identification of numerous novel viruses in
ticks (Ni et al., 2023), expanding our understanding of the viral sphere
and raising questions about current strategies of disease prevention and
control.

H. longicornis is a tick specie with a broad host range that primarily
inhabits East Asia and is believed to have spread to Australia, New
Zealand, and several Pacific islands since 1983 (Barker and Walker,
2014; Zhao et al., 2020). H. longicornis is widely distributed in central and
eastern China and is considered a major vector of SFTSV (Zhao et al.,
2020). Hubei Province, located in central China, is a primary habitat for
H. longicornis and a natural focus for SFTSV research. As of 2020, SFTSV
infections have been reported in 19 Chinese provinces, affecting over ten
thousand people with an initial high mortality rate of 30% (Li et al.,
2021). However, our knowledge of the viromes of H. longicornis remains
limited. A recent study that collected H. longicornis and R. microplus ticks
from two different locations in Hubei Province in 2021 suggested that
ecological factors may shape the virome structure of different tick species
(Xuetal., 2021). Nevertheless, in-depth knowledge of the composition of
the viral spectrum of H. longicornis in Hubei is missing and deserves
investigation.
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This study examined the viromes of H. longicornis ticks collected from
three mountainous regions in Hubei Province. Viral abundance in ticks
collected from fields and domestic animals was compared. We analyzed
the viral abundance and diversity associated with tick feeding status and
geographic location and examined the prevalence and abundance of four
identified viruses in H. longicornis ticks. These results will promote our
understanding of viromes in H. longicornis ticks and reveal the epidemi-
ological features of viruses carried by H. longicornis in central China.

2. Materials and methods
2.1. Sample collection

In 2019 and 2020, ticks were collected from five cities or counties
located in three mountainous regions: the Wudang (Nanzhang County),
Tongbai (Sui County), and Dabie (Macheng and Yingshan Counties)
mountainous regions in Hubei Province, China (Supplementary
Table S1). Free ticks (unfed) were collected using a 1 m? flannel flag that
was waved over vegetation and engorged ticks (fed) were collected from
animals raised by herders at the same sampling locations, if possible. All
ticks were transported to the laboratory and stored at —80 °C until
further analysis. Tick species were morphologically identified as
H. longicornis by experienced specialists under a HZ6100 microscope
(Haokangbio, Guangzhou, China).

A total of 559 free H. longicornis ticks were collected from Nanzhang
(n = 80), Sui (n = 216), Macheng (n = 173), and Yingshan (n = 90), and
241 engorged H. longicornis ticks were collected from animals at the same
locations in Nanzhang (n = 79), Sui (n = 60), Macheng (n = 82), and
Yingshan (n = 20) (Fig. 1A and Supplementary Table S1). A subset of 514
ticks was randomly selected and was prepared into 14 pools (eight pools
of free ticks and six pools of engorged ticks) for RNA sequencing ac-
cording to their sampling sites and feeding status. The pools were coded
based on the feeding status of the ticks and numbered according to their
relative relatedness at the same sampling location. For example, the pool
fl contained free ticks from the same sampling location as the pool el
containing engorged ticks (Supplementary Table S2).

2.2. Total RNA sequencing

The 514 ticks were divided into groups according to sampling
location and feeding status (Supplementary Table S2). Each group
was washed three times and homogenized in 2 mL of sterile
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Fig. 1. Sampling locations in Hubei Province and the viral compositions of H. longicornis ticks. A The map of Hubei Province showing the sampling locations of free
and engorged H. longicornis ticks. The mountainous areas are shaded, and the cities or counties where ticks were collected are indicated by red dots. Bar charts showing
the sample sizes of free and engorged ticks are provided for each location. B The abundances (upper) and proportions (bottom) of viral communities belonging to
different viral families in the eight pools of free ticks and the six pools of engorged ticks.
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phosphate-buffered saline (PBS) using a Tissue Cell-Destroyer (D1000,
Novastar, Wuhan, China) as previously described (Zhang et al., 2018).
The homogenates were centrifuged at 4 °C (6000 x g, 10 min), and su-
pernatants were harvested. Total RNA was purified from the supernatant
of each tick pool using an RNAiso Plus extraction reagent (Takara, Shiga,
Japan) according to the manufacturer's instructions. The purified RNA
was used for library preparation using the VAHTS Universal V8 RNA-seq
Library Prep Kit (Vazyme, Nanjing, China). Subsequently, RNA
sequencing was performed using a DNBSeQ-G400 sequencer (MGI Tech,
Shenzhen, China).

2.3. Bioinformatic analyses

The quality of sequencing results was assessed using FastQC version
0.11.9 (Wingett and Andrews, 2018). Then, Trimmomatic version 0.39
(Bolger et al., 2014) was used to filter low-quality sequences and
adapters. The resulting reads were assembled into contigs using
MEGAHIT version 1.2.9 (Li D. et al., 2015). To identify virus-related
sequences, the assembled contigs were compared to the NR and NT da-
tabases from GenBank, which were available until May 2021, using
DIAMOND BLASTX (Buchfink et al., 2021) and BLASTN (e-value <
10710) (Altschul et al., 1990). The abundance of mapped viral sequences
was measured in transcripts per million (TPM) to avoid any bias caused
by unequal gene lengths or sequencing depths between different libraries
(Li and Dewey, 2011; Li P. et al., 2015).

9/l 46
>i(a/b) 10

Briefly, q; denotes reads mapped to transcript, ; is the transcript
length, and };(g; /l;) corresponds to the sum of mapped reads to tran-
script normalized by transcript length (Zhao et al., 2021). TPM values on
a logy scale were used to show the normalized abundance of each viral
contig in the heatmap. Heat maps showing the abundance of viruses in
each sample bank were generated using TBtools (Chen et al., 2020).

Phylogenetic analyses were performed using MEGA 11 (Tamura et al.,
2021) to construct maximum likelihood trees with 1000 bootstrap rep-
licates of viral nucleic acid sequences. Trees were visualized using iTOL
(Letunic and Bork, 2019).

Cluster analysis of the viruses in each sample pool was performed
using the Vegan package in R Studio (Oksanen et al., 2008). A Bray-Curtis
dissimilarity matrix was used to create a PCoA plot in ImageGP (Labbé
et al., 2020) to indicate Beta diversity.

TPM; =

2.4. Bead-based assays and qRT-PCR

A bead-based assay was constructed to detect viral RNA in individual
ticks, which enables detection of multiple viruses in one reaction ac-
cording to previous studies (Hofler et al., 2014; Zhang et al., 2021),
resulting in a more precise rate of virus prevalence in ticks. The ho-
mogenate from a single tick was prepared following a process similar to
that used for grouped ticks as described above, and RNA was purified
using the RNAiso Plus extraction reagent (Takara) according to the
manufacturer's instructions. RT-PCR was performed using the One-Step
PrimeScript RT-PCR Kit (Takara) with primers for viral sequences iden-
tified from RNA-seq data (Supplementary Table S3). The PCR products
from each tick were hybridized with mixed beads labeled with probes
(P0119-MC620, Novastar). Finally, a biochemical luminescence detector
(NovaHT; Novastar) was used to detect the biotin fluorescence in the
hybridized products.

Quantitative RT-PCR (qRT-PCR) was performed to determine the
viral RNA copies in individual ticks. To prepare the standard curve for
these viruses, a partial fragment (~300 pb) of the nucleoprotein gene of
each virus was amplified by RT-PCR from the viral RNA-positive pools,
which were identified by next-generation sequencing (NGS), using the
specific forward primer fused with the T7 promoter sequence
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(TAATACGACTCACTATAGGG) at its 5 end and the reverse primer
designed according to the virus gene sequence. The DNA products were
purified and transcribed into RNA using a T7 High Yield RNA Tran-
scription Kit (Vazyme). The RNA was purified, quantified, and serially
diluted 10 times to generate standards. To measure the viral RNA copies
in tick individuals, qRT-PCR was performed with 1 pL RNA from the
single tick as the template and specific forward and reverse primers and
probes (Supplementary Table S4) using the One Step PrimeScript RT-PCR
Kit (Takara).

2.5. Statistical analysis

Various samples underwent statistical tests for comparison, with all
inter-group comparisons subjected to statistical analyses using Graphpad
Prism (version 8, Graphpad Software). The significance of differences
between two groups was assessed through Student's t-test. In the PCoA
plot of Beta diversity, the PERMANOVA test was employed to determine
the statistical significance of differences between the two groups. Levels
of statistical significance are indicated as follows: *, P < 0.05; **, P <
0.01; ***, P < 0.001. Figures do not display non-significant differences.

3. Results

3.1. The free and engorged H. longicornis ticks in Hubei Province had
different virome structures

A total of 237.90 Gb of sequencing data were generated from the
pooled tick samples. The viral abundance varied in these pools, as
revealed by the TPM values that ranged from 0.00016% to 2.99% of the
total (Supplementary Table S2). From these pools, viral sequences related
to the 39 reference viruses were identified, with nucleotide sequence
similarities varying from 27.30% to 100.00% (Table 1), suggesting the
existence of novel viruses and new strains. Those reference viruses
comprised 12 unclassified viruses, as well as viruses from seven families:
Chuviridae, Nairoviridae, Orthomyxoviridae, Parvoviridae, Phenuiviridae,
Rhabdoviridae, and Totiviridae (Table 1, Fig. 1B). In free ticks, four pools
(f1, £2, £5, and f8) showed a high abundance of viruses related to Phe-
nuiviridae. In engorged ticks, the el pool, collected from the same sam-
pling location as the f1 pool, had a viral composition similar to that of f1,
with a high abundance of Phenuiviridae. The e8 pool had a high abun-
dance of Orthomyxoviridae, in contrast to the high abundance of Phenui-
viridae in the corresponding f8 pool (Fig. 1B).

3.2. The free and engorged H. longicornis ticks may have different
competence to carry viruses

To better understand the competence of H. longicornis ticks in as-
sociation with geographic distribution, the average abundances of the
39 identified viruses were calculated by merging tick pools from the
same location for analysis. Subsequently, heatmaps representing the
viromes of free and engorged ticks were generated for each of the four
locations separately. In general, ticks from Macheng and Sui showed
greater viral diversity than ticks from Yingshan and Nanzhang (Fig. 2A,
Supplementary Table S5). We noted a significantly high abundance of
the Dabieshan tick virus, which was commonly found in free and
engorged ticks from all four locations, suggesting that this virus may
have a high prevalence in H. longicornis ticks in Hubei. Of the 39 viruses,
19 were discovered in both free and engorged ticks, including Bole tick
virus 3 and Changping tick virus 2 (Chuviridae), Granville quaranjavirus
and Zambezi tick virus 1 (Orthomyxoviridae), Lone star tick densovirus 1
(Parvoviridae), Dabieshan tick virus and Kismayo virus (Phenuiviridae),
Huangpi tick virus 3 (Rhabdoviridae), Lonestar tick totivirus and Xin-
jiang tick totivirus 2 (Totiviridae), Alongshan virus, Jingmen tick virus,
Bole tick virus 4, Hepelivirales sp., Hubei toti-like virus 24, Ixodes
scapularis associated virus 2, Liman tick virus, Manly virus, and tick-
borne tetravirus-like virus (unclassified) (Supplementary Table S6).
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Table 1

Summary of viruses identified from H. longicornis tick pools by RNA-seq and their TPM values and identities compared with reference viruses.
Event Reference virus Family Coverage (%) Identity (%) TPM
1 Bole tick virus 3 Chuviridae 24.39-98.63 41.7-80.6 10.98
2 Changping tick virus 2 18.25-91.53 48.7-83.1 5.35
3 Chuviridae sp. 12.46-17.41 81.1-82.8 8.16
4 Hebei mivirus 2 35.45-95.19 48.9-79.5 0.46
5 Karukera tick virus 15.56-53.85 54.0-85.3 0.63
6 Wubhan tick virus 2 57.68-100.0 94.4-99.4 13.78
7 Xinjiang mivirus 1 40.33 80.0 0.63
8 Huangpi tick virus 1 Nairoviridae 5.4-93.14 95.5-99.8 28.68
9 Taggert virus 14.11-86.84 86.7-86.7 2.90
10 Granville quaranjavirus Orthomyxoviridae 60.98-96.22 61.9-83.6 64.07
11 Ohshima virus 32.77-94.8 27.4-48.4 1.90
12 Zambezi tick virus 1 30.21-92.82 44.9-76.4 36.89
13 Lone star tick densovirus 1 Parvoviridae 24.31-99.0 31.6-58.5 8.12
14 Dabieshan tick virus Phenuiviridae 22.63-100.0 58-100 30658.97
15 Kismayo virus 31.15-99.44 43.8-47.9 1.80
16 Lihan tick virus 99.66 99.4 1.75
17 Lone star virus 32.45-71.53 50-52.2 1.13
18 Okutama tick virus 44.8-99.27 99.3-99.7 839.31
19 Rhipicephalus associated phlebovirus 1 97.32-98.67 93.8-96.7 2.61
20 Huangpi tick virus 3 Rhabdoviridae 11.83-98.98 35.0-58.9 2.35
21 IRE/CTVM19 associated rhabdovirus 14.41-89.05 52.6-70.2 1.99
22 Tacheng tick virus 3 48.14-52.91 58.5-58.8 0.78
23 Wuhan tick virus 1 62.82 99.0 3.01
24 Lonestar tick totivirus Totiviridae 15.06-99.69 33.3-70.7 15.81
25 Xinjiang tick totivirus 2 33.16-99.5 40.5-71.2 2.46
26 Alongshan virus Unclassified viruses 20.18-99.7 65.4-100 18.26
27 Jingmen tick virus 8.25-99.96 61.8-100 735.60
28 Bole tick virus 4 13.97-95.33 76.2-85.7 0.72
29 Henan tick virus 29.39-91.23 97.1-99.4 83.81
30 Hepelivirales sp. 24.11-99.81 67.6-100 396.84
31 Hubei sobemo like virus 15 8.45-99.85 57.0-100 7.60
32 Hubei toti like virus 24 34.95-99.75 31.5-71.3 4.95
33 Ixodes scapularis associated virus 2 13.65-87.34 45.9-76.7 3.94
34 Liman tick virus 17.08-99.66 36.3-68.7 11.63
35 Lone star tick associated virus-1 8.45 52.7 27.62
36 Manly virus 37.55-99.67 29.9-75.0 6.91
37 Norway mononegavirus 1 30.43-99.64 27.3-79.4 0.76
38 Shanxi tick virus 1 55.22 99.2 1.03
39 Tick borne tetravirus-like virus 88.41-95.68 91.2-100 9.89
Total TPM 33024.07

The abundances of the 19 viruses found in both free and engorged ticks
were compared. We found that the free ticks primarily had higher
abundances of nine viruses including Alongshan tick virus, Bole tick
virus 3, Changing tick virus 2, Huangpi tick virus 3, Lone star tick
densovirus 1, Kismayo virus, Manly virus, Bole tick virus 4, and
Hepelivirales sp. compared to engorged ticks (Fig. 2B, shaded in green).
Meanwhile, seven viruses including Lonestar tick totivirus, Xinjiang
tick totivirus 2, Jingmen tick virus, Graville quaranjavirus, Zambezi tick
virus 1, tick borne tetravirus-like virus, and Ixodes scapularis associated
virus 2 had higher abundances in engorged ticks than free ticks (Fig. 2B,
shaded in yellow). Further, three viruses (Lihan tick virus, Hubei toti-
like virus 24, and Dabieshan tick virus) were abundant in free ticks,
compared to engorged ticks (Fig. 2B, shaded in gray).

In summary, these results revealed differences in viral abundances
between free and engorged ticks. Moreover, of the 39 viruses, eleven
viruses were exclusively found in free ticks, whereas nine were identified
only in engorged ticks (Supplementary Table S6). These finding indicated
that free and engorged H. longicornis ticks may have different vector
competence in carrying viruses.

3.3. Geographic locations may affect virus abundance, richness, and
diversity more than feeding status in H. longicornis ticks

Although the total TPM values of viruses did not show any signifi-
cant differences between free and engorged ticks (Fig. 3A), the free
ticks tended to have higher viral richness, as suggested by the higher
Shannon index, than the engorged ticks. However, this difference was
not significant (Fig. 3B). Based on the beta diversity analysis, free ticks

from different locations formed a cluster of viral spectra, which
partially overlapped with the cluster formed by engorged ticks
(Fig. 3C). This finding suggested that the divergence of viral diversity
between free and engorged ticks was not significant. Moreover, the
viral abundance in ticks from the Wudang Mountain area was signifi-
cantly higher than that in the Dabie Mountain area (Fig. 3D, P =
0.0383). Ticks from the Tongbai mountainous region had a higher viral
richness than those from the Dabie and Wudang mountainous areas;
however, the difference was not significant (Fig. 3E). Additionally, beta
diversity analysis showed separate clusters of viral diversity in ticks
from the Tongbai and Wudang mountainous regions (Fig. 3F), sug-
gesting a differential composition of tick viral spectra in these two
areas. The viral diversity of ticks from the Dabie Mountain region
presented a scattered pattern (Fig. 3F), suggesting a high diversity of
tick viromes in this region.

3.4. Phylogeny of new strains of Henan tick virus (HNTV), Dabieshan tick
virus (DBSTV), Okutama tick virus (OKTV), and Jingmen tick virus
JMTV)

3.4.1. Nairoviridae: Henan tick virus

The complete genome sequence of HNTV was obtained from the
engorged ticks collected in Suizhou, and contained three RNA segments,
L (12022 nt), M (4820 nt), and S (1820 nt), encoding RNA-dependent
RNA Polymerase (RdRp), glycoprotein (GP), and nucleoprotein (NP),
respectively. Evolutionary analysis showed that in the RdRp phyloge-
netic tree, the HNTV strain identified in this study is most closely related
to strain TIGMIC5 (ON811869.1). TIGMIC5 was identified from
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Fig. 2. Analyses of viral abundance in free and engorged ticks. A A heatmap of the abundances of viruses identified in the pools of free and engorged ticks collected
from different locations. TPM values were calculated by merging tick pools from the same location. B Abundances of viruses which were identified in both free and
engorged ticks. Viruses having higher average abundances in free ticks than in engorged ticks are shaded in green and those with lower abundances in free ticks than
in engorged ticks are shaded in yellow. Those having equal abundances in free and engorged ticks are shaded in gray.

H. longicornis in Jiangsu, China, and shares a nucleotide similarity of HNTV strain was found to be most closely related to the strain SDQDH02

99.47% with HNTV (Fig. 4A). Due to the fewer M and S segment se- (0Q513668.1) by sharing high nucleotide similarity (94.37% for NP and
quences available in GenBank compared to that for the L segment, the 94.47% for GP) with this reference strain (Supplementary Fig. S1).

198



J. Xiao et al.

Virologica Sinica 39 (2024) 194-204

A B C  adonis R% 0.06
adonis P-value: 0.655333
105 3 dispersion P-value: 0.207
< 0.64
o 104 ) = Free ticks
o 2 )
3> £ Engorged ticks
© 103 c
> o
2 c
& 102 §
(2 [ Dabie Mountains area
101 O Tongbai Mountains area
100 /\ Wudang Mountains area
0 = -
& > @ > - - g
& S S 05 0.0 05
&® &® PCoA 1 (23.2%)
D E F adonis R% 0.2
105 3 adonis P-value: 0.058167
—* dispersion P-value: 0.165
, 104 8 0.4 o
(] c
3 c 2 ©
T 103 é % 0.2 O Free ticks
= S o E d tick
a 102 8 = @ Engored ticks
D 4 g 0.04
101 o R @ Dabie Mountains area
0.2 ° @ Tongbai Mountains area
o} b .
10 @ S O 0= SO Wudang Mountains area
& & & & & .
<« &7 0,50 -02 0.25

5 0.00
PCA1 (24.9%)
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Therefore, the HNTV in this study is a new strain designated as SZSX,
based on the sampling location. This new strain belongs to the Tamdy
orthonairovirus group of the genus Orthonairovirus of family Nairoviridae
and is closely related to the TS1-2 strain of Wenzhou tick virus, which
was found in Haemaphysalis hystricis in Wenzhou, China, in 2013 (Li C.X.
et al., 2015) (Fig. 4A, Supplementary Fig. S1).

3.4.2. Phenuiviridae: Dabieshan tick virus and Okutama tick virus

The complete sequences of the S and L segments of the three DBSTV
strains were obtained from Nanzhang, Macheng, and Yingshan, while the
complete sequences of the S and L segments of the new OKTV strain
(XYNZ) were obtained from engorged ticks in Nanzhang. The M segments
of DBSTV and OKTV were not found in our RNA-seq data, consistent with
previous studies that also reported the absence of M segments in these
two viruses (Kobayashi et al.,, 2020; Ma et al., 2022). Evolutionary
analysis of the RARp and NP sequences showed that they are closely
related to Yongjia tick virus 1 (Fig. 4B, Supplementary Fig. S2A). Previ-
ously, DBSTV variants have been discovered in H. longicornis from Japan
and 14 provinces in China. Further, DBSTV variants were also found in
Haemaphysalis concinna from Shandong and Jilin, Rhipicephalus turanicus
from Shandong, and Rhipicephalus microplus from Hubei (Li C.X. et al.,
2015; Ma et al., 2022; Mekata et al., 2023; Shao et al., 2020; Xu et al.,
2021; Zhu et al., 2020). Based on the RdRp tree, we found that the DBSTV
phylogeny may be associated with their geographic distribution. The
DBSTV strains from Hubei, including the three strains in this study,
formed a cluster (Hubei group), while the strains from Shandong and
Japan clustered separately from their respective clades (Shandong and
Japan groups, respectively). DBSTV strains from other provinces were
much fewer than those found in Hubei, Shandong, and Japan, and those
from provinces in northern China clustered in the north China group
(Fig. 4C). However, we did not observe an obvious association between
DBSTV evolution and geographic distribution in the tree of DBSTV NPs,
probably because the NP sequences were much fewer in number than the
RdRp sequences. In the DBSTV NP tree, which contained 57 sequences
from the Hubei, Shandong, and Liaoning provinces of China and 10

sequences from Japan, the DBSTV strain HGYS clustered with most
strains from Hubei, whereas HGMC strain clustered with two other
strains (MW721902 and MZ965008) from Hubei on a different branch,
and XYNZ was close to one strain from Japan (LC753194) (Supplemen-
tary Fig. S2B). This suggests a different phylogenetic relationship be-
tween the DBSTV L and S segments.

In recent years, OKTV variants have been identified in ticks from
Shandong, China, and Japan (Kobayashi et al., 2020; Matsumoto et al.,
2018). The OKTV XYNZ strain identified in this study was similar to a
strain from Shandong (Supplementary Fig. S2C and D).

3.4.3. Unclassified: Jingmen tick virus

Complete genome sequences of two JMTV strains from engorged ticks
in Macheng and free ticks in Nanzhang were obtained and designated as
strains HGMC and XYNZ, respectively. Phylogenetic analysis using
nucleotide sequences from five JMTV ORFs (NS5-like protein, glyco-
protein, NS3-like protein, capsid protein, and membrane protein)
revealed that JMTV strains generally belong to two clades. Strain HGMC
was classified within clade I, including strains from Hubei across all five
trees. However, the position of strain XYNZ varied among the trees.
Specifically, in the trees of JMTV NS5-like protein and glycoprotein,
XYNZ clustered with HGMC in clade I. In trees constructed using NS3-like
protein, membrane protein, or capsid protein, it was categorized under
clade II (Fig. 4D).

3.5. Prevalence and abundance of viruses in individual ticks

Regarding the high abundance detected in libraries and their
evolutionary relationship to tick-borne viral pathogens, the substantial
infection rates of HNTV, DBSTV, OKTV, and JMTV were investigated
in the remaining 286 H. longicornis ticks using bead-based assays
(Table 2). Among these ticks, one free tick from Sui was tested positive
for HNTV RNA, resulting in an infection rate of 0.35%. For DBSTV, 36
positive ticks were found (12.59% of total), among which, 28 were
from Yingshan (28/79, 35.44%) and 8 were from Nanzhang (8/50,
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Table 2
The prevalence rates of HNTV, DBSTV, OKTV, and JMTV among 286 H. longicornis tick individuals sequenced using beads assays.
Location Ticks (n) HNTV DBSTV OKTV JMTV
Dabie Mountain area Yingshan Free ticks (n = 50) 0 23, 46.00% 0 0
Engorged ticks (n = 29) 0 5,17.24% 0 0
Macheng Free ticks (n = 50) 0 0 0 0
Engorged ticks (n = 27) 0 0 0 0
Tongbai Mountain area Suixian Free ticks (n = 50) 1, 2% 0 0 0
Engorged ticks (n = 30) 0 0 0 0
Wudang Mountain area Nanzhang Free ticks (n = 50) 0 8, 16.00% 0 0
Total (n = 286) 286 1, 0.35% 36, 12.59% 0 0

16.00%). Interestingly, free ticks in Yingshan displayed a higher
DBSTV infection rate (23/50, 46.00%) compared to engorged ticks
from the same location (5/29, 17.24%). No ticks tested positive for
JMTV or OKTV.

Subsequently, the viral abundances of HNTV and DBSTV in each
of the positive ticks were investigated using qRT-PCR. The viral load
of HNTV in the single-positive tick was 3.61 x 10'° copies. For
DBSTV, the viral loads ranged from 1.23 x 10° to 1.22 x 10
copies per tick (Fig. 5A), displaying approximately a 100,000-fold
variation. Furthermore, free ticks from Yingshan frequently exhibi-
ted high DBSTV viral loads ranging from 10° to 10'° copies per tick,
similar to those in engorged ticks from the same location. The lowest
DBSTV RNA loads, approximately 10° copies per tick, were identified
in two free ticks from Nanzhang, while other free ticks from

Nanzhang had DBSTV loads ranging from 107 to 10% copies per tick,
which was still less than that of Yingshan but not statistically sig-
nificant (Fig. 5B).

4. Discussion

H. longicornis, the predominant tick specie in central China, plays a
crucial role in transmitting tick-borne viruses such as SFTSV. The Dabie
Mountain region, located between Hubei and Henan provinces, is a
natural hotspot for SFTS (Liu et al., 2014). Investigations into this region
have involved assessing SFTSV prevalence in hosts (i.e., ticks, animals, or
humans), and tick viromes to understand the threat of SFTSV infection
and prepare for its prevention and control (Liu et al., 2023; Xing et al.,
2016; Xu et al., 2021; Yang et al., 2019). A few studies, which examined
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Fig. 5. Viral RNA loads in individual ticks were measured by qRT-PCR. A RNA copies of DBSTV in the individuals of free and engorged ticks from Yingshan and
Nanzhang. B Comparison of DBSTV RNA from the free and engorged ticks of Yingshan and from the free ticks of Nanzhang.
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the viromes of H. longicornis ticks collected from the Dabie Mountain
region in 2016 and 2019 (Liu et al., 2023; Xu et al., 2021; Yang et al.,
2019), reported a large diversity of DNA viruses. In this study, we
investigated H. longicornis tick viromes collected in 2019 and 2020 from
three mountainous regions including the Dabie Mountain region locating
in Hubei. RNA-seq results identified viral sequences from 39 viruses in
seven RNA viral families and unclassified viruses. Although viral species
varied compared to previous studies (Liu et al., 2023; Xu et al., 2021;
Yang et al., 2019), Nairoviridae, Phenuiviridae, and Rhabdoviridae were the
most predominant viral communities in H. longicornis ticks in Hubei, and
were highly abundant in our samples. These newly discovered viral se-
quences suggest novel diversity and potential new viral strains. Unlike
previous studies that identified SFTSV sequences in ticks (Xu et al., 2021;
Yang et al.,, 2019), we did not find SFTSV-related sequences in our
RNA-seq or bead assay results from individual ticks (data not shown). A
possible explanation for this discrepancy is the differences in the site and
time of sample collection. Nonetheless, consistent with a recent study (Xu
et al., 2021), we observed high abundances of DBSTV and JMTV in both
free and engorged H. longicornis ticks.

DBSTV exhibits a wide geographical distribution, with variants found
in 14 provinces of China (Ma et al., 2022; Shao et al., 2020; Xu et al.,
2021; Zhu et al., 2020) and in Japan (Mekata et al., 2023). Its evolution
appears to be linked to its geographical distribution, with strains from
Hubei, Shandong, and Japan clustering as dominant variants of all
identified DBSTV sequences. Although other provinces had fewer strains,
those from the northern provinces of China also formed clusters. Despite
limited knowledge of DBSTV's pathogenicity, its wide distribution and
geographic distribution-associated phylogeny indicate the need for
continuous assessment of the potential transmission and disease risks.
According to the phylogenetic trees built based on the ORF sequences of
NS5-like proteins, glycoproteins, NS3-like proteins, membrane proteins,
and capsid proteins, JMTV sequences formed two clades. Clade I mainly
consisted of sequences from Hubei, whereas Clade II primarily included
sequences from Wenzhou, Guizhou, Henan, and Laos (Guo et al., 2020;
Temmam et al., 2019). The shifting position of strain XYNZ likely in-
dicates genetic variation resulting from segment reassortment in this
segmented RNA virus. To explore JMTV's evolutionary features regarding
location, migration, and recombination or reassortment, more sequences
are needed. Engorged ticks had a high abundance of HNTV, and OKTV
was found in free ticks. Importantly, ours is the first study to identify
HNTV in Hubei Province. HNTV belongs to the Tamdy group in the genus
Orthonairovirus, which contains pathogenic viruses associated with
human disease, such as Tamdy virus and Songling virus (Ma et al., 2021;
Moming et al., 2021). Our study recommends to conduct further surveys
of HNTV prevalence in ticks and hosts. Further, this is first time that
OKTV has been identified in H. longicornis ticks in Hubei, which was
previously reported from H. flava ticks from the Okutama region of Japan
and later in other parts of Japan (Kobayashi et al., 2020; Matsumoto
et al., 2018). OKTV was present in ticks in Shandong, China, according to
the sequences deposited in GenBank recently. The phylogenetic associ-
ation between OKTV identified in Hubei and Shandong suggests that this
virus has a common origin and a wide spatial distribution.

H. longicornis plays a critical role in virus maintenance and trans-
mission through taking blood meals. Therefore, feeding status affected
the virome composition of these ticks in our study. We observed differ-
ences between free and engorged ticks collected from the same sampling
locations. By comparing virus communities and abundances in these
ticks, we observed that some viruses more abundant in free ticks, while
others were more prevalent in engorged ticks. Although the depth of
sequencing data may be affected by the blood substance, thus having
impact on virus abundance in the engorged ticks, this observation still
indicates the impact of blood feeding on virus proliferation or con-
sumption in ticks. The host-specific factors may also contribute. The viral
diversity in engorged ticks is lower compared to free ticks, possibly
because ticks transmit most viruses into the host's blood through their
saliva, triggering the host's immune system and neutralizing many
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viruses (Fogaca et al., 2021). This results in reduced tick-borne virus
diversity in engorged ticks, with only a few viruses capable of successful
replication in the host, and their abundance remains unaffected and still
detectable in engorged ticks.

Certain viruses showed consistent abundance in both free and
engorged ticks. For example, DBSTV exhibited stability in tick pools and
viral RNA loads in individual ticks. Previous studies have detected
DBSTV in H. longicornis, Haemaphysalis concinna, Rhipicephalus turanicus,
and Rhipicephalus microplus ticks in Hubei and Shandong provinces, as
well as in many other provinces in northern China (Li C.X. et al., 2015;
Ma et al., 2022; Mekata et al., 2023; Shao et al., 2020; Xu et al., 2021; Zhu
et al., 2020). However, serological exposure to this virus has not been
reported to date. In contrast, despite a higher abundance of JMTV in free
H. longicornis ticks based on RNA-seq in two different pools, individual
ticks did not show JMTV RNA. JMTV has been previously found in
R. microplus ticks in Hubei province of China (Qin et al., 2014). It has
been increasingly detected in various regions of China, as well as in
Brazil, Trinidad, Tobago, French Antilles, and Turkey, and in tick species
belonging to the genera Rhipicephalus, Amblyomma, Dermacentor,
Haemaphysalis, Hyalomma, and Ixodes, with a particularly high preva-
lence in R. microplus ticks (Colmant et al., 2022; Dincer et al., 2019;
Gondard et al., 2020; Maruyama et al., 2014; Sameroff et al., 2019; Souza
et al., 2018; Temmam et al., 2019; Xu et al., 2021). This observation
suggests that JMTV has a wide distribution worldwide. However,
H. longicornis ticks may not be its major vector, which possibly explain
why JMTV was not identified in ticks.

Free and engorged ticks exhibited varying viral richness and di-
versity. These results are consistent with the findings of a recent study,
which suggested that tick virome structure is influenced by ecological
factors such as tick feeding status (Xu et al., 2021). In addition, our study
showed that H. longicornis ticks from different mountainous regions
exhibited distinct viral richness and diversity, suggesting that the local
ecological environment plays a key role in shaping tick viromes. There-
fore, conducting an extensive epidemiological investigation of tick
viromes associated with ecological factors would further promote our
understanding of the composition of viral communities in H. longicornis
ticks across different locations.

Although we revealed the precise viral prevalence in individual ticks,
a shortcoming of our study is its limited sample size, which may have
affected the complete representation of the overall virus prevalence in
Hubei province. Nevertheless, we did observe a high prevalence of
DBSTV in ticks from Hubei. For other viruses, a larger sample size should
be included in future surveys. Together with the previous research (Xu
et al., 2021), our findings of differential viral communities, richness, and
abundance in free and engorged ticks suggest that blood feeding likely
plays a role in shaping virome structures. However, because we lack
samples from animal hosts, we could not determine whether animals
were infected and/or exposed to viruses identified with differing abun-
dances in free and engorged ticks. Nonetheless, our results provide
insight into the impact of blood feeding on viral proliferation and
infection in ticks and animal hosts.

5. Conclusions

This study investigated the viromes of H. longicornis ticks collected
across three mountainous regions in Hubei Province during 2019-2020.
Our results revealed the genetic diversity within the viral community,
suggesting the potential roles of blood feeding and geographic distribu-
tion in shaping virome structures. New strains of HNTV, DBSTV, OKTV,
and JMTV were identified, and novel phylogenetic insights were gained
from DBSTV and JMTV. Moreover, we established a method to precisely
determine virus prevalence in individual ticks and found a high preva-
lence of DBSTV in H. longicornis ticks. These findings significantly
enhance our understanding of the H. longicornis tick virome in Hubei,
emphasizing the need for increased attention on emerging prevalent vi-
ruses in ticks. To comprehensively evaluate the risk of TBV infection and
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spillover into hosts in China, surveys involving a larger sample size of
H. longicornis ticks, along with related animal samples across more wide
regions, are needed.
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