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ARTICLE INFO ABSTRACT

Keywords: Ticks are implicated in the transmission of various human and livestock pathogens worldwide. This study aimed

Ticks to understand the geographical distribution of tick species, along with tick-associated viruses, in Heilongjiang

Ti'Ck'bome Virflses Province, northeast China. Molecular methods were used to classify tick species, with next-generation sequen-

Virome analysis ) cing and polymerase chain reaction-based analyses used to assess the viromes of ticks from four representative

g;?:;er Khingan mountains sampling locations in the Greater Khingan Mountains. Five species of ixodid ticks were identified, including
Ixodes persulcatus, Dermacentor nuttalli, Dermacentor silvarum, Haemaphysalis longicornis, and Haemaphysalis
concinna. From the 1102 ticks, 3,568,561 high-quality reads were obtained by next-generation sequencing.
Following trimming, 302,540 reads were obtained, of which 6577 (2.16%) reads were annotated to viruses.
Phylogenetic analysis revealed that the viral sequences shared a close relationship with Orthonairovirus,
Phlebovirus, deer tick Mononegavirales-like virus, and Jingmen tick virus sequences, but the significance of these
newly-identified tick-borne viruses to human and animal health requires further investigation. The results of this
study provide a basis not only for further studies on the relationship between ticks and tick-borne viruses, but
also for preventing future tick-borne epidemic outbreaks by means of vector control.

China, later died from an uncharacterized hemorrhagic fever-like dis-
ease. The causative agent, a novel Orthobunyavirus, was identified in

1. Introduction

Ticks transmit various bacterial, viral, and protozoan pathogens
(Cheng et al., 2016; Diuk-Wasser et al., 2016; Firth et al., 2014; Lee
et al.,, 2016) and are increasingly being identified as the vectors of
human and animal diseases (Torres et al., 2012). The majority of tick-
borne infections occur in farmers involved in animal husbandry or
among people who live or work in forested areas. The most common of
these infectious diseases include tick-borne encephalitis (TBE) (Kunze,
2016), Crimean-Congo hemorrhagic fever (CCHF) (Xia et al., 2011;
Yadav et al., 2013), severe fever with thrombocytopenia syndrome
(SFTS) (Suh et al., 2016) and spotted fever (Keskin et al., 2016). In
2009, several farmers bitten by ticks in Hubei and Henan provinces,

2010 and later designated SFTS virus (SFTSV) (Zhang and Xu, 2016).
From 2010 to October 2016, SFTS cases were reported in 23 provinces
of China (Zhan et al., 2017). As it stands, tick-borne pathogens are
increasingly threatening human and animal health worldwide. There-
fore, as part of infectious disease prevention strategies, it is important
to investigate the tick vectors as well as the viral spectrum of these
ectoparasites to better predict potential outbreaks of tick-borne dis-
eases.

Next-generation sequencing (NGS) technology has been widely ap-
plied in virology research (Shi et al., 2016) and its use in viral meta-
genomics is increasingly common (Bzhalava and Dillner, 2013). Using
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this technology, the viromes of Amblyomma americanum, Dermacentor
variabilis and Ixodes scapularis ticks from North America were char-
acterized, identifying Powassan virus as well as eight novel tick-borne
viruses (Tokarz et al., 2014). NGS was also used to investigate the
presence of viruses in Rhipicephalus spp. ticks from Yunnan Province in
southwest China, with resulting virus-related reads distributed across
24 virus families (Xia et al., 2015). Similarly, other researchers have
applied the technique to identify novel viruses in Ixodes ricinus from
France (Moutailler et al., 2016) and in Dermacentor occidentalis from the
United States (Bouquet et al., 2017). Together, these studies show that
metagenomic analysis can lead to a better understanding of the tick
virome and help in the identification of emerging pathogens.

The Greater Khingan Mountains, bordering Russia and Mongolia in
the northeast of China, have abundant natural resources, with a forest
coverage rate of up to 74%. Because of its unique geographical features,
this area has become a popular tourist destination. However, it is a
natural epidemic focus for tick-borne encephalitis (Sun et al., 2017).
With the expansion of human activities, the risk of natural focal dis-
eases has increased. To prevent outbreaks of tick-borne diseases, it is
important to understand the distribution of tick species and identify
their natural habitats (Tijsse-Klasen et al., 2014). This research aimed
to investigate tick species distribution and the diversity and prevalence
of tick-borne viruses in the Greater Khingan Mountain district of Hei-
longjiang Province, northeastern China.

2. Material and methods
2.1. Sample collection and identification

A flag-drag approach was used to collect ticks from four sampling
locations in the Greater Khingan Mountains during 2015 and 2016
(Fig. 1). The ticks were stored in tubes at — 20 °C before transport to the
laboratory, where they were stored at —80 °C. Tick species were mor-
phologically differentiated by a trained expert in the field and then
confirmed by polymerase chain reaction (PCR)-based amplification and
sequencing of the first (ITS-1) and second (ITS-2) internal transcribed
spacer (ITS) regions of the nuclear ribosomal RNA gene, as described
previously (Chitimia et al., 2009).

2.2. Tick virome analysis

2.2.1. Preparation of ticks and extraction of viral RNA

The collected ticks were separated into nine groups based on their
location and species, with each group consisting of pooled samples of
20 ticks per sample (e.g., group one contains 220 ticks pooled into 11
samples) (Table 1). Approximately 60% of the samples ("1102 ticks)
were subjected to NGS analysis, while the remaining samples were used
for virus identification. Each tick sample was homogenized using a glass
pestle in 500 pL of SM buffer (50 mM Tris, 10 mM MgSO,4, 0.1 M NacCl,
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Table 1
Distribution of tick species across the four sampling locations.
Location Species of Groups Numbers Samples Date
ticks
A’muer Town L persulcatus 1 220 11 2016
Beiji Village I persulcatus 2 547 28 2015
Chuonahe preservation H. longicornis 3 377 19 2015
zone H. concinna 4 495 25 2015
D. nuttalli 5 40 2 2015
1. persulcatus 6 137 7 2015
Shuanghe preservation D. nuttalli 7 26 2 2015
zone D. silvarum 8 23 2 2015
L. persulcatus 9 16 1 2015
Total 1881

pH 7.5), after which it was centrifuged at 12,000 X g for 15 min at 4 °C.
The supernatants were then filtered through 0.45-um and 0.22-pm
Millex filters (Millipore, USA). A 130 uL aliquot of each filtrate was
mixed with 4 uL of DNase I, 15uL of 10 x DNase I buffer (TaKaRa,
China), and 1 pL of RNase A (TaKaRa, China) and incubated at 37 °C for
60-min to eliminate host genomic DNA and other free nucleic acids.
Total viral nucleic acids were then extracted from a 140 pL aliquot of
each treated sample using a QIAamp Viral RNA Mini Kit (Qiagen,
Germany) according to the manufacturer’s protocol. Total RNA was
eluted in 45yuL of RNase-free H,O (TaKaRa, China) and either used
immediately or stored at —80 °C.

2.2.2. cDNA library preparation for NGS

Viral RNA was reverse transcribed into cDNA using M-MLV RTase
(TaKaRa, China). Briefly, 38 uL of each RNA extract were separately
mixed with 100 pmol/uL anchored random primers, heated at 75 °C for
5min, and then cooled on ice for 2 min before the addition of 3 uL of
dNTPs (10 mM, TaKaRa, China), 1 uL of recombinant RNase inhibitor
(TaKaRa, China), 1L of M-MLV RTase, 10 uL. of 5x M-MLV buffer
(TaKaRa, China), and RNase-free H,O to a final volume of 50 pL. The
mixtures were incubated at 42°C for 60 min, followed by another
10min at 85°C to inactivate the RTase. For double-stranded cDNA
(dscDNA) synthesis, mixtures containing 15.8 pL of the cDNA synthesis
reaction and 100 pmol/pL random primers were incubated at 75 °C for
2 min, followed by cooling on ice for 5min. The remaining reagents,
including 1pL of dNTPs (10 mM, TaKaRa, China), 1uL of Klenow
fragment (TaKaRa, China), and 2 pL of 10 x Klenow buffer, were then
added along with ddH,0 to a final volume of 20 uL. Reactions were
incubated at 37 °C for 60 min, followed by inactivation at 75 °C for
10 min. To obtain sufficient viral nucleic acid for NGS, dscDNA was
further amplified via sequence-independent single-primer amplifica-
tion. Briefly, 50 pL reaction mixtures containing 4 pL of dscDNA mix-
ture, 2 uL of barcode primer (20 uM), 2 X Taq PCR MasterMix (Tiangen,
China), and ddH,O were subjected to thermal cycling at 94 °C for 2 min,

Beiji Village

Shuanghe preservation zone
o
Chuonahe preservation zone
o

The Greater Khingan Mountains

Fig. 1. Map of tick collection sites.
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Fig. 2. Overview of viral reads obtained from the samples.

followed by 40 cycles of 94 °C for 30's, 55 °C for 30 s, and 72 °C for 60 s,
with a final extension at 72 °C for 8 min. The amplicons generated from
each sample were then purified using a QIAquick PCR Purification Kit
(Qiagen, Germany) and dissolved in 50 pL of TE buffer (100 mM Tris-
HCL10 mM EDTA, pH 8.0) (He et al., 2013).

2.2.3. Next-generation sequencing

The tagged and purified PCR products for each of the nine groups
were pooled and submitted to the Beijing Genome Institute (BGI,
Shenzhen, China) for Solexa sequencing. The resulting sequence data
were aligned against the non-redundant and viral reference GenBank
databases using BLASTx and BLASTn analyses. An E-value cutoff of <
10e > was used to identify homologous sequences. Contigs containing
bacterial or eukaryotic sequence were eliminated, and virus-like se-
quences were subjected to further analysis.

2.2.4. Virus screening

To validate the results of Solexa sequencing, Primer 5 (Premier
Biosoft International, USA) was used to design primers which target on
RNA-dependent RNA polymerase gene for verification of the identified
viral sequences. Primer sequences are provided in the Supplementary
material. Viral RNA was extracted using RNeasy mini kit (Qiagen,
Germany) and was synthesized cDNA used PrimeScript™ II 1st Strand
cDNA synthesis kit (TaKaRa, China), the amplification of cDNA was
conducted with PCR Master Mix (Tiangen, China) by nested-PCR
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according to the manufacturer’s protocol. The products were visualized
on 1.0% agarose gels stained with ethidium bromide (Tiangen, China)
and the positive PCR products were sequenced using an ABI 3730 DNA
Analyzer (Applied Biosystems, USA). In addition, primers which tar-
geted on nucleocapsid protein (Supplementary material) were designed
to screen the samples for CCHF virus (CCHFV). To detect CCHFV, the
c¢DNA was performed by touchdown PCR in 50 uL reaction volumes
containing 1 pL of cDNA, 2 pL of each primer (10 pM), 25 uL of 2 x Taq
PCR Master Mix (Tiangen, China) and ddH,O. Thermal cycler para-
meters consisted of 94 °C for 3 min, followed by 20 cycles of 94 °C for
30s, 65°C for 30s (decreasing in 0.5 °C increments/cycle), and 72 °C
for 60 s, a further 20 cycles of 94 °C for 30's, 54 °C for 30's, and 72 °C for
60s, and a final extension at 72°C for 8 min. The products were vi-
sualized on 1.0% agarose gels stained with ethidium bromide (Tiangen,
China).

2.2.5. Phylogenetic analysis

Nucleotide sequence alignment was conducted using Clustal W and
phylogenetic trees were generated using the neighbor-joining method
in MEGA 6 with 1000 bootstrap replicates (Tamura et al., 2013).
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3. Results
3.1. Tick collection, classification, and distribution

A total of 1881 ticks were collected from the Greater Khingan
Mountains and were found to belong to five different species: I. per-
sulcatus, H. longicornis, H. concinna, D. nuttalli and D. silvarum. Tick
collection sites are shown in Fig. 1, and the distribution of ticks across
the four sites is summarized in Table 1. Analysis showed that I. per-
sulcatus was most prevalent (48.9%) and was distributed across all four
sampling sites. D. nuttalli (3.5%) was identified in both the Shuanghe
and Chuonahe preservation zones, H. longicornis (20.1%) and H. con-
cinna (26.3%) were only found in the Chuonahe Preservation Zone, and
D. silvarum (1.2%) was only found in the Shuanghe Preservation zone.

3.2. Tick virome profiling

A total of 2030 Mb of raw reads were obtained by Solexa sequen-
cing. After the removal of tick sequences following comparison against
tick genomes available from the NCBI databases, a total of 3,568,561
reads remained. Deletion of non-overlapping reads (7.85%), resulting in
a total of 3,288,385 overlapped reads with an average length of 134 bp.
Initial analyses of the clean data against the NCBI bacterial, fungal, and
viral genome databases identified 395 (0.011%), 19,165 (0.537%), and
287,839 (8.066%) reads with identity to known viral, fungal and bac-
terial sequences, respectively. Gene prediction using MetaGeneMark
revealed that 304,540 reads showed identity to annotated microbial
ORFs, with 6577 (2.16%, 6577/304,540) reads showing identity to
viral ORFs based on functional annotations under the defined cutoff
value. Based on the most significant BLASTn similarities (E-value <
10e™%), the viral sequences were classified into 18 virus families
(Fig. 2). Approximately 98.42% (6473/6577) of the reads were anno-
tated to vertebrate viruses spanning 12 virus families, including Phe-
nuiviridae, Nairoviridae, Rhabdoviridae, Retroviridae, Peribunyaviridae,
Alloherpesviridae, Herpesviridae, Flaviviridae, Nodaviridae, Picornaviridae,
Papillomaviridae and an unclassified virus family that includes Jingmen
tick virus (JMTV), deer tick Mononegavirales-like virus (DTMV), Ixodes
scapularis-associated virus, Pandoravirus, Wuhan louse fly virus, Sobe-
movirus, Posavirus, and tick-borne tetravirus-like virus. Most of the
reads were attributed to JMTV (75.92%, 4993/6577), followed by
South Bay virus (SBV; 12.03%, 791/6577), blacklegged tick phlebo-
virus (BTPV; 4.96%, 326/6577), and DTMV (3.62%, 238/6577). All
other reads showed only low sequence identity to known viral nucleic
acid/amino acid sequences. Insect virus families comprised 0.11% of
the reads, while plant viruses accounted for 0.26% of the annotated
reads.

The 6577 virome reads were assembled into 91 contigs.
Orthobunyavirus-like sequences made up more than 60% of all contigs,
with 30 contigs annotated to SBV, 28 to BTPV, 14 to DTMV, and 19 to
JMTV. The Solexa sequencing results were also verified by nested PCR
using primers specific for these vertebrate viruses (Table 2). The results
indicated that ticks belonging to the same species collected from dif-
ferent locations displayed different PCR-positive virus profiles, with
ticks belonging to different species but from the same location also

Ticks and Tick-borne Diseases 10 (2019) 412-420

belonging to the same tick species from the same location also showed
variation in PCR-positive virus profiles.

3.3. Screening for Orthonairovirus sequences

The family Nairoviridae, belonging to the order Bunyavirales, is
comprised of 12 species, many of which are tick-borne viruses. Virome
studies conducted on ticks from North America in 2014 identified SBV
and classified it as a novel virus belonging to the family Nairoviridae
(Tokarz et al., 2014). SBV is highly divergent compared with previously
identified tick-borne Orthonairovirus species. In the current study,
12708-bp and 1092-bp fragments of the L and S segments, respectively,
were amplified from several SBV-positive samples and sequenced.
Phylogenetic analysis of the resulting sequences with sequences from
representatives of all 12 species of Orthonairovirus showed that one
sequence from a sample collected in Beiji, and therefore designated
Beiji nairovirus, did not cluster with any of the described Orthonair-
ovirus species (Fig. 3A&B). The sequence from the L segment of Beiji
nairovirus shared the highest nucleotide identity (81%) with Pustyn
virus from Russia and 68% nucleotide identity with SBV from United
States, and similarly the S segment sequence showed the highest
identity (79%) with Pustyn virus and 67% identity with SBV. These
results suggested that the Beiji nairovirus in this study may belong to a
new Orthonairovirus species.

NGS only produced one read annotated to CCHFV, which showed
low nucleotide sequence identity. PCR analysis of the tick samples using
primers targeting the CCHFV N gene also did not support the presence
of CCHFYV in ticks from this region of China.

3.4. Screening Phlebovirus sequences

The genus Phlebovirus also belongs to the order Bunyavirales, with
viruses belonging to this genus showing genome identity to viruses of
the genus Orthonairovirus. Based on NGS data, the specific primers were
designed to examine the prevalence of BTPV in the samples via RT-PCR-
based amplification. Nested RT-PCR of all tick samples targeting a 540-
bp fragment of the L segment confirmed the results of Solexa sequen-
cing. As shown in Table 2, the prevalence of BTPV was high among the
tested tick samples, with prevalence rates ranging from 55% in I. per-
sulcatus to 100% in D. nuttalli and D. silvarum. A 2003-bp fragment from
the L segment of phlebovirus sequences was amplified from the PCR-
positive samples and sequenced. Sequence comparison showed that the
resulting sequences shared 81%, 78%, 76%, and 70% nucleotide se-
quence identity with Norway phlebovirus 1, BTPV-1, BTPV-2, and
BTPV-3, respectively. Phylogenetic analysis based on the L fragment
sequences showed that the Beiji phlebovirus sequence identified in the
current study belonged to the tick-borne phlebovirus cluster, but
formed a monophyletic clade away from the Uukuniemi group and
SFTS group clades (Fig. 4)

3.5. Screening for deer tick mononegavirales-like virus sequences

The order Mononegavirales contains eight families and includes
several important zoonotic viruses, including Marburg, Ebola, and ra-

demonstrating differing virome profiles. Interestingly, samples bies. DTMV was first reported in North America in 2014 (Tokarz et al.,
Table 2
Prevalence of selected viruses in various tick species from each of the sampling locations.

Viruses A’muer Beiji Chuonahe Shuanghe

L. persulcatus I persulcatus H. longicornis H. concinna D. nuttalli L persulcatus D. nuttalli D. silvarum L persulcatus

SBV 100% 96% 16% 20% 100% 0 0 0 0

BTPV 55% 96% 95% 60% 100% 100% 100% 100% 100%

DTMV 36% 100% 0 28% 100% 86% 50% 100% 100%

JMTV 27% 7% 11% 4% 100% 43% 50% 0 0
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Fig. 3. (A) Phylogenetic analysis based on a 12,708-bp region of the RNA-dependent RNA polymerase gene (L segment) from Beiji nairovirus and other re-
presentative tick-borne viruses. (B) Phylogenetic analysis based on a 1092-bp region of the nucleocapsid protein gene (S segment) of Beiji nairovirus with other
representative tick-borne viruses. The trees were generated using the neighbor-joining (NJ) method with a Maximum Composite Likelihood model. Analysis included
1000 bootstrap replicates. Numbers above the branches indicate NJ bootstrap values. Bold triangles indicate the Beiji nairovirus sequence obtained in the current

study.
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2014). In the current study, the prevalence of DTMV was detected by
NGS and confirmed by nested RT-PCR targeting a 320-bp fragment of
the viral L segment. The prevalence of DTMV was 36-100% in I. per-
sulcatus samples, 0% in H. longicornis, 28% in H. concinna, 50-100% in
D. nuttalli samples, and 100% in D. silvarum (Table 2). A 3985-bp
fragment from the L segment of DTMV (designated DTMV HLJ) was

BTPV group

Uukuniemi group

SFTSV group

NC 012703 Nyamanini virus

T' FJ554526 Nyamanini virus tick 39

NC 001607 Borna disease virus 1 _] Bornaviridae
NC 020807 Lagos bat virus 0406SEN

Mononegavirales-like virus
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Fig. 4. Phylogenetic analysis of Beiji phlebo-
virus and other representative tick-borne
viruses based on a 2003-bp region of the RNA-
dependent RNA polymerase gene. The tree was
generated using the neighbor-joining (NJ)
method with a Maximum Composite
Likelihood model. Numbers above the bran-
ches indicate NJ bootstrap values. Bold trian-
gles indicate the Beiji phlebovirus sequence
obtained in the current study.

tick-borne viruses

mosquito-borne viruses

Fig. 5. Phylogenetic analysis of deer tick
Mononegavirales-like virus (DTMV) strain HLJ
and other representative viruses based on a
3985-bp fragment of the RNA-dependent RNA
polymerase gene. The tree was generated using
the neighbor-joining (NJ) method with a
Maximum Composite Likelihood model.
Numbers above the branches indicate NJ
bootstrap values. Bold triangles indicate DTMV
strain HLJ identified in the current study.

FJ554525 Midway virus RML47153

Nyamiviridae

Rhabdoviridae

KJ396935 Long Island tick rhabdovirus LS1
NC 002617 Newcastle disease virus B1
] Paramyxoviridae
JN192445 Sunshinevirus ] Sunviridae
NC 006579 Pneumonia virus J3666 _] Pneumoviridae
NC 001608 Marburg marburgvirus
NC 004161 Reston ebolavirus

Filoviridae

obtained by PCR from the NGS-positive samples. This sequence shared
72% nucleotide sequence identity with DTMV strains DTM1 and F13.
Phylogenetic analysis showed that the DTMV HLJ sequence formed a
separate monophyletic clade within the order Mononegavirals (Fig. 5).
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Fig. 6. Phylogenetic analysis of novel Jingmen tick virus (JMTV) strain HLJ identified from ticks in the current study with representative viruses of the genus
Flavivirus (family Flaviviridae). The phylogenetic trees were constructed based on a 1298-bp fragment of the NS5 (segment 1) gene (A) and a 1865-bp fragment of the
NS3 (segment 3) gene (B). Trees were generated using a neighbor-joining (NJ) method with a Maximum Composite Likelihood model. Numbers above the branches
indicate NJ bootstrap values. Bold triangles indicate JMTV strain HLJ identified in the current study.

3.6. Screening for Jingmen tick virus sequences Phylogenetic analyses showed that the JMTV sequences clustered with
Flavivirius and flavi-like virus sequences in both phylogenetic trees
JMTV has a segmented RNA genome derived from an unsegmented (Fig. 6A&B)..
Flaviviridae virus and is widely distributed amongst tick populations

across China (Qin et al., 2014). RT-PCR-based screening of all samples 4. Discussion

using specific primers targeting segment 1 revealed JMTV prevalence

rates of 0-43% in I. persulcatus samples, 10% in H. longicornis, 4% in H. In this study, a total of 1881 ticks were collected from four re-
concinna, and up to 100% in D. nuttalli (Table 2). However, JMTV was presentative sampling sites in the Greater Khingan Mountains area of
not detected in D. silvarum samples (Table 2). A 1298-bp fragment of ~ China and classified into five species. Prevalence analysis suggests that
segment 1 and 1865-bp fragment of segment 3 were obtained by PCR L persulcatus is the major tick species in this area, and that the dis-
from some of the PCR-positive samples and subsequently sequenced. tribution of different tick species differs across the region. A previous
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study identified 11 tick species in Heilongjiang Province, China (Chen
et al., 2010), a significantly greater number than the five species
identified in the current study. It is not clear if the difference in tick
species diversity between the two studies is because of differences in
the timing of sample collection, or is the result of differences in climate,
ecological environment, and human activity, as suggested by others
(Esteve-Gassent et al., 2016).

NGS resulted in only 6577 reads with similarity to viral ORFs, which
were subsequently assembled into 91 contigs. This is significantly less
than the 735,413 contigs and 230,000 reads annotated to virus se-
quences in two similar studies (Bouquet et al., 2017; Pettersson et al.,
2017). We speculate that the higher sample conservation temperature
(—20°C), different specimen preparation procedures, and different
sequencing platforms may be behind the discrepancies. The tick sam-
ples were initially stored at —20°C before transportation and then
transferred to —80 °C in the laboratory prior to analysis, the higher
initial temperature may have resulted in degradation of the viruses. In
addition, the kit used for cDNA library preparation and the chosen se-
quencing platform may significantly impact viral detection rates.

Despite lower detection rates, several viruses were identified via
NGS, which were confirmed by PCR and sequencing. The prevalence of
these viruses in ticks was also determined. It is worth noting that the
prevalence data for viruses in different zones may have been skewed by
the sample sizes and the timing of sample collection. Nevertheless,
BLASTx and BLASTn analyses revealed that many of the sequences
obtained by NGS showed a high level of similarity to sequences from
Nairoviridae, Phenuiviridae (Bunyavirales), Mononegavirales, and
Flaviviridae viruses. The order Bunyavirales contains nine families, in-
cluding Nairoviridae, and includes many tick-borne viruses responsible
for serious diseases in humans and animals such as CCHF and Nairobi
sheep disease (NSD). While recognized vectors of CCHFV and NSD virus
(NSDV) are present in China (Gong et al., 2015; Sun et al., 2009), these
viruses were not detected in the current study, although a number of
sequences related to Orthonairovirus species were identified by NGS and
confirmed by RT-PCR analyses. The Orthonairovirus identified in a
sample from Beiji, designated Beiji nairovirus shared 68% nucleotide
sequence identity with SBV, while phylogenetic analysis of L and S
segment sequences showed that it belonged to the family Nairoviridae.
SBV was first detected in I. scapularis ticks in North America, and our
results show that I. persulcatus, H. longicornis, H. concinna and D. nutalli
ticks may also host SBV. Beiji nairovirus showed relatively high amino
acid identity (86%) to Pustyn virus from Russia and Norway nairovirus
1 from Norway, indicating that this group of viruses is present in di-
verse geographic regions.

The genus Phlebovirus belongs to the family Phenuiviridae and is
classified into the mosquito/sandfly-borne and tick-borne viral groups
(Alkan et al., 2016). Phlebovirus SFTSV, which causes serious diseases
in humans and livestock, is transmitted by Haemaphysalis and Rhipice-
phalus ticks and was first identified in China (Yu et al., 2011). However,
Solexa sequencing of tick viromes did not detect the presence of SFTSV
in any of the samples from the current study. In contrast, another
phlebovirus, BTPV, was highly prevalent in all tick species identified in
the current study and was widespread across the sampling locations.
Phylogenetic analysis based on the L segment of this virus, designated
Beiji phlebovirus, showed that it forms a cluster with the tick-borne
phlebovirus group, but is separate from the Uukuniemi virus and SFTSV
groups. Attempts to sequence the M segment of the SBV and BTPV
viruses identified in this study were unsuccessful. Previous studies have
shown that the secondary structure of the M segment of SBV and BTPV
viruses may prevent the synthesis and/or amplification of cDNA
(Tokarz et al., 2014; Xia et al., 2015). However, the high genetic di-
vergence of Beiji phlebovirus from known Phlebovirus species may in-
dicate that it is a novel virus within the genus Phlebovirus.

In addition to the Orthobunyavirus-like viruses, the L segment of a
Mononegavirales-like virus, designated DTMV HLJ, was also detected in
the current study. DTMV HLJ was highly prevalent in I. persulcatus
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ticks. Phylogenetic analysis based on the partial L segment sequence of
DTMV HLJ placed it within a clade comprising other Mononegavirales-
like viruses, including louse fly virus and mosquito virus, within the
family Nyamiviridae (order, Mononegavirales). We therefore hypothesize
that DTMV HLJ belongs to a novel genus within Nyamiviridae.

The family Flaviviridae comprises small enveloped viruses with RNA
genomes (Simmonds et al., 2017). The majority of known members of
the genus Flavivirus are arthropod-borne, and many are important
human and veterinary pathogens. Tick-borne encephalitis, also known
as forest encephalitis in China, has been reported in Heilongjiang, Jilin,
Inner Mongolia, and Xinjiang provinces (Fang et al., 2015). Serological
analysis of tick-borne encephalitis virus (TBEV) confirmed human cases
of TBEV infection in Tibet and Yunnan, two provinces located in
southwest China (Xing et al., 2017). There are three TBEV subtypes,
designated Far Eastern (FE), Siberian (Sib), and European, with the Far
Eastern subtype currently the predominant subtype in China. However,
the Siberian subtype has recently also been detected in Xinjiang Pro-
vince (Liu et al., 2016). The primary vector of the European subtype is I.
ricinus, while I. persulcatus is the primary vector of the Far Eastern and
Siberian subtypes. However, neither FE-TBEV nor Sib-TBEV sequences
were detected in the current study.

JMTV is a segmented RNA virus whose genome comprises four
segments (S1-S4), two of which are highly divergent segments of un-
known origin, while the remaining two segments share common an-
cestry with the NS3 and NS5 regions of Flavivirus genomes (Qin et al.,
2014). In the current study, the average prevalence of JMTV across all
samples was 26.89%, which was much lower than that of the other
three viruses. Phylogenetic analysis indicated that S1 and S3 sequences
from JMTV cluster with Flavivirus sequences, which is consistent with
previous findings (Shi et al., 2015).

Of note, attempts to isolate viruses in the current study by in-
oculation of PCR-positive specimens onto Vero and baby hamster
kidney fibroblast (BHK-21) cell cultures were unsuccessful.

5. Conclusions

This study identified five species of ticks in samples from the
Greater Khingan Mountains, while virome analysis suggested the pre-
sence of several likely novel tick-borne viruses. Viruses on the natural
epidemic focus list of northeast China, including TBEV, STSFV, CCHFV,
and NSD virus, were not detected in the current study, possibly as a
result of geographical isolation, tick sample sizes, and sampling time. It
is unclear if the newly identified viruses can be transmitted to verte-
brate hosts via blood feeding; thus, their significance to human and
animal health will require further study. In addition, studies using
samples from a larger geographical area need to be conducted to obtain
a better understanding of tick distribution and the prevalence of tick-
borne viruses, which would aid in the prevention and control of tick-
borne diseases.
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