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ABSTRACT. Ticks transmit a wide range of viral, bacterial, and protozoal pathogens, which are
often zoonotic. Several novel tick-borne viral pathogens have been reported during the past

few years. The aim of this study was to investigate a diversity of tick viral populations, which may
contain as-yet unidentified viruses, using a combination of high throughput pyrosequencing and
Batch Learning Self-Organizing Map (BLSOM) program, which enables phylogenetic estimation
based on the similarity of oligonucleotide frequencies. DNA/cDNA prepared from virus-enriched
fractions obtained from Ixodes persulcatus ticks was pyrosequenced. After de novo assembly,

J. Vet. Med. Sci. contigs were cataloged by the BLSOM program. In total 41 different viral families and order

81(3): 401-410, 2019 including those previously associated with human and animal diseases such as Bunyavirales,

) ! Flaviviridae, and Reoviridae, were detected. Therefore, our strategy is applicable for viral population
doi: 10.1292/jvms.18-0483 analysis of other arthropods of medical and veterinary importance, such as mosquitos and lice.
The results lead to the contribution to the prediction of emerging tick-borne viral diseases. A
) sufficient understanding of tick viral populations will also empower to analyze and understand
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Ticks (ixodida) are haematophagous parasitic arthropods that feed on the blood of vertebrates ranging from mammals and birds
to reptiles. They can harbor and transmit a wide range of viral, bacterial, and protozoal pathogens, which are zoonotic frequently
[4, 15, 16, 52]. A change in the world’s climate and environments and developing international exchanges can cause changes or
extension of tick distributions, because of which contacts with ticks are increasing [5, 17, 35, 36]. Furthermore, recognitions of
new tick-borne diseases are in on the rise. For example, new tick-borne viral diseases, such as severe fever with thrombocytopenia
syndrome (SFTS) and Heartland virus infection have appeared as emerging diseases, recently [31, 52].

Currently the majority of tick-borne virus studies have heavily concentrated on the well described RNA arboviruses containing
the families Nairoviridae, Phenuiviridae, Peribunyaviridae, Flaviviridae, and Reoviridae, including the causative agents of
Crimean-Congo hemorrhagic fever, tick-borne encephalitis, and Colorado tick fever in humans [3, 34]. Little efforts focus on
potentially emergent viruses that have not yet made their presence known on ticks. These undiscovered viruses can also provide
a gene pools serving as sources of biodiversity by the mechanisms of recombination or reassortment with existing pathogenic
tick-borne viruses. Understanding the total diversity of tick-borne viruses is important for prediction and preparation of emerging
and re-emerging tick-borne viral diseases; however, characterizing new viruses is difficult due to limitation of currently available
detection methods, such as culture- or experimental animal-based isolation, conventional PCRs, and pan-viral microarrays.
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Traditional molecular methods have technical limitations in finding and characterizing novel viruses that share limited homology to
know viral sequences in the database.

An effective strategy for exploiting “virome” would need to simultaneously identify a wide range of viral taxa. To elude these
problems, recent studies have employed the effectiveness of viral particle purification and shotgun sequencing for finding of novel
viruses. Using this combination of techniques, novel viruses have been characterized or viral populations were detected from
several biological and environmental samples [19, 20, 33, 51]. These studies employed BLAST analysis to classify sequence reads,
with which only a few percentage of the reads were assigned to viruses and over half of the reads were not able to assign to any
biological groups [6, 12, 14, 28, 41, 51]. Thus, there is a positivity of the presence of the viral world which has not been explored
previously.

Batch Learning Self-Organizing Map (BLSOM) is a novel bioinformatics tool for large-scale comprehensive, phylogenetic
studies on big sequence data, which is applicable to any environmental sample: a tool that can overview all available sequences
from prokaryotic, eukaryotic, organelle and viral genomes at once [1, 23]. Suppose only a massive amount of fragmental sequences
(e.g., 1 kb sequences) derived from mixed genomes of multiple organisms in an environmental sample are available, it appears
impossible to identify how many and what types of genomes are present in the sample. However, we found that BLSOM can
classify the genomic fragments according to phylotype without any information other than oligonucleotide composition; BLSOM
can properly recognize species-specific characteristics of oligonucleotide composition in most genomic fragments, permitting
phylotype-specific clustering (self-organization) of sequences and unveiling diagnostic oligonucleotides responsible for the
phylotype-specific clustering [2, 47]. In our previous study, this approach was successfully applied to analyze the bacterial flora of
ticks, which resulted in the identification of over a hundred different genera, including novel Chlamydiae, that had previously not
been found in ticks [32]. Additionally, phylotype-specific classification methods theoretically similar to BLSOM were applied to
metagenomic studies [10, 13, 29, 50].

The aim of this study was to reveal virome in Ixodes persulcatus tick by using a combination of a high throughput sequencing
technique and a bioinformatics tool based on BLSOM. This tick species is a vector of tick-borne encephalitis (TBE) virus in the
Far East [18]. In Hokkaido, first human case of TBE has been reported in 1993 [44]. However, the responsible vector of TBE
in the case was supposed to be . ovatus [45]. After 23 years, a second TBE case was reported in 2016 [43]. Recently, new tick-
borne Phlebovirus was detected from /1. persulcatus in Hokkaido [30]. Although, the potency of 1. persulcatus as a vector of viral
pathogens is still unknown.

MATERIALS AND METHODS

Sample collection site

Adult I. persulcatus ticks were collected in Hidaka (42.97 N 142.68 E) in Hokkaido, Japan by flagging method. No specific
permissions were required for the location and activities. Our field activities did not involve endangered or protected species.
Live adult ticks were separated by sexes and stored in an incubator at 4°C with over 80% humidity until used for the next sample
preparation step.

Enrichment of virion populations from ticks

The ticks were washed with 70% of ethanol and rinsed with SM buffer with gelatin (1 / of SM buffer containing 5.8 g NaCl,
1.2 g MgSO,, 50 m/ of 1 M Tris-HCI pH 7.5, and 0.1 g gelatin) several times. Homogenates were prepared from 10 whole ticks
of the same gender by placing them in a 2 m/ microtube containing two stainless beads with 100 u/ of SM buffer and then shaking
the tubes in a beads homogenizer (Tomy, Tokyo, Japan) at 3,000 rpm for 30 sec. After homogenization, 300 u/ of SM buffer
was added into each tube and the homogenates were remixed with fresh SM buffer. To remove tick debris and intact cells, the
homogenates were centrifuged at 5,800 g for 30 min. Supernatants obtained from 10 tubes of the same gender were pooled and
filtered through 0.45 and 0.22 um pore-size polyether membranes (Whatman, Maidstone, U.K.). Small particles in the filtrates
were concentrated with a tangential flow filtration cassette with a 30 kDa nominal molecular weight cut-off (NMWCO) regenerated
cellulose membrane (Millipore, Burlington, MA, U.S.A.). The virus-enriched fraction was recovered from the filter-retained part
and resuspended in DNase buffer. Then the virus-enriched fraction was treated with 2.5 U/u/ DNase I (Nippon gene, Tokyo, Japan)
and 2 U/ul RNase I; (New England Biolabs, Ipswich, MA, U.S.A.) at 37°C for 60 min. After enzyme inactivation at 75°C for
20 min, viral nucleic acids were extracted using NucleoSpin RNA XS (Takara, Kusatsu, Japan) according to the manufacturer’s
instructions.

Reverse transcriptase priming and amplification

Single-stranded DNA synthesis was performed on the extracted viral nucleic acids with SuperScript III reverse transcriptase
(Invitrogen, Waltham, MA, U.S.A.) using previously published methods [9, 21, 22]. Viral nucleic acids were mixed with 100 pmol
of random primer A was heated at 65°C for 5 min and cooled on ice for 2 min to denature secondary structure. The random primer
A (GTTTCCCAGTCACGATCNNNNNNNNN) consists of two parts; GTTTCCCAGTCACGATC corresponding to the sequence
of primer B used in the following step, and randomly arranged 9 nucleotides (NNNNNNNNN). Subsequently, the following
components were added: 4 u/ of 5x first strand buffer, 1 u/ of 10 mM deoxynucleoside triphosphate (ANTP) mix, 40 units of RNase
OUT, 1 u/ of 0.1 M dithiothreitol (DTT), and 200 units of SuperScript III reverse transcriptase (Invitrogen). The reaction mixture
was incubated at 25°C for 5 min and 50°C for 60 min, followed by 75°C for 15 min to inactivate the transcriptase. To synthesize
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double-stranded DNA, 2.5 units of Klenow Fragment (3'-5’ exo-) (New England Biolabs) was added to the cDNA mixture
containing random primer A. After incubation at 37°C for 60 min, the enzyme was inactivated at 75°C for 10 min.

The synthesized double-stranded DNA was amplified by employing sequence-independent single-primer amplification (SISPA)
method established in a previous study [40]. PCR of the first step products was performed in a total volume of 50 x/ containing
5 ul of 10x EX taq buffer, 4 u/ of 10 mM dNTPs, 5 units of EX taq, and 500 pmol of primer B. The reaction mixture was
incubated under the following conditions: 40 cycles of 94°C for 21 sec, 40°C for 30 sec, 50°C for 30 sec, and 72°C for 1 min.
Amplified products were purified using Wizard® SV Gel and PCR Clean-Up System (Promega Corp., Madison, WI, U.S.A.) The
concentrations and quality of the amplified products were assessed on an Agilent 2100 Bioanalyzer using a DNA1000 Lab Chip kit
(Agilient, Palo Alto, CA, U.S.A.).

Pyrosequencing and data analysis

Sequencing of the amplified products was performed on a 454 pyrosequencing Genome Sequencer Junior (GS Junior) (Roche,
Basel, Switzerland) according to the manufacturer’s protocol. The raw sequencing data file in a standard fogram format (.sff) was
converted into a FASTA file, the primer sequence was trimmed, and low quality and short (<150 bp) reads were removed using
CLC Genomics Workbench. De novo assembly was also performed using this software with default settings. The contigs were
subjected to a homology search using BLASTx with the GenBank database, and a phylogenic tree was constructed with Mega 6.05
software. Furthermore, the contigs consisting of more than 300 bases were used to identify viruses using BLSOM analysis.

BLSOM analysis

Self-Organizing Map (SOM) is a neural network algorithm based on unsupervised learning that carries out a characteristic
nonlinear projection from the high-dimensional space of input data onto a two-dimensional array of weight vectors [24]. We used
the ‘Batch Learning SOM’ (BLSOM), which is a modified version of the conventional SOM for genome informatics that makes
the learning process and creation of the resulting map independent of the order of data input [1, 23]. Instead of random values,
they defined the initial weight vectors by Principal Component Analysis (PCA). BLSOM learning was conducted as described
previously [1]. We developed a software, with which researchers could easily predict the phylotype for each of a large number
of metagenomics sequences using BLSOM. The software, which is named PEMS (Phylogenetic Estimation of Metagenomic
sequences on the basis of batch-learning Selforganizing map), can be downloaded freely at http://bioinfo.ie.niigata-u.ac.jp/?PEMS
Soft e.

In advance, two types of large-scale BLSOMSs, namely Kingdom- and Virus group-BLSOM, were constructed to identify
viruses from metagenomic sequences using sequences deposited in DDBJ/EMBL/GenBank as previously described [1]. Kingdom-
BLSOM was constructed with tetranucleotide frequencies in all 5-kb sequences derived from the whole-genome sequences of 111
eukaryotes, 2,813 prokaryotes, 1,728 mitochondria, 110 chloroplasts, and 31,486 viruses. Virus group-BLSOM was constructed
with a total of 602,951 1-kb sequences from 97 families.

After de novo assembly, contigs longer than 300 bp were mapped using Virus group-BLSOM. The mapping was conducted
by finding the lattice point with the minimum Euclidean distance in the multidimensional space and was assigned to Virus
group-BLSOM on the basis of statistical tests. To taxonomically classify the contigs that could not be assigned using Virus group-
BLSOM, Kingdom-BLSOM was employed.

Nucleotide sequence accession number
Pyrosequencing data have been submitted to DDBJ under accession number of DRA002848.

RESULTS

Results of pyrosequencing

A total of 133,932 and 175,545 sequence reads were obtained from female and male ticks, respectively. After trimming tag
sequences and removing short (<150 bp) and low quality reads, 100,634 and 156,837 sequence reads with average lengths of 351
and 429 bp from female and male samples, respectively, were finally used for further analyses.

De novo assembly and taxonomic classification by BLASTx

Sequence reads were assembled by using CLC Genomics Workbench version 7.5.1 (Qiagen Inc., Valencia, CA, U.S.A.). After
de novo assembly, 577 and 386 contigs were obtained from female and male samples, respectively. The sizes of longest contigs
were 4,291 and 8,972 bp in length from female and male samples, respectively. Taxonomic classifications of contigs were firstly
performed with BLASTx analysis (cut-off e-value: <107%). In female sample, 7.6% (44/577) of contigs were assigned to viruses
(Fig. 1A). In male sample, 11.9% (46/386) of contigs were assigned to viruses (Fig. 1B). At the lower taxonomic levels, these
viral contigs were classified as sequences derived from members of the order Mononegavirales, or the families Rhabdoviridae,
Nairoviridae, Peribunyaviridae, Phenuiviridae, and Totiviridae (Fig. 1C and 1D).

The contigs assigned to viruses by BLASTx analysis are listed in Table 1. Some contigs were identified as a part of the RNA-
dependent RNA polymerase gene of the family Peribunyaviridae (Table 1). Also, some contigs showed homology to the sequences
of South Bay virus. The longest L segment-like contigs (IPf 95 and IPm_68) from both samples were clustered with sequences
from viruses belonging to the genus Nairovirus in the phylogenetic tree (Fig. 2). The similar sequences of South Bay virus S
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Fig. 1. Classification of the contigs from female and male samples using BLASTx analysis. A, Kingdom classification of contigs in female;
B, Kingdom classification of contigs in male; C, Order and family classification of the viral contigs in female; D, Order and family clas-
sification of the viral contigs in male.

segments were found in both samples (Fig. 3). The contigs similar to deer tick mononegavirales-like virus and blacklegged tick
phlebovirus were also detected in both male and female samples (Table 1). Nairoviridae, Peribunyaviridae, and Phenuiviridae have
segmented genome, however, none of their M segments were detected in the samples.

A total of 507 and 324 contigs were yielded from female and male samples, respectively, with a length of over 300 bp. BLSOM
analysis of these contigs showed that about half of the contigs fell on the clusters of viruses (Fig. 4). Only 2.0% (10/507) and
2.5% (8/324), from female and male samples, respectively, were not locatable in the BLSOM map (Fig. 4). The contigs assigned
to virus by BLSOMs were several viral groups (Fig. 5). Sequences of double strand (ds) DNA viruses were occupied nearly 50%
of viral contigs from female and male samples (Fig. 5). Female and male ticks respectively carried 36 and 29 different viral order
and families, and the total viral taxa detected by this analysis covered 1 order and 40 families (Table 2). One order and 23 families
were detected in both female and male ticks (Table 2). These families and order were containing viruses infecting vertebrates,
insects, plants and bacteria. Over 10 contigs were assigned Bunyavirales and each family of Herpesviridae and Myoviridae (Table
2). Among the contigs (>300 bp) assigned to viruses by BLASTx analysis, 76.2% (32/42) and 76.7% (33/43) of them, respectively,
from females and males were also assigned to viruses by BLSOM analysis.

Assessment of BLSOM analysis

To validate accuracy of BLSOM analysis, mock data sets were created from three datasets (A, B, and C) were prepared
from the viral and non-viral (eukaryotic and prokaryotic) sequences deposited in DDBJ/EMBL/GenBank. The datasets A, B,
and C contained BLAST-identified viral sequences with lengths ranging between 300—1,000 bp, 500—1,000 bp, 750—1,000 bp,
respectively. When the dataset C was tested, approximately 80% of the fragments were correctly detected and approximately 95%
of the fragments were correctly classified into the corresponding taxa by Kingdom-BLSOM at kingdom level. Furthermore, about
80% of these viral sequences were assigned to the corresponding taxa at the family level with accuracy (Supplemental Table S1).

DISCUSSION

Tick viromes might be constituted of a variety of viral families including those containing human and animal pathogens, such as
order of Bunyavirales and members of the families Flaviviridae, Reoviridae, and Orthomyxoviridae. It is interesting to understand
the relationships between viruses found in ticks and known pathogenic viruses from the viewpoint of viral evolution, especially
acquirement of pathogenicity against mammals. It is also urgent to analyze whether ticks can transmit those yet-unknown viruses to
animals and cause emerging diseases.
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Table 1. Contigs from female (A) and male (B) sample assigned to viruses by BLASTx analysis

(A) Female

Contig ID Length (bp) é;/ 5:?5; BLASTx Id?;}ot )1ty Néaif}sl C‘;Vl\l/t[h
IPf 2 766 329 RNA-dependent RNA polymerase [Tacheng Tick Virus 3] 36.7 %
IPf 3 766 122.7 RNA-dependent RNA polymerase [Wuhan Tick Virus 1] 3199
IPf 8 462 240.9 N protein [South Bay virus] 51.09
IPf 10 1,628 106.0 L protein [South Bay virus] 63.89
IPf 15 1,544 3,032.5 capsid precursor, partial [Drosophila A virus] 33.6%
IPf 19 2,038 36.9 polymerase [Deer tick mononegavirales-like virus] 83.1
1Pf 20 2,626 2,705.1 putative RNA dependent RNA polymerase [Ourmia melon virus] 36.3 %
IPf 29 261 15.9 N protein [South Bay virus] 52.8 -
IPf 32 492 1,237.1 L protein [South Bay virus] 39.6 9
IPf 33 339 84.5 L protein [South Bay virus] 49.4
IPf 34 344 65.1 L protein [South Bay virus] 47.2
IPf 35 2,303 134.4 L protein [South Bay virus] 324
IPf 47 718 75.8 L protein [South Bay virus] 76.9 ¥
IPf 48 718 34.1 L protein [South Bay virus] 76.9
IPf 52 3,463 94.5 RNA-dependent RNA polymerase [Huangpi Tick Virus 3] 48.5
IPf 77 4,152 92.7 glycoprotein precursor [Leopards Hill virus] 36.7 ")
IPf 81 1,234 30.8 RNA-dependent RNA polymerase [ Wenzhou Tick Virus] 28.4 b
IPf 84 2,657 23.4 putative glycoprotein [Suffolk virus] 80.1 9
IPf 86 3,079 97.9 L protein [South Bay virus] 68.6
IPf 95 4,291 105.4 L protein [South Bay virus] 652"
IPf 96 1,513 59.1 RNA-dependent RNA polymerase [Wenzhou Tick Virus] 3459
IPf 99 1,315 71.5 RNA-dependent RNA polymerase [Camponotus yamaokai virus] 243
IPf 103 2,553 67.0 hypothetical protein, partial [Ixodes scapularis associated virus 1] 78.1 9
IPf 119 1,398 60.0 L protein [Blacklegged tick phlebovirus-2] 324
IPf 120 1,543 101.0 nucleocapside [Leopards Hill virus] 353
IPf 125 3,576 41.4 polymerase [Deer tick mononegavirales-like virus] 74.2° 0
IPf 126 331 56.7 polymerase [Deer tick mononegavirales-like virus] 66.4
IPf 127 1,331 66.2 L protein [South Bay virus] 50.9 @
IPf 128 629 21.5 polyprotein [Salanga virus] 37.19
IPf 150 1,296 435 RNA polymerase [Ingwavuma virus] 2792
IPf 152 1,012 28.0 N protein [Blacklegged tick phlebovirus-1] 385
IPf 169 3,619 40.7 RNA-dependent RNA polymerase [Kasokero virus] 4220
IPf 219 1,441 30.4 ORF3 [Suffolk virus] 66.8
IPf 223 1,073 10.8 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 583
IPf 230 559 284 L protein [South Bay virus] 87.7
IPf 248 1,770 13.7 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 5939
IPf 257 595 13.1 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 55.19
IPf 307 630 56.3 polymerase [Deer tick mononegavirales-like virus] 67.79
IPf 308 201 9.2 polymerase [Deer tick mononegavirales-like virus] 59.7 -
IPf 322 1,492 8.5 L protein [Blacklegged tick phlebovirus-2] 6299
IPf 338 555 15.9 L protein [Blacklegged tick phlebovirus-2] 42.6
IPf 418 472 3.1 L protein [Blacklegged tick phlebovirus-1] 4259
IPf 449 597 2.8 RNA-dependent RNA polymerase [ Whenzhou Shrimp Virus 2] 32,19
IPf 487 760 2.3 L protein [Blacklegged tick phlebovirus-1] 66.3

In BLASTx analysis, some contigs were revealed to be related to South Bay virus (Fig. 2). This virus was originally detected in
1. scapularis using a high throughput sequencing technique [43], but its pathogenic potential in animals is still unknown. Contigs
similar to 1. scapularis-associated virus, deer tick mononega-like virus, and blacklegged tick phlebovirus were also identified
(Table 1). Though these viruses were firstly detected in 7. scapularis collected in New York [46], the present study demonstrated
the prevalence of similar viruses in tick populations in Japan. M segments of South Bay virus and blacklegged tick phlebovirus
were not found in the previous studies [46]. Similarly, the sequence of M segment was not detected in the present study. Another
virome study on a wide range of arthropods including ticks reported the detection of a number of Bunyavirales viruses [27].
Despite the fact that the authors used the consistent sample and data processing protocols, M segments were not discovered in
all viruses detected in the study. The M segment of prototypical Bunyavirales encodes a glycoprotein responsible for cellular
attachment. The sequences of M segments are more variable than those of L and S segments [37]. These facts may indicate that
some Bunyavirales viruses lack M segments in their genomes or that the sequences of M segments are quite different from those
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(B) Male
GontizTD Length (bp) g’f;feggee BLASTx Id?;sty Mach wih
IPm_10 3,528 211.9 RNA-dependent RNA polymerase [Huangpi Tick Virus 3] 542
IPm_11 3,989 1,420.6 polymerase [Brazoran virus] 2589
IPm_45 1,034 653.7 L protein [South Bay virus] 56.9
IPm_46 402 560.6 RNA-dependent RNA polymerase [Whenzhou Shrimp Virus 2] 349
IPm 50 357 54.3 N protein [South Bay virus] 5349
IPm 51 377 353 N protein [South Bay virus] 54.4 %
IPm 55 533 128.0 N protein [South Bay virus] 50.7
IPm_56 513 167.4 N protein [South Bay virus] 52.7
IPm_59 206 4.0 N protein [South Bay virus] 54.6 -
IPm_61 468 922.3 RNA-dependent RNA polymerase [Whenzhou Shrimp Virus 2] 340
IPm_68 8,972 2424 L protein [South Bay virus] 68.19
IPm_82 616 479 L protein [South Bay virus] 3339
IPm_90 3,039 629.7 L protein [South Bay virus] 31.7
IPm_92 1,385 111.5 glycoprotein precursor [ Whenzhou Shrimp Virus 2] 2269
IPm_105 466 72.6 L protein [South Bay virus] 482
IPm_106 474 113.5 L protein [South Bay virus] 482
IPm 111 4,206 123.2 polymerase [Deer tick mononegavirales-like virus] 72.8 9
IPm_116 2,480 22.4 polymerase [Lishi Spider Virus 1] 39.5
IPm_122 442 125.1 L protein [South Bay virus] 65.7 9
IPm_123 442 118.5 L protein [South Bay virus] 65.7 9
IPm 134 742 89.3 polymerase [Deer tick mononegavirales-like virus] 87.8
IPm_135 502 6.4 polymerase [Deer tick mononegavirales-like virus] 92.2
IPm_141 2,375 44.4 hypothetical protein, partial [Ixodes scapularis associated virus 2] 5849
IPm_143 1,873 690.1 putative glycoprotein [Suffolk virus] 74.4
IPm_147 2,563 126.0  ORF3 [Suffolk virus] 63.79
I[Pm_ 152 702 9.1 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 385
IPm_ 153 1,266 56.3 putative nucleoprotein [ Wuhan Mosquito Virus 8] 4329
IPm_161 1,696 55.9 RNA-dependent RNA polymerase [ Wenzhou Tick Virus] 483 2
IPm 173 1,092 23.0 polymerase [Wenzhou Crab Virus 2] 59.4 9
IPm_176 535 10.3 polymerase [Deer tick mononegavirales-like virus] 66.7 ¥
IPm 178 956 39.7 L protein [Blacklegged tick phlebovirus-2] 50.8 »
IPm_194 1,111 12.9 RNA-dependent RNA polymerase [Tacheng Tick Virus 1] 52.79
IPm_197 524 54.3 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 5779
IPm_207 450 33 L protein [Blacklegged tick phlebovirus-1] 63.8%
IPm 213 891 20.3 RNA-dependent RNA polymerase [Tacheng Tick Virus 1] 33.0
IPm 218 2,075 14.3 glycoprotein precursor [Tacheng Tick Virus 1] 4259
IPm 223 999 253 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 63.7
IPm 235 1,177 6.6 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 6599
IPm 249 400 2.3 RNA-dependent RNA polymerase [ Wenzhou Tick Virus] 52.3
IPm 274 541 15.8 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 57.7
IPm_286 762 7.8 L protein [Blacklegged tick phlebovirus-1] 52.8
IPm_319 703 4.1 L protein [Blacklegged tick phlebovirus-2] 258
IPm_332 260 15.2 L protein [South Bay virus] 53.1 -
IPm_336 482 2.7 RNA-dependent RNA polymerase [Huangpi Tick Virus 1] 59.0 @
IPm_362 299 1.9 hypothetical protein, partial [Ixodes scapularis associated virus 1] 88.9 -
IPm_ 383 630 1.3 RNA-dependent RNA polymerase [Tacheng Tick Virus 1] 55.19

a) Contig correctly assigned to virus at kingdom level by BLSOM. b) Contig correctly assigned to virus at family and/or order level by

BLSOM. -: Less than 300 bp contig could not be used for BLSOM analysis.

deposited in the database which leads to false negative results using BLAST analysis. Further studies are warranted to investigate

the pathogenic potential of these newly identified viruses. The results obtained by BLASTx analysis indicate that metagenomic

approach coupled with viral purification steps is robust for the detection and characterization of a wide range of viruses, especially
previously unknown viruses from arthropods.

In BLSOM analysis, sequences related to several insect virus families were identified; that is, Ascoviridae, Baculoviridae,
Closteroviridae, Iridoviridae, Polydnaviridae and Poxviridae (Table 2). Biological interactions between human or animal
pathogens, their vector arthropods and their own viruses, have been reported [8, 11, 42], and such interactions can be utilized
for disease control in the fields of agriculture and medicine. For example, mosquito-derived Densoviruses belonging to the
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Fig. 2. Maximum-likelihood phylogenetic tree based on the nucleotide sequences of the longest contigs mapped to Bunyavi-
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Table 2. Number of contigs assigned to each family

Male by BLSOM analysis
No. of contigs

Viral grou Order / Famil
BB y Female Male

dsDNA Adenoviridae 11 2
Female _ - dsDNA Alloherpesviridae 3 2

dsDNA Ascoviridae 1

dsDNA Asfarviridae 2
dsDNA Baculoviridae 6 1
0% 20% 40% 60% 80% 100% dsDNA Herpesviridae 28 11

mdsDNA mssDNA mdsRNA m (+)ssRNA m (-)ssRNA m ssRNA-RT mssDNA-RT gzgﬁi Z’iiol_vv’irrlglz |
dsDNA Mpyoviridae 14 11
Fig. 5. Viral groups found in female and male samples. Contigs classified by using dsDNA Papillomaviridae 3 2
Virus group-BLSOM. dsDNA Phycodnaviridae 3 2
dsDNA Podoviridae 5 4

dsDNA Polyomaviridae 1

family Baculoviridae are used as stable vectors for the transformation of dsDNA Poxviridae 2
mosquitoes, which has created interest in using these viruses for mosquito dsDNA Siphoviridae 16 9
and malaria control, either directly as insect-killing agents or as carriers ssDNA Anelloviridae 2
of transgenes whose products interfere with parasite development [39]. sSDNA Circoviridae !
Members of the family Baculoviridae are utilized for the control of insect sSDNA Gemznzyszzdae 2 !

pests [7]. The insect viruses detected in this study may have potential as Zssiii ;;:zv:x:ig;: ;

tools for the biological control of ticks and tick-borne diseases. .

.. .. . .. . . dsRNA Reoviridae 6 1

Myoviridae, Podoviridae, and Siphoviridae, bacteriophage families, (1) sSRNA  Alphaflexiviridac N
were also detected (Table 2). Phages detected in the tick viromes may (+)sSRNA  Arteriviridae |
be infectious to bacterial host.s residing in ticks or to those derived (+)ssRNA  Betaflexiviridae 4 1
from vertebrate hosts. Bacteria belonging to the genus Bacillus and (+)ssRNA  Bromoviridae > 1
Pseudomonas, the hosts of Bacillus phage G and Pseudomonas phages (+)ssRNA  Closteroviridae 1 4
belonging to the Myoviridae family, are common bacterial species found (+)ssRNA  Coronaviridae 6 1
in the microbiome of /. persulcatus [32]. A metagenomic study of bacterial (+)ssRNA  Flaviviridae 4 5

communities associated with ticks has revealed broad bacterial diversity (+)ssRNA  Hepeviridae 1

in ticks [32, 38]. It is of interest to investigate the interactions between (+) ssSRNA Luteoviridae 1
bacteria and bacteriophages in ticks, as phages may affect the physiology (+) ssSRNA  Picornaviridae 4 7

and fitness of ticks indirectly through their interaction with host bacteria. (+) ssRNA  Poyviridae 5
Herpesviridae was detected from female and male samples. Main host of (+) ssRNA  Secoviridae 2
this viral family is vertebrates except that a herpesvirus was found in pacific (+) ssRNA Togaviridae 1 2
oyster as an invertebrate host [49]. Murid herpesvirus 4 strain 68 (genus (—) ssRNA Arenaviridae 1
Rhadinovirus, subfamily Gammaherpesvirinae) was detected from hard (=) ssRNA  Bunyavirales 12 13
tick species, such as I. ricinus, in Europe [15, 25, 26, 48]. Thus, possible (-)ssRNA  Filoviridae 1 1
explanations are that the herpesvirus genome detected in this study was (-)ssRNA  Orthomyxoviridae 4 8
mechanically acquired by ticks through the blood feeding on vertebrate (7)ssRNA - Paramyxoviridae 4 3
hosts and the virus cannot replicate in ticks, or that ticks are potential hosts sSRNA-RT  Retroviridae 4 6

dsDNA-RT Caulimoviridae 1

of some uncharacterized members in Herpesviridae.

In BLSOM analysis, 24 out of 41 viral families and order were detected
in both female and male ticks. Previous study suggested a difference of
bacterial population between female and male ticks [38]. To reveal a
difference of virome in female and male ticks, expanding sample number and/or tick species are required in the further study.

About 10% of the contigs were assigned to viruses using BLASTx approach, whereas about 40 to 60% of contigs could not be
defined (Fig. 1A and 1B). The classification methods for microbes based on sequence similarity such as BLASTx have limitations
for metagenomic analysis [6, 41, 51]. This is because current genome databases still cover the limited range of the genomes of
organisms inhabiting the planet Earth, including viruses, despite the rapid increase in DNA entries. It is also possible that many of
the sequence reads are too divergent from the sequence data deposited in reference databases, resulting in the difficulty of finding
similar sequences. On the other hands, BLSOM does not require orthologous sequence data sets for phylogenetic classification of
sequences [2, 47]. It is therefore possible to find taxonomical relationships of never-reported organisms to known, well-established
organisms. This is one of the advantages of BLSOM, when it is applied to microbiomes composed of poorly characterized and
highly diversified organisms [2]. About half of the contigs were assigned to viruses using BLSOM, and only a small percentage of
the contigs could not be assigned to any organisms (Fig. 4), which supports that BLSOM is theoretically advantageous in detecting
and classifying previously unknown viruses over the homology-based search.

It should be considered, however, that BLSOM-based classification has its own limitations especially in estimation accuracy as
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demonstrated in the supplementary data (Supplemental Table S1). In fact, only about 76% of viral contigs ( >300 bp) identified by
BLASTx were allocated to viruses identified by BLSOM (Table 1). Moreover, about 70% of the pairwise comparisons between
two methods were not in accordance at the family and/or order level (Table 1). These results indicate that some viral sequences
might be overlooked in BLASTx analysis, while diversity of viral populations might be overestimated in BLSOM analysis. This
discrepancy might be minimized if more entries are added to microbial sequence databases, especially those covering unexplored
viral world. Therefore, we propose that BLSOM-based classification might be one of the complementing choices for taxonomic
assignments of sequence reads. By combining with sequence homology-based methods, the results obtained from BLSOM analysis
would be more valuable.

In conclusion, this study provides new and important information on tick virome. The nucleotide composition-based
classification method, BLSOM, can be applied to medical and veterinary important vector arthropods, such as mosquito and fly. It
might have great potential for mounting effective programs against vector-borne emerging infectious diseases. Both experimental
and epidemiological studies are required to assess the risks of the identified viruses for human and animal health. Further
identification of those viruses, at the species level or entire genome analyses could be achieved by using conventional methods,
such as viral isolation from cell cultures or susceptible animals, or other molecular methods such as species-specific primer
extension. Much deeper sequencing using larger amounts of nucleic acid materials than those used in this study might yield enough
sequence data to assemble entire genomes of unknown viruses.
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