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LC010985 and LC010986, respectively.
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Summary

Ticks transmit viruses responsible for severe emerging and re-emerging infectious diseases, some
of which have a significant impact on public health. In Japan, little is known about the distribution of
tick-borne viruses. In this study, we collected and tested ticks to investigate the distribution of
tick-borne arboviruses in Kyoto, Japan, and isolated the first Thogoto virus (THOV) to our
knowledge from a Haemaphysalis longicornis in the far-eastern Asia. The Japanese isolate was
genetically distinct from the cluster of the other isolates from Africa, Europe and the Middle East.
Various cell lines derived from mammals and ticks were susceptible to the isolate, but it was not

pathogenic in mice. These results advance understanding of the distribution and ecology of THOV.
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Text

Ticks transmit viruses responsible for severe emerging and re-emerging infectious diseases, some
of which have a significant impact on public health. Several tick-borne viruses such as tick-borne
encephalitis virus (TBEV), Crimean-Congo hemorrhagic fever virus, and African swine fever virus,
are known to cause severe clinical symptoms in humans and domestic animals, but most cause
asymptomatic infection or a non-specific flu-like syndrome. The diversity of tick-borne viruses has
been less thoroughly studied than that of mosquito-borne viruses.

The only tick-borne viruses known to be endemic in Japan are TBEV and severe fever with
thrombocytopenia syndrome virus (SFTSV) (Kentaro et al., 2013; Takahashi et al., 2014; Takashima
et al., 1997; Yoshii et al., 2011); the distribution of others has not been investigated. In this study, we
collected and tested ticks to investigate the distribution of tick-borne arboviruses in Kyoto, Japan,

and isolated Thogoto virus (THOV), which has not previously been reported in far-eastern Asia.

To investigate the distribution of tick-borne pathogens, 363 host-questing ticks were captured by
sweeping flannel sheets over the vegetation on mountainsides of the northern parts of Kyoto city (N:
35°04°03.297, E: 135°45°23.13”, Altitude: 140 m) (Table S1). Ticks were collected every week from
September, 2013 to August, 2014. Each tick species was determined by its morphological index
(Fujita & Takada, 2007; Yamaguti et al., 1971). Individual ticks were disinfected with 70 to 80%
ethanol, and washed with PBS three times. Then they were homogenized in Dulbecco’s modified
minimum essential medium (DMEM) without antibiotics using pestles. Part of the homogenized
suspensions from 50 adult Haemaphysalis (H.) longicornis was individually used for infection of
VeroE6 cells to isolate pathogens. Cells inoculated with homogenate from one H. longicornis
displayed cytopathic effects (CPE) (data not shown). Inoculation of the supernatant of the CPE

showing cells into fresh VeroE6 cells or Baby hamster kidney (BHK)-21 cells also induced CPE, and
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clear plaque formation was observed in the BHK cells, indicating involvement of an infectious
microbe. Induction of CPE was insensitive to the antibiotic penicillin, suggesting that the infectious
agent was Rickettsia or a virus.

To identify the microbe, DNA and RNA extracted from infected cells, was subjected to PCR or
RT-PCR for rickettsia, TBEV, or SFTSV, which are known tick-borne pathogens endemic in Japan,
but no genomic sequence for any of these pathogens was detected in the Vero cells inoculated with
the H. longicornis homogenate. Thus, we sought to identify the microbe by next generation
sequencing (NGS). Supernatant from the inoculated cells was harvested and centrifuged at 160,000 x
g for 2 h, and the pellet was resuspended in PBS followed by RNA extraction using Isogen-LS
(Nippon Gene, Tokyo, Japan). Double-stranded complementary DNA (cDNA) was synthesized from
total RNA using random primers and the cDNA Synthesis Kit (M-MLV Version; TaKaRa Bio Inc.,
Shiga, Japan). NGS analysis was performed on a 454 GS Junior platform (Roche) following the
manufacturer’s protocol. The resulting reads were de novo assembled using the Newbler assembler
(Roche) with default settings. Contiguous sequences derived from microorganisms were identified
by BLAST search. The average coverage of viral sequences was calculated by mapping raw
sequencing reads against target sequences using CLC Genomics Work Bench (CLC Bio, Tokyo,
Japan). The pyrosequencing data obtained in this study were deposited in DDBJ with accession no.
DRAO002619. BLAST analysis identified six contiguous sequences related to the genome of Thogoto
virus (THOV) in the family Orthomyxoviridae, genus thogotovirus. The average coverages for
segments 1, 2, 3, 4, 5, and 6 were x130, x188, x107, x209, x138, and x88, respectively (data not
shown).

To investigate which tick species carry THOV at the research area, all tick homogenates were
used for RNA extraction using ISOGEN (Nippon Gene, Tokyo, Japan) and were subjected to
RT-PCR for segment 6 (Matrix protein) using the forward primer

5’-AGCAGCGCCACCTTATTGCT-3" and reverse primer 5-TCCCTCTGCAGTCATGTACA-3’.
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The THOV genome was detected in both H. flava and H. longicornis, and their infection rates were

1.92% (2 adult female ticks /104 ticks) and 0.39% (1 adult female tick /259 ticks), respectively.

The sequence of each segment of the newly isolated THOV (designated as HI-Kamigamo-25)
genome was compared with that of other strains available in GeneBank. Nucleotides and amino acids
in the complete open reading frame of each segment of HI-Kamigamo-25 showed 72-80% and
79-91% homology, respectively, with those of the Italian strain SiAr126 (Table 1).

A phylogenetic analysis was performed using partial coding sequences of the PB1 (segment 2),
PA (segment 3), and glycoprotein (GP: segment 4) genes of THOV strains. Accession numbers of
strains used in this study are shown in Table S2. Multiple alignments were generated using ClustalX
version 2.1 (Thompson et al., 1997). Phylogenetic trees were generated using MEGA 4
(http://www.megasoftware.net/mega.html) by the maximum-likelihood method with 1000 bootstrap
replicates. The Japanese isolate HI-Kamigamo-25 was genetically distinct from the African and

European/Middle Eastern isolate clusters (Fig. 1).

To examine the range of Thogotovirus infectivity, several cell lines were infected with the
HI-Kamigamo-25 strain (Table 2). The virus in the original H. longicornis homogenate was
amplified once in VeroE6 cells and then once in BHK cells. Subconfluent cells were grown in
24-well plates and inoculated with THOV at a multiplicity of infection (MOI) of 0.1 plaque-forming
units (pfu). Cells were incubated for over 48 h, and susceptibility to THOV was evaluated via
induction of CPE or progeny virus production as measured by titration. All infected cell lines
produced progeny viruses regardless of species and tissue type. While HI-Kamigamo-25 showed
CPE in most mammalian cells used in this study, it did not cause any pathological change in
tick-derived ISE6 cells at time points up to two weeks.

European THOV (strain SiAr 126) has been reported to cause lethal infection in adult mice when
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given intraperitoneally (LDso: 3 pfu mL™) (Haller et al., 1995; Pichlmair et al., 2004). To assess the
pathogenicity of the Japanese isolate of THOV, 100, 1,000 or 10,000 pfu of the HI-Kamigamo-25
strain were inoculated intraperitoneally into 8-week-old female BALB/c mice. Animal experiments
were performed in accordance with the Fundamental Guidelines for Proper Conduct of Animal
Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology. Experimental protocols were
approved by the Animal Care and Use Committee of Hokkaido University. All mice survived without
any symptoms to signs, and high titers of neutralizing antibodies (>1,600) were detected in all
surviving mice. These data indicate that the mice were infected, but that this strain’s pathogenicity is

much lower than that of the European strain in a mouse model.

This survey is the first to identify THOV in far-eastern Asia to our knowledge. THOV belongs to
the family Orthomyxoviridae, genus Thogotovirus, and is a negative-sense, single-stranded RNA
virus with six segments (Staunton et al., 1989). THOV has been isolated in Kenya, West Africa,
Southern Europe, and Iran (Calisher et al., 1987), and has not been reported in other regions. The
Japanese isolate is genetically distinct from other isolates but has high amino acid homology with the
Italian isolate. These results indicate the possibility that THOV circulates widely in the Eurasian
continent.

Little is known about the ecology of THOV. THOV was first isolated from Rhipicephalus species
and Boophilus decoloratus (Karabatsos, 1985), and has been isolated repeatedly from various tick
species (Calisher et al., 1987; Sang et al., 2006). In this study, the Japanese isolates obtained from
Haemaphysalis ticks, the major tick species in the area, indicating that they might be the principal
vectors in the area. THOV is also known to infect domestic animals (cattle and sheep) and a
mongoose (Davies et al., 1984; Ogen-Odoi et al., 1999; Sang et al., 2006). However, the primary

vertebrate hosts in nature are still unclear. The area in which the Japanese strain of THOV was
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isolated contains no domestic animals, but wild animal inhabitants include small rodents, deer, boars,
bears, and monkeys. Further ecological research is required to elucidate the mode of natural
transmission of the Japanese strain of THOV.

Natural infection with THOV has been reported in two human cases, with one fatality (Moore et
al., 1975), and infection in sheep is associated with high rates of abortion (Davies et al., 1984). The
pathogenicity of Japanese THOV was not clear, but it appears to have no or very low virulence in
mice, in contrast to the Italian isolate, which causes lethal infection in mice (Filipe et al., 1986;
Haller et al., 1995; Pichlmair et al., 2004). Although pathogenicity in mice is not directly related to
that in humans and other animals, identification of the factors (genes) responsible for varying
pathogenicity between strains could help elucidate the pathogenic mechanism of THOV and lead to

development of prevention and therapeutic strategies for THOV infection.

Acknowledgement

This work was supported by Grants-in-Aid for Scientific Research (24780293, 22780268, 24658261
and 21405035) from the Ministry of Education, Culture, Sports, Sciences and Technology of Japan,
Health Sciences Grants for Research on Emerging and Re-merging Infectious Disease from Ministry
of Health, Labour and Welfare of Japan (H24-Shinkou-ippan-013), and Kyoto Sangyo University

(Research Grants E1217).



136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

References

Calisher, C. H., Karabatsos, N. & Filipe, A. R. (1987). Antigenic uniformity of topotype strains of Thogoto
virus from Africa, Europe, and Asia. The American journal of tropical medicine and hygiene 37,
670-673.

Davies, F. G., Soi, R. K. & Wariru, B. N. (1984). Abortion in sheep caused by Thogoto virus. The Veterinary
record 115, 654.

Filipe, A. R., Peleteiro, M. C., Monath, T. M. & Calisher, E. H. (1986). Pathological lesions in mice infected
with Thogoto virus, a tick-borne orthomyxovirus. Acta virologica 30, 337-340.

Fujita, T. & Takada, N. (2007). Identification of larval and nymphal tick species in Japan. . In Acari and
emerging/reemerging infectious diseases, pp.53-68. Edited by O. c. o. SADI: Zenkoku Noson
Kyoiku Kyoukai Pub. Co., 1td,.

Haller, O., Frese, M., Rost, D., Nuttall, P. A. & Kochs, G. (1995). Tick-borne thogoto virus infection in mice
is inhibited by the orthomyxovirus resistance gene product Mx1. Journal of virology 69,
2596-2601.

Karabatsos, N. (1985). International Catalogue of Arboviruses Including Certain Other Viruses of
Vertebrates. San Antonio, Texas: American Society of Tropical Medicine and Hygiene.

Kentaro, Y., Yamazaki, S., Mottate, K., Nagata, N., Seto, T., Sanada, T., Sakai, M., Kariwa, H. &
Takashima, I. (2013). Genetic and biological characterization of tick-borne encephalitis virus
isolated from wild rodents in southern Hokkaido, Japan in 2008. Vector Borne Zoonotic Dis 13,
406-414.

Moore, D. L., Causey, O. R., Carey, D. E., Reddy, S., Cooke, A. R., Akinkugbe, F. M., David-West, T. S. &
Kemp, G. E. (1975). Arthropod-borne viral infections of man in Nigeria, 1964-1970. Annals of
tropical medicine and parasitology 69, 49-64.

Ogen-0Odoi, A., Miller, B. R., Happ, C. M., Maupin, G. O. & Burkot, T. R. (1999). Isolation of thogoto virus
(Orthomyxoviridae) from the banded mongoose, Mongos mungo (Herpestidae), in Uganda. 7The
American journal of tropical medicine and hygiene 60, 439-440.

Pichlmair, A., Buse, J., Jennings, S., Haller, O., Kochs, G. & Staeheli, P. (2004). Thogoto virus lacking
interferon-antagonistic protein ML is strongly attenuated in newborn Mx1-positive but not
Mx1-negative mice. Journal of virology 78, 11422-11424.

Sang, R., Onyango, C., Gachoya, J., Mabinda, E., Konongoi, S., Ofula, V., Dunster, L., Okoth, F., Coldren,
R., Tesh, R., da Rossa, A. T., Finkbeiner, S., Wang, D., Crabtree, M. & Miller, B. (2006). Tickborne
arbovirus surveillance in market livestock, Nairobi, Kenya. Emerging infectious diseases 12,
1074-1080.

Staunton, D., Nuttall, P. A. & Bishop, D. H. (1989). Sequence analyses of Thogoto viral RNA segment 3:
evidence for a distant relationship between an arbovirus and members of the Orthomyxoviridae.
The Journal of general virology 70 (Pt 10), 2811-2817.

Takahashi, T., Maeda, K., Suzuki, T., Ishido, A., Shigeoka, T., Tominaga, T., Kamei, T., Honda, M.,
Ninomiya, D., Sakai, T., Senba, T., Kaneyuki, S., Sakaguchi, S., Satoh, A., Hosokawa, T., Kawabe,

9



174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194

195

Y., Kurihara, S., Izumikawa, K., Kohno, S., Azuma, T., Suemori, K., Yasukawa, M., Mizutani, T.,
Omatsu, T., Katayama, Y., Miyahara, M., [juin, M., Doi, K., Okuda, M., Umeki, K., Saito, T.,
Fukushima, K., Nakajima, K., Yoshikawa, T., Tani, H., Fukushi, S., Fukuma, A., Ogata, M.,
Shimojima, M., Nakajima, N., Nagata, N., Katano, H., Fukumoto, H., Sato, Y., Hasegawa, H.,
Yamagishi, T., Oishi, K., Kurane, I., Morikawa, S. & Saijo, M. (2014). The first identification and
retrospective study of Severe Fever with Thrombocytopenia Syndrome in Japan. The Journal of
Infectious diseases 209, 816-827.

Takashima, I., Morita, K., Chiba, M., Hayasaka, D., Sato, T., Takezawa, C., Igarashi, A., Kariwa, H.,
Yoshimatsu, K., Arikawa, J. & Hashimoto, N. (1997). A case of tick-borne encephalitis in Japan
and isolation of the the virus. Journal of clinical microbiology 35, 1943-1947.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. & Higgins, D. G. (1997). The CLUSTAL_X
windows interface: flexible strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic acids research 25, 4876-4882.

Yamaguti, N., Tipton, V. J., Keegan, H. L. & Toshioka, S. (1971). Ticks of Japan, Korea, and the Reukyu
islands. Brigham Young Univ Science Bulletin, Biological Series 15, 4-174.

Yoshii, K., Mottate, K., Omori-Urabe, Y., Chiba, Y., Seto, T., Sanada, T., Maeda, J., Obara, M., Ando, S., Ito,
N., Sugiyama, M., Sato, H., Fukushima, H., Kariwa, H. & Takashima, I. (2011). Epizootiological
study of tick-borne encephalitis virus infection in Japan. The Journal of veterinary medical

science / the Japanese Society of Veterinary Science 73, 409-412.

10



196

197

Table 1. Identities of nucleotide (ORF region) and amino acid sequences between THOV HI-Kamigamo-25 strain and other related

viruses

Virus-strain

Viral proteins

PB2 PB1 PA GP NP Matrix
(Segment 1) (Segment 2) (Segment 3) (Segment 4) (Segment 5) (Segment 6)
nt aa nt aa nt aa nt aa nt aa nt aa
%) W "% ® W % W (% %) (W (%) (%)

THOV-SiAr126
Jos virus-IBAn-17854
Dhori virus-Dhori/1313/61

7513 86.12 7787 88.61 7255 79.13 79.22 90.06 78.68 89.45 75.18 90.82
61.63 60.75 68.11 7177 5881 5325 53.78 40.65 6249 622 59.56 49.52
53.47 3534 63.01 6172 5461 38.63 5199 3455 5522 33.06 48.86 20.06

11
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Table 2. Susceptibility of cultured cells to the THOV HI-Kamigamo-25 strain

Cell line CPE Progeny virus*
BHK (hamster: kidney) + +
Vero E6 (African green monkey: kidney) + +
HEK293T (human: kidney) n.d.” +
A549 (human: lung) + +
NA (mouse: neuroblastoma) n.d. +
ISE6 (Ixodes scapularis: ovary) - +

* Production of progeny viruses were confirmed by the virus titer in the medium above that of
input viruses

#* Induction of CPE could not be determined due to the short incubation time of the cells.

12
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Figure legend

Figure 1. Phylogenetic analysis of nucleotide sequences for partial coding regions of GP (a), PA (b),

and PB1 (c). The percentage of trees in which the associated taxa cluster together is shown next to

the branches. Bars, 0.02 nucleotide substitutions per site.
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