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Preface

Many mosquito-borne and tick-borne pathogenic viruses, such as Japanese
encephalitis virus (JEV), West Nile virus, and tick-borne encephalitis virus (TBEV),
belong to the genus Flavivirus within the family Flaviviridae (Gubler et al. 2007). The
virus genome is a single-stranded, positive-sense RNA molecule of about 10-11
kilobase, which comprises a single open reading frame and 5’ and 3’ untranslated
regions (UTRs). The open reading frame encodes structural proteins (capsid (C),
premembrane (prM), and envelope (E)), and nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5).

On the basis of nucleotide sequence information from the E gene, JEV has been
divided into five genotypes (Uchil et al. 2001, Solomon et al. 2003). JEV is a mosquito-
borne virus and Culex tritaeniorhynchus Giles is the most important vector in Japan.
The virus exists in an enzootic cycle between mosquitoes and vertebrate hosts such as
pigs and birds (Gubler et al. 2007). Pigs are the major amplifier and reservoir for JEV
(Burke et al. 1988, Igarashi 1992).

JEV causes severe encephalitis in humans and has led to epidemics in East and South
Asia. In Japan, hundreds to thousands of human cases of Japanese encephalitis (JE)
were reported every year until the 1960s (Ogata 1985). Since 1992, less than 10
cases/year have been reported because of vaccinations that were introduced in Japan in
1954, and environmental changes, such as the separation of houses from pigpens.
However, after the use of the JEV vaccination was discouraged from 2005 to 2009
owing to the occurrence of acute disseminated encephalomyelitis (ADEM) following

the vaccination, the herd immunity of the Japanese people to the virus has decreased



(Infectious Diseases Surveillance Center 2008, Infectious Diseases Surveillance Center
2013). However, JEV is still actively circulating in Japan. Therefore, the threat of an
outbreak of JEV has increased in the country. In such a situation, surveillance of JEV is
quite important to know the risk of outbreak of JE in the view point of public health.

In chapter I, the author isolated JEV strains from mosquitoes and pigs in Toyama
Prefecture. According to the nucleotide sequence of the E and C/prM genes, all isolates
belong to genotype 1. These isolates were divided into the major type and the two minor
types, and isolates in 2008 and 2009 had a novel deletion in the 3’UTR. Furthermore,
the author reports that the peak level of JEV circulation occurs later in the year than in
the past.

Recently, novel flaviviruses which only replicate in insect cells and no relation to
diseases of humans or animals have been isolated, such as cell fusing agent virus
(CFAV; Stollar et al. 1975), Kamiti River virus (KRV; Sang et al. 2003, Crabtree et al.
2003), Quang Binh virus (Crabtree et al. 2009), Aedes flavivirus (Hoshino et al. 2009),
and Nakiwogo virus (Cook et al. 2009). Identification of these insect-specific
flaviviruses raises the basic questions about the origin of flaviviruses and the interaction
between pathogenic flavivirus and insect-specific flavivirus in insect bodies.

In 2007, novel “Culex flavivirus” (CxFV) strains were reported from Culex pipiens L.
and Cx. tritaeniorhynchus in Japan and Culex quinquefasciatus Say in Indonesia
(Hoshino et al. 2007). Phylogenetic analysis showed that they were most genetically
related with the other insect flaviviruses. CxFV reportedly replicates only in mosquito
cells and has been isolated from both male and female mosquitoes, suggesting its
possibility of vertical transmission (Hoshino et al. 2007, Farfan-Ale et al. 2009). Since

CxFV strains have been isolated from many species of mosquito including Cx. pipiens,



Cx. tritaeniorhynchus, Cx. quinquefasciatus, Culex restuans Theobold, Culex tarsalis
Coquillett, and Culex interrogator Dyar and Knab across a vast area including the
United States, Latin America (Mexico, Guatemala, Trinidad, Brazil), Africa (Uganda),
Indonesia, Japan, and China (Hoshino et al. 2007, Morales-Betoulle et al. 2008, Farfan-
Ale et al. 2009, Kim et al. 2009, Blitvich et al. 2009, Cook et al. 2009, Saiyasombat et
al. 2010, accession no. HQ678513 and HQ605702-HQ605704 in GenBank), they seem
to be globally distributed within Culex mosquitoes. According to the country of virus
isolation, CxFV strains were divided into two clades, Latin American/Caribbean and
U.S./Asian (Kim et al. 2009, Blitvich et al. 2009, Saiyasombat et al. 2010). Although
CxFV reportedly infects many species of Culex mosquito, it is not clear whether CXFV
exists in nature in a mosquito-species-specific or habitat-specific manner.

In chapter II, the complete genome sequences of CxFV strains isolated from CX.
tritaeniorhynchus in Toyama were determined and compared with those isolated from
Cx. pipiens group in Toyama Prefecture as well as representative isolates of strains
previously reported. CxFV maintenance in Culex mosquitoes seemed to depend on

mosquito habitat not on mosquito species.



Chapter I

Continuity and change of Japanese encephalitis virus in Toyama Prefecture, Japan

Introduction

Environmental conditions in Toyama Prefecture support the enzootic cycle for JEV
because there are pigs, the amplifying host of JEV, and many rice fields where the
larvae of Cx. tritaeniorhynchus can develop. Since the 1970s, human cases of JE have
been reported in 1982 and 1997 in Toyama Prefecture (Watanabe et al. 2011). From
1965 to the present, antibodies against JEV in pig sera have been investigated in
Toyama Prefecture (Infectious Diseases Surveillance Center 2013, Watanabe et al.
2011). The finding that the seroprevalence of many newly born pigs has reached above
50% almost every year suggests that JEV is still prevalent. On the other hand, since
small pigpens gradually decreased in number and large ones increased, the total number
of pigpens decreased from the 1960s to the 1970s (Watanabe et al. 2011, Kamimura
1998). Furthermore, pigpens have moved from locations close to rice fields and houses
on the plains to hillsides and the way that insecticides are applied and the method of
water control of rice fields have changed in recent years. As a result, the likelihood that
pigs and people are bitten by Cx. tritaeniorhynchus might have decreased. Therefore,
the author predicted that recent changes in the method of breeding pigs and control of
rice fields affect the prevalence of mosquitoes (Watanabe et al. 2011, Kamimura 1998)
and JEV.

In recent reports, researchers have discussed from where and how JEV came to Japan

(Nerome et al. 2007, Nabeshima et al. 2009). It has also been considered necessary to



clarify how JEV strains were maintained in local areas after the most frequently isolated
genotype changed from III to I in the 1990s (Ma et al. 2003) in Japan. A previous study
of genetic change and variation in JEV genotype III in Taiwan (Jan et al. 2000)
suggested that JEV isolates fall into three clusters by areas and are genetically stable in
Taiwan.

In this chapter, the author isolated JEV strains from mosquitoes and pigs in Toyama
Prefecture and performed genetic analysis to reveal how JEV maintains genetic
continuity or undergoes genetic changes locally. Furthermore, to assess the effect of
environmental changes such as the method of breeding pigs and control of rice fields,
the author investigated the relationship between the prevalence of JEV and that of

mosquitoes and compared this with the data described in previous reports.



Materials and Methods

Mosquitoes. To isolate viruses, mosquitoes were collected once a week using CO,
traps from 2004 to 2009 at a total of 21 sites, which included six farms (three pigpens,
two cattle sheds, and a horse stable), seven gardens of private houses, four woods, an
airport, and three harbors (see Fig. 1). The traps were battery-operated light traps
(Inokuchi-Tekko), CDC Miniature Light Traps (John W. Hock Company), 12 V
battery-operated light traps (FHK), or 6 V battery-operated traps (Rakuno Gakuen
University), which were set with dry ice or a CO; refill and left overnight. Some
mosquitoes were collected by a net in aircraft at Toyama Airport. Mosquitoes were
classified according to collection site, date of collection, species, and sex. Mosquito
species were morphologically identified according to Tanaka et al. (1979). In this study,
Cx. pipiens group contains Culex pipiens pallens and Culex pipiens molestus because
these two species could not be discriminated from each other morphologically.
Mosquitoes were then pooled into groups that consisted of a maximum of 50 individuals
and stored at —80 °C.

To study the seasonal changes of the female Cx. tritaeniorhynchus population,
mosquitoes were captured using light traps at seven farms (a pigpen, five cattle sheds,
and a horse stable) from June to October every year from 2004 to 2009 (Fig. 2). The
traps were set overnight once a week. Mosquitoes were classified and counted as
described above. The average numbers of mosquitoes were calculated from the weekly
collected numbers excluding the maximum and the minimum values among the seven

farms.
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Figure 1. Map showing survey sites for virus isolation in Toyama Prefecture from 2004 to 2009. Stars indicate the sites of
pigpens where pig sera were collected. Other shapes denote the corresponding sites as indicated in the box where mosquitoes
were collected for virus isolation. Filled marks indicate the sites where JEV-positive specimens were collected.
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seven sites every year.



Minimum infection rate (MIR). To estimate mosquito infection rates, the MIR was
calculated. The MIR of JEV is defined as (JEV-positive pool number/number of
mosquitoes tested) x 1,000.

Pig sera. A total of 1,451 sera were collected from pigs that were about six months
old in four areas (Nanto city, Oyabe city, Kamiich town, Kurobe city) in Toyama
Prefecture (see Fig. 1) from July to October from 2005 to 2009.

Virus isolation. Pools of mosquitoes were homogenized in a 0.5-1.0 mL
maintenance medium (Eagle’s Minimum Essential Medium containing 2% fetal bovine
serum or 0.11% bovine serum albumin fraction V) and centrifuged at 5,867 x g for 5
min. The supernatants were passed through 0.45 um filters (Ultrafree MC, Millipore
Corp.). The filtrates were diluted 10-fold with the medium and inoculated onto
monolayers of both C6/36 (no. IFO50010; obtained from HSRRB) and Vero (no.
JCRB9013; obtained from HSRRB) cells. These cultures were incubated at either 28°C
(C6/36) or 35°C (Vero) for 2 hr in 5% CO,. After maintenance medium was added,
these cells were incubated for 6-8 days. Pig sera were diluted 10-fold with the medium
and inoculated onto the cell monolayers as described above. The cells were cultured for
2 to 3 weeks by 2 or 3 times of cell passages and culture media were collected when
cytopathic effects (CPE) appeared.

RNA extraction. Viral RNA was extracted from culture supernatants with a QlAamp
Viral RNA Mini Kit (Qiagen) in accordance with the manufacturer's instructions.

Reverse transcription (RT)-polymerase chain reaction (PCR). RT-PCR was
carried out with either TaKaRa One Step RNA PCR Kit (AMV) (TaKaRa Bio Inc.) or
Ready-To-Go RT-PCR Beads (GE Healthcare). The E gene was amplified with the

primers of JE955f (5’-TGYTGGTCGCTCCGGCTTA) and JE2536r (5°-



AAGATGCCACTTCCACAYCTC) (Nerome et al. 2007). The mixture was incubated
at 50°C for 45 min, at 94°C for 2 min, then 45 cycles at 94°C for 1 min, 50°C for 1 min,
and 72°C for 2 min, and finally at 72°C for 10 min. The C/prM gene was amplified with
the primers of JE-prM-FW (5°’-CGYCGTGAACA AGCGGGGCARAAA) and JE-prM-
RV (5’-TGCAGCGACCATAYTGSACGTAGA) (Hoshino and others, unpublished
data). The 3’UTR was amplified with the primers JE10141f (5'-
TGGATTGAAGAAAATGAATGGATG) and JE10965r (5'-AGATCCTGTGTTCTTC
CTCTC) (Nerome et al. 2007). The mixture was incubated at 53°C for 40 min and 40
cycles at 92°C for 1 min, 53°C for 1 min, and 72°C for 1 min, and finally incubated at
72°C for 5 min.

Sequencing analysis. After purification of the amplicons, the E, C/prM, and 3’UTR
gene sequences were determined with the BigDye Terminator v1.1 or v3.1 Cycle
Sequencing Kit and ABI 3100 or 3130 sequencer (Applied Biosystems). Nucleotide
sequences were edited and aligned using Sequencher (version 4.7) software (Gene
Codes Co.).

Phylogenetic analysis. The nucleotide sequences of the reference strains of JEV
were obtained from GenBank and 1,500-base pairs (bp) sequences of the E region or
240 bp out of 299-bp sequences of the C/prM region were analyzed using MEGA 3.1
software (Kumar et al. 2004). A phylogenetic tree was constructed by the neighbor-
joining method and genetic distances were calculated according to Kimura’s two-
parameter method (Kimura 1980). The reliability of the tree was estimated by
performing 1,000 bootstrap replications and bootstrap values of 50% or higher were

considered statistically significant for a grouping. A phylogenetic tree was also
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constructed by maximum-likelithood method using PhyML 3.0
(http://atgc.lirmm.fr/phyml/) and NJplot (http://pbil.univ-lyonl.fr/software/njplot.html).

JEV sequences generated in this study have been submitted to GenBank under
accession numbers AB538601-AB538852 and ABS543738-AB543746. Accession

numbers of reference strains are shown in figures.
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Results

Mosquitoes and pig sera. JEV isolation was performed to investigate the species of
mosquitoes and the sites where JEV is prevalent. In total, 51,265 mosquitoes (2,740
pools), representing 15 species, were used for virus isolation, which included 45,190 Cx.
tritaeniorhynchus (88.1%), 4,590 Cx. pipiens group (9.0%), 1,333 Aedes albopictus
Skuse (2.6%), and other individuals from 12 species (Table 1). Most of the Cx.
tritaeniorhynchus were captured at farms, whereas Cx. pipiens group and Ae. albopictus
were usually captured at other survey sites (Table 2).

A total of 51 out of 1,371 pools of Cx. tritaeniorhynchus harbored JEV through the
investigation period (Table 3). All of the mosquitoes positive for JEV were female and
collected at farms (Table 3). Out of these 51 pools, 35 were collected near a pigpen and
16 were collected at a cattle shed. JEV was not isolated in 2004 or 2006 from
mosquitoes. Samples for virus isolation were simultaneously applied to both C6/36 and
Vero cells because the viruses derived from the same sample but isolated by different
culture cells often have different nucleotide sequences. In total, 77 JEV strains were
isolated from mosquito samples, of which 51 and 26 strains were isolated by C6/36 and
Vero cells, respectively. JEV strains were isolated from a total of nine pig sera (Table 3).
Two out of these nine sera were collected in September 2005, six were from September
to October in 2007, and one was in September 2008. JEV was not isolated in 2006 or
2009 from pig sera. In total, 10 JEV strains were isolated from pig sera, of which seven
and three strains were isolated by C6/36 and Vero cells, respectively.

The farms where JEV-positive mosquitoes and pig sera were collected were located

in rural areas and suburbs of Toyama Prefecture (filled circles and stars in Fig. 1). These
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Table 2. The number of Cx. tritaeniorhynchus, Cx. pipiens group, and Ae. albopictus

used for virus isolation classified by sites.

Cx. tritaeniorhynchus

Cx. pipiens group

Ae. albopictus

Sites No. No. of No. No. of No. No. of
sampled pools sampled pools sampled pools
Farm 42,381 979 1,427 129 13 8
House 2,326 233 1,835 320 755 251
Wood 407 109 936 260 182 101
Airport 53 41 102 63 81 23
Harbor 23 9 290 54 302 53
Total 45,190 1,371 4,590 826 1,333 436

14
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sites were distributed in both western and eastern areas of Toyama Prefecture and were
not concentrated in any particular place. JEV strains were simultaneously isolated from
mosquitoes and pig sera at a pigpen in Nanto city (filled circle and star in Fig. 1).

To clarify the correlation between the seasonal change in mosquito numbers and the
prevalence of JEV, the average numbers of female Cx. tritaeniorhynchus collected at
seven farms (Fig. 2) were counted from 2004 to 2009. Their seasonal changes were
compared with the MIR of JEV at two survey sites, the pigpen in Nanto city and the
cattle shed in Toyama city (Fig. 3A, Fig. 1).

At the pigpen, the MIR of JEV peaked from September to October while the number
of female Cx. tritaeniorhynchus at the seven farms showed two peaks in August and
September (Fig. 3A), indicating that the MIR of JEV increased after the peak in the
number of female mosquitoes. JEV isolation from mosquitoes in this pigpen was not
performed in 2004. On the other hand, the MIR at the cattle shed peaked from August to
early September in 2005, 2007, and 2008, when most of the mosquitoes were captured
(Fig. 3A). In 2009, the MIR of JEV at the cattle shed followed the peak in the number
of mosquitoes and peaked in early October.

In 2006, only a few mosquitoes were captured at the two survey sites (Fig. 3A), and
thus JEV was not isolated from either mosquitoes or pigs (Fig. 3A, Table 3).

The number of female Cx. tritaeniorhynchus and the MIR of JEV among them from
1966 to 1972 (Katori et al. 1975) are shown in Fig. 3B. JEV strains were isolated from
the end of July to early September when both the MIR and the number of mosquitoes
peaked, with the exception of 1968. The data suggests that the JEV isolation period has

been delayed in recent years compared with that in 1966-1972.
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following formula: (JEV-positive pool number/number of mosquitoes tested) X 1,000. The numbers at the top
left of each graph indicate years. (A) The MIR of JEV of female Cx. tritaeniorhynchus at the pigpen in Nanto
city (Fig. 1) and at the cattle shed in Toyama city (Fig. 1), and the number of female Cx. tritaeniorhynchus at
seven farms (Fig. 2). The numbers of female Cx. tritaeniorhynchus are shown as averages. The average
numbers of mosquitoes were calculated from the weekly collected numbers excluding the maximum and the
minimum values among the seven farms, to remove anomalous data. Virus isolation was not performed at the
pigpen in Nanto city in 2004. (B) The MIR of JEV of female Cx. tritaeniorhynchus in pigpens and cattle sheds
and the average number of female Cx. tritaeniorhynchus from 1966 to 1972. These data were obtained from
reports of previous studies conducted in Toyama Prefecture (Katori et al. 1975, Watanabe et al. 2011). The
average numbers of female Cx. tritaeniorhynchus were calculated as described in (A) among four to 10 farms.
For the MIR, the first and last dates of investigation and the dates when JEV was detected from mosquitoes
are plotted. The first date in 1970 was May 25th and is not plotted in this graph.
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Phylogenetic analysis. To estimate how JEV undergoes genetic change or continuity
in Toyama Prefecture over several years, phylogenetic analysis was performed for 87
isolates (77 from mosquitoes and 10 from pig sera) in Toyama.

All JEV isolates were classified into genotype I according to the sequencing analyses
of both E (Fig. 4A) and C/prM genes (Fig. 4B). Genotype I of JEV became the
dominantly isolated genotype in Japan in the 1990s, before that time genotype III was
the most frequently isolated genotype in the country (Ma et al. 2003).

Using the E gene sequences, the isolates in this study were further divided into three
clusters, tentatively named as A, B, and C (Fig. 4A). There were 19 to 35 nucleotide
differences among clusters A, B, and C (Table 4). With the exception of 16 isolates that
are colored in grey in cluster A, isolates in each cluster had the same amino acid
sequences (Table 5). Cluster A was further divided into three subclusters, tentatively
named as A-1, A-2, and A-3 (Table 4). These subclusters were different from each other
by two to 13 nucleotides. Subcluster A-1 was composed of 21 isolates in 2005. Fifteen
isolates in 2007, seven isolates in 2008, and three isolates in 2009 belonged to
subcluster A-2. Subcluster A-3 was composed of 35 isolates in 2008. The phylogenetic
tree of the JEV isolates in this study and the reference strains is shown in Fig. 4A. The
isolates that belonged to cluster A were similar to the reference strains isolated in
Hyogo, Japan, 2008 (accession no. AB481224), Sw/Mie/40/2004 (isolated in Mie,
Japan, 2004), 01VNS88 (isolated in HaTay, Vietnam, 2001), SC04-16 (isolated in
Sichuan, China, 2004), and 02VNI105 (isolated in HaNam, Vietnam, 2002). Three
isolates in 2007 belonged to cluster B (Table 4) and their nucleotide sequences matched

100% with strain JaNAr07-04 (isolated in Nagasaki, Japan, 2004) and were similar to
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Figure 4. Phylogenetic tree of E (A) and C/prM (B) genes of JEV isolates. JEV isolates in Toyama Prefecture are shown as
Toyama/year (isolate numbers) or isolate name. Isolate names are given to the JEVs isolated in this study as indicated by Mo
(mosquitoes) or Sw (swine)/Toyama (prefecture)/sample no. and inoculated cell (c:C6/36, v:Vero)/year. GI-GIV indicates JEV

genotypes. Reference strains are shown by “accession no./strain name/country/prefecture/year”.

’. The sequence of Murray Valley

encephalitis (MVE) virus was used as an outgroup. The scale shows the genetic distance in nucleotide substitutions per site.
Numbers at branches indicate bootstrap values (%) greater than 50%. Bootstrap replications were performed 1,000 times.
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Figure 4. (Continued)
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Table 5. Amino acid sequence differences within the E gene among strains isolated in this study.

Amino acid no.

No. of isolates . . 161 181 231 281 312 323 343 365 366 374 477
Cluster Subcluster in the E region
2005 2007 2008 2009 Consensus A G T T K \Y A S S M D
1 SorP
1
1
1
1
1
1 A A-1
1
2
2
2 \%
2
5
1 KorE
1
2 A v
2 A \'%
? A A-2
2 M
2 S
3
1
2
1
1
1 Vorl
1 DorN
1 A A-3
2
2
2 T N
24
3 B
1
5 C

Isolates which have amino acid differences from another isolate(s) are colored in grey.
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SHO03-124 (isolated in China, 2003) (Fig. 4A). The other three isolates that belonged to
cluster C (Table 4) were similar to strains Sw/Kagawa/35/2004 (isolated in Kagawa,
Japan, 2004), YN86-B8639 (isolated in Yunnan, China, 1986), and SH03-127 (isolated
in Shanghai, China, 2003) (Fig. 4A).

As for the C/prM gene, isolates in this study were further divided into three clusters,
tentatively named as A’, B’, and C’ (Fig. 4B). There were four to nine nucleotide
differences among these three clusters (Table 6). Cluster B’ had one amino acid
difference from clusters A’ and C’. All the isolates classified into clusters A, B, and C
according to the E gene corresponded with those classified into clusters A’, B’, and C’
according to the C/prM gene, respectively. Cluster A’ was further divided into three
subclusters, tentatively named as A’-1, A’-2, and A’-3 (Table 6). These subclusters
were different from each other by one to five nucleotides. Cluster A’-3 had one amino
acid difference from clusters A’-1 and A’-2. All 21 isolates in 2005, four isolates in
2007, and all 42 isolates in 2008 belonged to subcluster A’-1 (Table 6). Subclusters A’-
2 and A’-3 were composed of 11 isolates in 2007 and three isolates in 2009,
respectively. The isolates that belonged to cluster A’ were similar to strains SC04-16
and Sw/Mie/40/2004 (Fig. 4B) and were the same isolates that fell into cluster A in the
E gene phylogeny. Clusters B’ and C* were each composed of three isolates in 2007
(Table 6). The three isolates in cluster B’ were not similar to existing strains (Fig. 4B).
The three isolates in cluster C’ were similar to strains YN86-B8639 and SH03-127 and
were the same isolates that fell into cluster C in the E gene phylogeny.

The author also generated a phylogenetic tree using maximum-likelihood (data not
shown) and found that the isolates were divided into clusters A, B, and C (E gene) or A’,

B’, and C’ (C/prM) as observed using Kimura’s two-parameter method (Fig. 4A, 4B).
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Among 21 JEV strains isolated in 2007, 11 isolates that were collected from mosquitoes
on September 25 or October 1 in the pigpen in Nanto city belonged to clusters A’/A,
B’/B, and C’/C. Therefore, JEV strains of three types (clusters A’/A, B’/B, and C’/C)
co-circulated from the end of September to early October 2007 in the pigpen in Nanto
city. Furthermore, superimposed signals in the nucleotide sequence were observed for
the E gene in 10 isolates (colored in grey in Table 4). This indicates that these isolates
contained at least two different strains.

All the isolates were divided into either eight or three types according to the
nucleotide sequences or deletions, respectively, in the 3> UTR (Fig. 5). All the isolates
in 2005 and 18 isolates in 2007 were revealed to have the same deletion (nucleotide no.
5-6, 14-26, 35, 46, and 58-59) as the strains of Ishikawa (Takegami et al. 2000) and
Sw/Mie/40/2004 (Nerome et al. 2007). The other three isolates in 2007 had an
additional  nine-nucleotide  deletion (nucleotide no. 34-43) similar to
Sw/Kagawa/35/2004. These isolates were found to constitute the clusters C and C’ by
phylogenetic analysis according to E and C/prM genes, as indicated in Fig. 4A and 4B.
All the isolates in 2008 and 2009 had a novel additional deletion of seven nucleotides
(nucleotide no. 44-51), although they are divided into two different subclusters A-2 and
A-3 according to the E gene (Table 4) and subclusters A’-1 and A’-3 according to the
C/prM gene (Table 6).

From the results stated above, the changes in JEV in Toyama Prefecture from 2005 to
2009 are summarized in Fig. 6. In 2005, strains of “A’-1 (C/prM)/A-1 (E)/Ishikawa type
(3°’UTR)” predominated. In 2007, strains of “A’-1/A-2/Ishikawa type” and “A’-2/A-

2/Ishikawa type” were isolated. Minor strains of “B’/B/Ishikawa type” and
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Year
2004

JEV was not isolated.

C/prtM

E

3’UTR

2005

- A’-1

A-1

Ishikawa type

21 isolates

2006

JEV was not isolated.

C/prtM E 3’UTR
2007 .
— A’-1 A-2 Ishikawa type | 4 isolates
- A’-2 A-2 Ishikawa type | 11 isolates
C/prtM 3’UTR
] B’ B Ishikawa type | 3 isolates
] C C Ishikawa + 3 isolates
Kagawa type
2008 C/jprtM  E 3'UTR
A’-1 A-2 Ishikawa + 7 isolates
Novel type
- A’-1 A-3 Ishikawa + 35 isolates
Novel type
2009 C/prtM B 3’UTR
- A’-3 A-2 Ishikawa + 3 isolates
Novel type

Figure 6. The changes of JEV strains in Toyama Prefecture from 2005 to 2009. The C/prM and E
genes are shown by cluster or subcluster names. The 3’UTRs are shown by the deletion types
indicated in Fig. 5. “Ishikawa type” indicates the same deletion as Ishikawa (accession no.
AB051292) and Sw/Mie/40/2004 (accession no. AB241118). “Ishikawa + Kagawa type” indicates
the same deletion as Sw/Kagawa/35/2004 (accession no. AB231627). “Ishikawa + Novel type”
indicates the novel deletion type observed in 2008 and 2009.



“C’/C/Ishikawa + Kagawa type” were isolated but these types were not isolated in 2008.
In 2008, strains of “A’-1 (C/prM)/A-2 (E)” remained circulating although the 3’UTR of
these strains had a novel deletion. Major strains were “A’-1/A-3/Ishikawa + Novel
type” in 2008. In 2009, strains were “A’-3/A-2/Ishikawa + Novel type”. The results
show that predominant strains in cluster “A’/A” changed from year to year but certain
subcluster strains “A’-1/A-2” remained circulating from 2007 to 2008. Minor strains
“B’/B” and “C’/C” were present only in one year (2007) and disappeared in later years.
Virus replication characteristics in tissue culture of Vero and C6/36 cells were
examined among these isolates belonging to different clusters and having different
deletions in the 3’UTR. Culture supernatants were collected one, two, three, and six
days after infection of Vero (multiplicities of infection (MOI) were 0.01 and 0.001) and
C6/36 cells (0.001 and 0.0001) and virus titers in culture fluids were determined. Virus
titers peaked from two to three days in Vero and at six days in C6/36 cells. The ranges
of the peak virus titers were about 5 x 10’-5 x 10°® FFU/mL (MOI 0.01 in Vero cell),
10%-10° FFU/mL (MOI 0.001 in Vero cell), 10°-10'"° FFU/mL (MOI 0.001 in C6/36
cell) and 10°-10° FFU/mL (MOI 0.0001 in C6/36 cell). Among several isolates
belonging to different clusters and having different deletions in the 3’UTR, virus
replication did not correlate with the different clusters or deletion status (data not

shown).
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Discussion

There has been much discussion concerning how JEV appears every summer in Japan.
One possible explanation is that the virus is introduced from tropical or subtropical
zones of other Asian countries every year. Another explanation is that JEV overwinters
in Japan and re-emerges in early summer.

This study was performed to investigate how JEV maintains genetic continuity or
undergoes genetic change locally for several years. JEV isolation and genetic
characterization were performed in Toyama Prefecture, Japan, from 2005 to 2009.

Overall, strain “A’/A” seems to have remained in Toyama Prefecture and changed
gradually. This fact may indicate that this type of JEV is a predominant strain that is
endemic locally. The novel deletion in the 3’UTR might be an additional change. On
the other hand, strains “B’/B” and “C’/C” might be sporadically introduced to Japan and
did not become predominant strains. Overwintering might be one of the factors for
maintenance of predominant strain. JEV in Japan is considered to be a mixture of the
overwintering type and a type from overseas because one subcluster was isolated only
in Japan, while another type of JEV was also isolated elsewhere, such as in China and
Vietnam (Nabeshima et al. 2009). JEV has not been isolated yet from overwintering
mosquitoes in Japan, while JEV was shown to overwinter locally in Hokkaido, Japan
because outbreaks of abortion in pigs caused by JEV were observed in early June, the
interepidemic period of JEV (Takashima et al. 1988). In another report, JEV was
maintained during winter in lizards experimentally, although it was not isolated from
wild ones (Doi et al. 1983). Therefore, the overwintering mechanism of JEV in Japan is

still unclear. On the other hand, JEV was isolated from overwintering mosquitoes in
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Korea (Rosen 1986). In Taiwan, one of the subtypes was shown to have been present
for at least 11 years (Jan et al. 2000). Because Japan, like Taiwan, consists of islands,
some subtypes of JEV may also be maintained for several years in Japan. Although
many isolates of JEV in Japan are considered to be originated from Southeast Asia, not
all the viruses migrated from outside of Japan might have been sustained. Our results
support this hypothesis.

All of the isolates in Toyama Prefecture were similar to strains in China and Vietnam
and these reference strains had already been isolated before the time when strains in this
study were isolated. This result also supports the theory that JEV was introduced from
Southeast Asia and continental East Asia to Japan (Nabeshima et al. 2009). Furthermore,
strains of genotype III isolated before 1990 in Japan were similar to those in Korea and
Taiwan (data not shown). All of the strains isolated in Korea after 1991 belonged to
genotype I, as did those in Japan. However, in Taiwan, strains of genotype III were
isolated until 2002. These results indicate that the movement of JEV may be linked
between Japan and Korea, which are geographically close. It will be clear whether
recent isolates in Korea are similar to isolates in Toyama if nucleotide sequences of
recent isolates in Korea become available.

The strains in 2005 and 2007 mainly had the same deletions in the 3’UTR as
Ishikawa strain, while three strains in cluster C in 2007 had the same deletions as
Sw/Kagawa-35/2004. JEV strains in 2008 and 2009 had an additional novel deletion in
the 3’UTR, even though they belonged to the same cluster as strains in 2005 and 2007
according to both E and C/prM genes. This novel deletion might have occurred in the
JEV maintained in Toyama Prefecture over winter or originated in another area and

spread to Toyama Prefecture. Since JEV strains with this novel deletion have so far only
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been found in Toyama Prefecture, this novel deletion might have occurred in the JEV
maintained in Toyama Prefecture. However, further analysis of isolates in other areas
may clarify this issue.

On the other hand, strains of “B’/B/Ishikawa type” and “C’/C/Ishikawa + Kagawa
type” most likely migrated from other regions and then became extinct. They were
detected in 2007 but were not isolated in 2008 and 2009. They were not detected
because of rarity compared with the level of prevalent strains or they might have
disappeared in 2008 because they did not fit the local environmental conditions or
competed with other types of strains.

All JEVs isolated from female Cx. tritaeniorhynchus were collected at farms and they
belonged to genotype 1. This result confirms that Cx. tritaeniorhynchus is the major
vector of genotype I of JEV in Toyama Prefecture. JEV strains were not only isolated at
pigpens but also at a cattle shed. Since JEV is not known to cause viremia in cattle
(Horimoto et al. 1987, Ilkal et al. 1988), mosquitoes harboring JEV might have flown
from other places, such as a pigpen 2 km away, to this shed. The fact that neither an
antibody nor JEV was detected from seven cattle under one year old in 2009 (data not
shown) supports the above hypothesis. In a previous report, cattle acquired antibody
after experimental infection with JEV (Ilkal et al. 1988). Because Cx. tritaeniorhynchus
were few in number in 2009 (Fig. 3A), there might have been little opportunity for the
infection of cattle.

Although JEV strains were isolated from August to October in 2005-2009 in this
study, they were mainly isolated from the end of July to early September in Toyama
Prefecture in 1966-1972 (Fig. 3B) (Katori et al. 1975), from July to August in Nagasaki

prefecture in 1964-1973 (Hayashi et al. 1973, Fukumi et al. 1976), and from July to
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early September in Osaka prefecture in 1968-1997 (Nakamura et al. 2002). On the other
hand, the number of Cx. tritaeniorhynchus peaked at the end of July in the 1970s, and
from the end of August to the beginning of September after the 1990s in Toyama
Prefecture (Watanabe et al. 2011). Thus, the late isolation of JEV in this study seems to
correlate with the late increase in the number of Cx. tritaeniorhynchus. Although the
reason for the late peak in the number of mosquitoes is not clear, it might be due to the
way that insecticides are applied and/or the method of water control of rice fields. From
the late 1960s to the 1970s, rice fields were filled with water in May and Cx.
tritaeniorhynchus developed from June to July. The growth of Cx. tritaeniorhynchus
was suppressed by the first application of insecticide from a helicopter at the end of July,
the second application in early August, and the drying of rice fields at the end of August
before harvest time (Watanabe et al. 2011, Kamimura 1998). The application of
insecticide using a helicopter was stopped in 1995 because it disturbed ecological
systems around rice fields. Recently, because rice fields have been filled with water
relatively late in the season and insecticide has been applied onto rice seedlings and the
drying of rice fields in June, Cx. tritaeniorhynchus has not developed in June. However,
insecticides are not used frequently, except on seedlings. After the refilling of rice fields
with water, Cx. tritaeniorhynchus may develop and peak from August to September.
These factors may also affect the late prevalence of JE, which has recently mainly
occurred in September (Infectious Diseases Surveillance Center 2008), despite
occurring in August in the past (Ogata 1985).

Furthermore, JEV strains were isolated from mosquitoes in a pigpen after the peak in
the number of female Cx. tritaeniorhynchus. This is in contrast to a previous report

showing that JEV infections of mosquitoes occurred before or at the peak in the number
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of mosquitoes (Fig. 3B) (Katori et al. 1975). At temperatures higher than 24°C, JEV
reproduction in CX. tritaeniorhynchus was found to be faster and virus titer was higher
and peaked earlier after infection than at lower temperatures (Shichijo et al. 1972). In
the 1960s and 1970s, the number of Cx. tritaeniorhynchus peaked in July when the
temperature was high. JEV might effectively reproduce in mosquitoes and peak in
number at the time of the peak in the number of mosquitoes. Recently, the number of
Cx. tritaeniorhynchus peaked in August and September, a period with a lower
temperature. As a result, JEV might not have effectively reproduced in mosquitoes and
thus the peak in the MIR of JEV followed the peak in the number of Cx.
tritaeniorhynchus. This also means that, recently, the MIR for JEV in mosquitoes has
not been high in August to September when the number of mosquitoes peaks; therefore,
the risk of infection in humans that are bitten by mosquitoes may now be lower in late
summer and autumn than in summer. Furthermore, mosquitoes have more difficulty
biting people in autumn than in summer because people wear long sleeves. These
factors might be related to the recent decrease in the prevalence of JE in Japan, in
addition to the effects of human vaccinations.

In conclusion, JEV still circulates between mosquitoes and pigs in Toyama Prefecture
and is correlated with the prevalence of mosquitoes; however, the peak level of JEV
circulation occurs later in the year than in the past. According to the nucleotide
sequence information derived from the E and C/prM genes, all isolates belong to
genotype 1. The major type of JEV might have remained in Toyama Prefecture and
gradually changed over five years, while two minor types of JEV might have migrated
from other countries and then become extinct. JEV isolates in 2008 and 2009 had a

novel deletion in the 3’UTR.
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Summary

To determine the mechanisms of maintenance and evolution of JEV in a temperate
zone, the author attempted to isolate JEV from mosquitoes and pigs in Toyama
Prefecture, Japan. A total of 87 JEV strains were isolated from female Cx.
tritaeniorhynchus mosquitoes and pigs during 2005-2009. The prevalence of JEV in
Toyama Prefecture was seasonally late in comparison with that of the virus during
1966-1972. Furthermore, JEV strains were isolated after the peak in the number of
female Cx. tritaeniorhynchus. Among JEV strains isolated in this study, two distinct
groups were observed within genotype I of the phylogeny generated from nucleotide
sequence information derived from the E and C/prM genes: strains belonging to the
major type were isolated during 2005-2009, and strains from the minor type were
isolated only in 2007. The major type has exhibited gradual change in its E and C/prM
genes, and all isolates obtained in 2008 and 2009 had a novel deletion of seven

nucleotides in the variable region of the 3’UTR.
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Chapter 11
Ecological and genetic analyses of the complete genomes of Culex flavivirus strains
isolated from Culex tritaeniorhynchus and Culex pipiens (Diptera: Culicidae) group

mosquitoes

Introduction

CxFV were reported in 2007 first (Hoshino et al. 2007). Although CxFV reportedly
infects many species of Culex mosquito, it is not clear whether CxFV exists in nature in
a mosquito-species-specific or habitat-specific manner.

The complete genome sequences were determined in CxFV strains from CX. pipiens
such as strains NIID-21-2 (Hoshino et al. 2007), Tokyo (Hoshino et al. 2007), lowa07
(Blitvich et al. 2009), and HO901 (unpublished data, accession no. HQ678513) as well
as Cx. quinquefasciatus, strains CxFV-Mex07 (Farfan-Ale et al. 2009) and HOU24518
(Kim et al. 2009). These CxFV strains were found to be similar to each other. In
comparison with other flavivirus strains (CFAV, KRV, JEV, dengue virus (DENV),
Yokose virus, TBEV, and Apoi virus), CxFV was most similar to CFAV, in particular,
in the prM and E genes (69.0-69.5% nucleotide identities) (Hoshino et al. 2007).
According to the E and NS5 genes, the strains isolated from Cx. tritaeniorhynchus are
similar to those from Cx. pipiens (Hoshino et al. 2007, Hoshino et al. 2009); however,
the nucleotide sequences in other regions were not determined and might be different.

Cx. tritaeniorhynchus is the major vector of JEV, the causative agent of severe
encephalitis in humans. Since both CxFV and JEV are harbored by Culex species of

mosquitoes in Japan, two viruses may either affect or share host mosquitoes. For
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example, they may interfere or help each other to increase. Therefore, clarification of
the mechanism of maintenance of CxFV is important not only ecologically but also
from a public health perspective.

Surveillances of mosquito and JEV have been conducted continuously from 1969 in
Toyama Prefecture, Japan, and habitat partitioning of Cx. tritaeniorhynchus, Cx. pipiens
group mosquitoes (containing Cx. pipiens pallens and Cx. pipiens molestus), and Ae.
albopictus has been precisely characterized (Watanabe et al. 2011, Chapter I of this
thesis). Whereas Cx. tritaeniorhynchus was mainly distributed on farms, Cx. pipiens
group and Ae. albopictus were distributed at other sites such as the gardens of private
houses. In this study, the complete genome sequences of CxFV strains isolated from Cx.
tritaeniorhynchus were determined and compared with those isolated from Cx. pipiens
group in Toyama Prefecture as well as representative isolates of strains previously
reported. From these data, CxFV maintenance in Culex mosquitoes and their habitats

are discussed.
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Materials and Methods

Mosquitoes. To isolate viruses, mosquitoes were collected once a week using CO,
traps from 2004 to 2009 at the same 21 sites as described in Chapter I (Fig. 1).

Virus isolation. CxFV isolation was performed at the same time as JEV isolation
described in Chapter 1. Pools of mosquitoes homogenized and filterd were inoculated
onto monolayers of C6/36 cells. Two or three cell passages were performed and culture
media were collected when CPE appeared.

Detection of CxFV. Viral RNA was extracted from culture supernatants that
exhibited CPE with a QIAamp Viral RNA Mini Kit (Qiagen) in accordance with the
manufacturer's instructions. RT-PCR was carried out with either QIAGEN OneStep RT-
PCR Kit (Qiagen) or TaKaRa One Step RNA PCR Kit (AMV) (TaKaRa Bio Inc.). The
258 bp of the NS5 gene were amplified with primers MA and cFD2 (Kuno 1998, Table
7). For PCR, the mixture was incubated at 53°C for 30 min, and then 40 cycles of 94°C
for 1 min, 53°C for 1 min, and 72°C for 1 min.

After purification of the amplicons, the nucleotide sequences were determined with
the BigDye Terminator v1.1 or v3.1 Cycle Sequencing Kit and ABI 3100 or 3130
sequencer (Applied Biosystems). The nucleotide sequences were aligned using
Sequencher software version 4.7 (Gene Codes Co.) and compared with those of CxFV
in the GenBank database. The MIR was defined in terms of CxFV-positive pool number
per 1,000 mosquitoes tested.

Analysis of the complete genomes of CxFV isolates. Viral RNA was extracted from
culture supernatants at passage four with a QIAamp Viral RNA Mini Kit to obtain a

sufficient virus titer for analysis. RT-PCR was performed with the primers shown in

39



(E1TLLEAV "OU UOISSAIIE) T-[Z-(IIN WELS SOULIQJAI ‘AUOUSS A JX)) Ul SUONISOd dpRoa[onu jse| pue ISIy ) JO SIOQUINN

DLLLDODODDLLLLOLVOLODL °slaar g $96 - €86 Pd-H-AdXO
DLLVVOOVDIDVILVVOIOVOL #seadl - H  +601 - CII11 ed-d-AdXD
VOVODOVODILIODLVOVOLIDV osteadl o TyIT - 1911 Cd-H-AdXD
LVOVDOVOVIOVDIVOLVDODL plemIof  GSN 1886 - 0066 [4-€-AdXD
LOVVDOVVODOODOVVVVVIOLD premIop  ¢SN  SyS6 - 9CS6  I8SA-SSN-AJIXD
PagIpow ‘600 Te 19 Oulsoy IOLLODOAVOILVOADLIOVOLLLD 9SIoaal  ¢ON  €€66 - 9566 Ad-SSN-AJIXDO
600¢ Te 10 oulysoy VOVLODOLOLVALVODOVVILVODDD plemiop  CSN €168 - 6888  MA-SSN-AJXD
DVOLIOVVIIODILIOVVVDL 9slaal - €SN 0SSS - 69S¢ [dC-ESN
IODLOLVOVOIOLVOODOLLL premioy  ¢SN  ¢€9% - vI9v [4T-€SN
DVDOVIAVOIDLVLLVIOODDLY osteaal 091 - 6591 [466£-d-AdXD
PagIpow ‘200 Te 19 Oulysoy LALOODOIOIOIOLIOLLOIOD premiop  NId L8 - 0S8 [4-AdXO
L0OOT Te 19 ourysoy LIODIODILODLVOLLODLVVIVOVID osleadl  ¢SN €888 - 8068 [-SSN
L0OOT Te 39 ourysoy VODVIOVOLLVIDOVVVOVOOLVOILOL premIo)  ¢SN  0LCS - SPCS C-ESN
L0OOT Te 39 ourysoHq VOOVVIDIOVOVLIODDVVLVIILVVY osloaal  ¢SN 6687 - viov [-€SN
DOVVLIVLIODOVOVOOODLL premioy o [0€] - T8CI  MI66E-H-AdXD
8661 ounzy DDOVOLVOIOLOODDDDIOVIIIIOLD 9sleadl  CSN  ¥L06 - 6606 ad»
8661 ouny OVIIVOIOVIVVIDODDLVOLVD plemIo)  ¢SN €988 - TH88 VIN
QOURIY (,€-,5) @ouanbag Aurejod oudn) LIoIsoq dureU JAWLL

"VNA2 AJXD 9ouanbas pue AJijduwe 01 pasn siowil{ *) ajqeL

40



Table 7. The mixture with primers CXFV-NS5-FW and CXFV-NS5-RV was incubated
at 50°C for 45 min, at 94°C for 2 min, and then 45 cycles of 94°C for 1 min, 50°C for 1
min, and 72°C for 2 min, and finally at 72°C for 10 min. PCR with primers CXFV-E-
399FW and NS3-1, NS3-2, and NS5-1 was performed as follows. Viral RNA (12 pl)
was treated with 3 ul of DNase mixture (containing 1 U of DNase I) at 37°C for 30 min
and then at 75°C for 5 min, followed by the addition of 15 pl of a mixture containing
Super Script II RNase H™ transcriptase XL (Invitrogen) or Super Script III RNase H
transcriptase XL (Invitrogen). RT was performed at 42°C for 60 min, and the enzyme
was inactivated at 99°C for 5 min. A 50 pl PCR reaction mixture contained 2 pl of
cDNA, 2.5 U of TaKaRa LA Taq (TaKaRa Bio Inc.), 10x LA PCR buffer II 5 ul, 2.5
mM MgCl,, and 0.4 mM of each dNTP. Amplification was performed under the
following conditions: 35 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 6 min.
RT-PCR with primers CXFV-E1 and CXFV-E-399R1, NS3-1F1 and NS3-2R1, CXFV-
NS5-FW and CXFV-NS5-RV was performed as described in “Detection of CxFV”. The
sequences were determined by primer walking.

The extreme 3’ ends of CxFV isolates were determined using poly(A) Polymerase
Tailing Kit (EPICENTRE Biotechnologies) and 3’-Full RACE Core Set (TaKaRa Bio
Inc.) with primer CXFV-NS5-F581 (Table 7). Nested PCR was performed by TaKaRa
Ex Taq (TaKaRa Bio Inc.) with primers CXFV-3'-F1 (Table 7) and 3 sites Adaptor
Primer in 3’-Full RACE Core Set. The extreme 5° ends of CxFV isolates were
determined by 5 RACE System for Rapid Amplification of cDNA Ends, Version 2.0
(Invitrogen), with primers CXFV-E-R2, CXFV-E-R3, and CXFV-E-R4 (Table 7).

CxFV isolated in this study have been submitted to GenBank under accession

numbers AB701766-AB701776 and AB772323-AB772405.
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Phylogenetic analysis. The nucleotide and amino acid sequences of the reference
strains were obtained from GenBank. Alignment and phylogenetic analyses were
performed using MEGA 3.1 software (Kumar et al. 2004). A phylogenetic tree was
constructed by the neighbor-joining method and genetic distances were calculated
according to Kimura’s two-parameter method (Kimura 1980). The reliability of the tree
was estimated by performing 1,000 bootstrap replications. The homologies among
CxFV strains were analyzed by GENETY X software (version 10, Genetyx Corp. 2009).
The similarities versus position with the reference strains were plotted using SimPlot
program version 3.5.1 (Lole et al. 1999) (distributed by the author Ray at

http://www.welch.jhu.edu/).
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Results

Infection rate of CxFV. A total of 94 CxFV strains were isolated: 12 pools from
45,190 Cx. tritaeniorhynchus (45,184 females and six males) and 82 pools from 4,590
Cx. pipiens group (4,564 females and 26 males) (Table 8). The MIRs of Cx.
tritaeniorhynchus and Cx. pipiens group were calculated as 0.3 and 17.9, respectively,
with the latter being significantly higher than the former (P < 0.001). They were
exclusively isolated from female mosquitoes. Three CxFV strains were isolated from
three pools in which JEV were isolated in Chapter I.

CxFV-positive mosquitoes were collected in the sites indicated in Fig. 7, which
included three farms, seven gardens of private houses, three woods, and Toyama
Airport. These sites were widely distributed in Toyama Prefecture.

CxFV strains were isolated from Cx. tritaeniorhynchus and Cx. pipiens group from
May to October and from April to November, respectively (Table 8). The strains were
most frequently isolated in July (39 strains, 41.5%). The MIR and the number of CX.
pipiens group peaked at almost the same time in July to August (Fig. 8), when they
were compared at one site (A in Fig. 7) in 2005. The number of CxFV-positive pools in
Cx. tritaeniorhynchus increased in July (4 isolates, 33.3%) at the same time as that in
Cx. pipiens group, although only a small number of CxFV were isolated from CX.
tritaeniorhynchus and the number of Cx. tritaeniorhynchus in July was less than those
in August and September in Chapter I.

The complete genomes of CxFV isolates. The complete genomes of 11 Toyama
isolates were sequenced and the characteristics of the Toyama and reference strains

were summarized (Table 9). Three isolates from Cx. tritaeniorhynchus and four
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Figu re 7. Map showing survey sites for virus isolation. Marks denote the corresponding sites as indicated in
the box where mosquitoes were collected for virus isolation. Filled marks indicate the sites where CxFV-
positive mosquitoes were collected. A, B, C, and D in the map are survey sites where CxFV were isolated and
thenucleotide sequences of the isolates were determined.
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from Cx. pipiens group consisted of 10,837 nucleotides, containing 91 nucleotides in the
5’UTR and 654 nucleotides in the 3’UTR, which were the same as the reference strains,
except HO901 (Table 9). One isolate from CXx. tritaeniorhynchus and three from Cx.
pipiens group had one nucleotide deletion at position 10,316 (3°UTR), and
“Toyamal431” had an additional nucleotide deletion at position 82 (5’UTR).

The nucleotide and amino acid identities of the entire genome sequences were
compared among Toyama and reference strains (Table 10). Eleven Toyama and five
reference strains (NIID-21-2, Tokyo, Iowa 07, H0901, and HOU24518) showed higher
identities in both nucleotides and amino acids (95.2-99.2% and 98.1-99.8%,
respectively) than the Mexican reference strain (CxFV-Mex07) (90.7-90.9% and 96.8-
97.1%, respectively).

To identify whether there are specific regions in the CxFV genome that might be
responsible for the above differences observed among CxFV from different species or
countries, their complete genomes were compared by a similarity plot program. No
specific region with markedly different homology was observed among these strains,
except part of the NS5 region (about no. 9,050-9,100) of the reference “Tokyo” strain
(data not shown). Since this region in the reference “Tokyo” strain had low similarity
with other reference strains except CxFV-Mex07, it might be unique.

To determine the way in which CxFV is maintained in nature, phylogenetic analysis
was performed using 11 Toyama isolates and reference strains. The 11 Toyama isolates
were divided into four clusters in the phylogenetic tree (Fig. 9). One cluster consisted
of four isolates (Toyama4l, 861, 1431, and 1849) from Cx. pipiens group or CX.

tritaeniorhynchus captured at site A or B. Their nucleotide sequences matched at 99.6 to
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Figure 9. Phylogenetic tree of the complete genome of CxFV. The tree was constructed by the
neighbor-joining method. CxFV isolates in Toyama Prefecture are denoted in bold and shown
as strain name, isolation source (Ct, Cx. tritaeniorhynchus; Cp, Cx. pipiens group), site name
(Fig. 7), and year of isolation. The reference strains are shown by “accession no./strain name”.
The scale shows the genetic distance in nucleotide substitutions per site. Numbers at branches
indicate bootstrap values (%) greater than 50%. Bootstrap replications were performed 1,000

times.
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99.8% (Table 10). Two of them, Toyama 1849 and 861 isolated from Cx.
tritaeniorhynchus and Cx. pipiens group, respectively, were captured at site B. Another
cluster consisted of five isolates (Toyama71, 75, 734, 791, and 1701) from CX. pipiens
group or Cx. tritaeniorhynchus exclusively captured at site C. Their nucleotide
sequences almost completely matched (Table 10). The other two clusters consisted of
two unique isolates of either Toyama740 or Toyama2627 from CX. pipiens group
captured at A or D (airport) site, respectively (Fig. 9).

Genetic identities among CxFV strains isolated in Toyama. To characterize
Toyama740 and Toyama2627 more precisely, 210 bp of NS5 genes were compared
with all of the other Toyama isolates, because 210 bp of NS5 sequences of all Toyama
CxFV isolates have been obtained and this region was not characteristic in the complete
genome sequence of Toyama isolates (data not shown). The result that 210 bp of the
NS5 sequence of “Toyama740” matched 100% with those of six out of 94 isolates
indicates that “Toyama740” is not unique. “Toyama2627” formed a unique cluster
according to both complete genome (Fig. 9) and 210 bp of the NS5 gene (data not
shown), and its identities to 10 other Toyama isolates were relatively low (97.5-97.8%
nucleotides). Since the strain “Toyama2627” was isolated from CX. pipiens group
captured in an aircraft from Taiwan, it is highly possible that the mosquito originated
from Taiwan. On the other hand, 210 bp of the NS5 gene of 20 out of 22 strains isolated
at site C from 2004 to 2009 matched 100% with each other. The other two strains
isolated in 2008 and 2009 had 99.5% nucleotide identity with 20 isolates. The above
observations suggest that CxFV is maintained in a habitat-dependent manner in nature

in Toyama Prefecture irrespective of the mosquito species.
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Genetic identities among CxFV strains isolated from different regions of the
world. To date 61 nucleotide sequences of CXxFV strains whose host mosquitoes have
been identified have been deposited in GenBank, nucleotide identities among these
sequences including 11 Toyama isolates were compared to reveal the relationship
between the CxFV sequences and mosquito species (Table 11). When 30 sequences of
CxFV strains isolated from Cx. quinquefasciatus were compared, five isolates (Cq-5
isolated in Indonesia and the U.S.A.) were revealed to be closely related to the isolates
from Cx. pipiens group, Cx. restuans, and Cx. tritaeniorhynchus, while the other 25
isolates (from Mexico, Indonesia, Guatemala, Trinidad, and Uganda) were closely
related to those from Cx. interrogator. The identities between Cg-5 and Cg-25 were
88.7-90.9%. Therefore, CxFV strains from Cx. quinquefasciatus seem to be divided
into two types. On the other hand, sequences from Cx. pipiens group, Cx. restuans, and
Cx. tritaeniorhynchus possessed more than 94.1% identities with each other. Thus,
CxFV seems to possess closely related nucleotide sequences across species boundaries.

Next, to reveal the relationship between the sequences and the country of isolation,
69 nucleotide sequences of CxFV available in GenBank and 11 Toyama isolates were
compared (Table 12). The sequences of CxFV strains isolated in Japan and the U.S.A.
were closely related (96.8-100% identical), and those isolated in Mexico, Guatemala,
Trinidad, Brazil, and Uganda possessed 97.7-100% nucleotide identities. One of the
nucleotide sequences of CxFV strains isolated in Indonesia (Indonesia-1 in Table 12)
was closely related to those isolated in Japan and the U.S.A. (97.1-99.8% identical),
whereas those of three and one CxFV strains isolated in Indonesia (Indonesia-3 in Table
12) and China, respectively, possessed relatively low identities with those in other

countries. The above results indicated that CxFV strains were divided into several
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groups: Japan/U.S.A. including Indonesia-1, Latin America/Africa (including Mexico,
Guatemala, Trinidad, Brazil, and Uganda), China, and Indonesia-3 types. Indonesia-1

might have been imported into Indonesia from abroad.
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Discussion

CxFV has been sporadically isolated from mosquito species collected from several
countries; however, it is not clear how CxFV is maintained in nature. Herein, CxFV was
isolated from Cx. tritaeniorhynchus and Cx. pipiens group mosquitoes collected at
several sites in Toyama Prefecture, Japan, over several years and the complete genome
sequences of these isolates were compared with those in GenBank. The results of this
study combined with those of others suggested that CxFVs are genetically stable over
years in a habitat-dependent manner and that transmission of CxFVs occurs among
different species of mosquitoes (inter-mosquito-species transmission). In particular,
nucleotide sequences of CxFV at one site in Toyama Prefecture were strongly
conserved from 2004 to 2009. CxFV may be stable because the virus may not be
harmful to the host mosquito. Other reasons are that NS5 may not be influenced by the
immunity of mosquitoes or that the nucleotide sequences analyzed in this study were
short.

The above assertions of habitat-dependent maintenance and inter-mosquito-species
transmission of CxFV were supported by the fact that the entire genome sequences of
CxFV strains almost completely matched among Cx. tritaeniorhynchus and Cx. pipiens
group mosquitoes at collection site C when the nucleotide sequences of CxFV strains
from different sites in Toyama Prefecture were compared (Fig. 9). The comparison of
nucleotide sequences of CxFV strains from different species of mosquito in different
areas in the world (Table 11) showed the similar identities among the viruses from CX.
tritaeniorhynchus, Cx. pipiens group, Cx. quinquefaciatus, and Cx. restuans mosquitoes,

which also supports the above assertions. However, to ask whether contamination of
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mosquitoes during collection was occurred, PCR was performed to detect Cx. pipiens
group DNA from 12 Cx. tritaeniorhynchus pools with CxFV positive (Table 8) using
the method as described (Kasai et al. 2008). The DNA of Cx. pipiens molestus were
detected in eight out of 12 pools. If CxFV was contaminated from CXx. pipiens group,
CxFV should have been isolated from not only pools of Cx. tritaeniorhynchus but also
those of Cx. pipiens group collected in the same trap. Only two pools (strains Toyama71,
Toyama734, Toyamal701, Toyamal849 in Table 9 did not contain these two pools) out
of eight pools met this condition. Therefore, CxFV strains isolated from at least 10
pools of Cx. tritaeniorhynchus do not seem to be derived from Cx. pipiens group.

CxFV strains were found to be divided into Japan/U.S.A., Latin America/Africa,
China, and Indonesia types by comparison of the nucleotide sequences in GenBank and
those of Toyama isolates. Previous studies also support our assertion that the nucleotide
sequences of CxFV strains were divided by area independent of mosquito species (Kim
et al. 2009, Blitvich et al. 2009).

In contrast, the nucleotide sequences of CxFV isolates collected at sites A and C were
different and the isolate from a mosquito in an aircraft at site D from a foreign country
had relatively low nucleotide and amino acid identities with other Toyama isolates. This
implies that nucleotide sequences of CxFV may vary with an area and CxFV may move
across country borders by air.

Vertical transmission of CxFV is suggested because it replicates only in mosquito
cells, has been isolated from both male and female mosquitoes, and detected in eggs and
larvae of mosquitoes (Hoshino et al. 2007, Farfan-Ale et al. 2009, Bolling et al. 2011,
Saiyasombat et al. 2011). However, to explain inter-mosquito-species transmission,

CxFV may infect mosquitoes not only vertically but also horizontally via an oral route,
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such as drinking infected liquid, or eating microbes contaminated with virus. Because
CxFV reportedly did not multiply in adult mosquitoes orally exposed to the virus (Kent
et al. 2010), oral route transmission may only occur during the larval stage. CXx.
tritaeniorhynchus and Cx. pipiens group share the same larval habitat (Tanaka et al.
1979). The larvae of Cx. tritaeniorhynchus are found most frequently in rice fields and
various types of impounded water. Those of Cx. pipiens group occur in a very wide
variety of artificial containers or other types of stagnant water. The larvae of Cx.
tritaeniorhynchus and Cx. pipiens group were actually found in the same water (data not
shown), so horizontal infection between Cx. tritaeniorhynchus and Cx. pipiens group
might occur. Although vertical transmission and horizontal infection in the larva stage
may be the main mechanism of the maintenance of CxFV in nature, interspecies mating
can not be ruled out for the transmission of CxFV among different mosquito species.

In this study, CxFV infection rate of Cx. tritaeniorhynchus was found to be much
lower than that of Cx. pipiens group. There was no site where CxFV was isolated from
only Cx. tritaeniorhynchus. Low infection rate of Cx. tritaeniorhynchus might be due to
few infection opportunities, low efficiency of infection, or the presence of only a few
colonies of infected mosquitoes. The infection rate of CxFV in Cx. pipiens group and
Cx. tritaeniorhynchus peaked in July when the number of Cx. pipiens group peaked,
while the number of Cx. tritaeniorhynchus peaked in August to September in Toyama
Prefecture in Chapter 1. Cx. tritaeniorhynchus might have opportunities to be infected
with CxFV from Cx. pipiens group in July.

JEV and CxFV were simultaneously isolated from three pools in the same collection
of mosquitoes. Flaviviruses reportedly show some influence on each other (Kent et al.

2010, Pepin et al. 2008, Cologna et al. 2005). Our preliminary results show that CxFV
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suppressed the growth of JEV maximally to about one-hundredth in a virus-dose-
dependent manner (data not shown) when the mosquito cultured cells (C6/36) were
simultaneously infected with CxFV and JEV. Further investigation is required to
confirm the above result, using cell lines of genus Culex mosquitoes, but also
mosquitoes in vivo.

In this study, the complete genome sequences of CxFV strains isolated from two
species of mosquito in the same area were analyzed. Furthermore, ecological features of
CxFV in terms of the host species of mosquitoes and the distributed area were
characterized. Evolution of CxFV seemed to depend not on mosquito species but on

mosquito habitat.
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Summary

CxFV is an insect-specific flavivirus that was first reported in 2007 in Japan. CxFV
strains were isolated from CXx. tritaeniorhynchus and Cx. pipiens group mosquitoes and
genetically characterized in Toyama Prefecture, Japan, from 2004 to 2009, to reveal
host specificity, mode of transmission, and seasonal and geographical distribution. The
MIR of CxFV within Cx. tritaeniorhynchus populations was 0.3 and much lower than
that within Cx. pipiens group (17.9). The complete genome sequences of 11 CxFV
isolates (four from Cx. tritaeniorhynchus and seven from Cx. pipiens group) consisted
of 10,835-10,837 nucleotides. When these 11 isolates and five reference strains (NIID-
21-2 and Tokyo strains from Japan, lowa07 and HOU24518 strains from U.S.A., HO901
strain from China) were compared, there were 95.2-99.2% nucleotide and 98.1-99.8%
amino acid identities. Phylogenetic analysis showed that the 11 isolates were divided
into four clusters. One cluster consisted of five isolates from Cx. pipiens group and Cx.
tritaeniorhynchus from one site and their nucleotide sequences almost completely
matched. Another cluster consisted of an isolate with a unique sequence from a Cx.
pipiens group mosquito captured in an aircraft from Taiwan, suggesting that it was
introduced from abroad. CxFV strains were divided into several groups according to
countries when nucleotide sequences of CxFV available in GenBank and 11 Toyama
isolates were compared. These results suggest that CxFV is maintained in nature among

Culex mosquitoes in a mosquito habitat-specific but not a species-specific manner.
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Conclusion

JEV and CxFV belong to the genus Flavivirus within the family Flaviviridae. JEV
exists in an enzootic cycle between mosquitoes and vertebrate hosts such as pigs and
birds. JEV is distributed in East and South Asia, and causes severe encephalitis in
humans. CxFV is an insect-specific flavivirus and genetically related with the other
insect flaviviruses.

The author isolated 87 JEV strains from mosquitoes and pigs in Toyama Prefecture
during 2005-2009. The result suggests JEV still circulates between mosquitoes and pigs
in Toyama Prefecture, and circulation of JEV is correlated with the prevalence of
mosquitoes. According to the nucleotide sequence of the E and C/prM genes, all isolates
belong to genotype 1. These isolates were divided into the major type and the two minor
types. The major type of JEV might have remained in Toyama Prefecture and gradually
changed over five years, while two minor types of JEV might have migrated from other
countries and then become extinct. All isolates collected in 2008 and 2009 had a novel
deletion in the 3’UTRs. Furthermore, the author reports that the peak level of JEV
circulation occurs later in the year than in the past. This might be related to the recent
decrease in the prevalence of JE in Japan, in addition to the effects of human
vaccinations. JEV strains circulating in areas of the temperate zone may consist of
locally maintained viruses and the viruses migrated from other areas.

The author isolated and genetically characterized CxFV strains from Cx.
tritaeniorhynchus and Cx. pipiens group mosquitoes. The MIR of CxFV within Cx.
tritaeniorhynchus populations was much lower than that within Cx. pipiens group. The

complete genome sequences of 11 CxFV isolates and five reference strains had 95.2-
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99.2% nucleotide and 98.1-99.8% amino acid identities. Phylogenetic analysis showed
that the 11 isolates were divided into four clusters. One cluster consisted of five isolates
from Cx. pipiens group and Cx. tritaeniorhynchus from one site and their nucleotide
sequences almost completely matched. An isolate had a unique sequence, suggesting
that it was introduced from abroad. CxFV strains were divided into several groups
according to countries when nucleotide sequences of CxFV available in GenBank and
11 Toyama isolates were compared. These results suggest that CxFV is maintained in
nature among Culex mosquitoes in a mosquito habitat-specific but not a species-specific

manner.
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MXEE

BILRIZBIT 5 BARME Y A /LA & Culex flavivirus @

ARRZFEHI K Oy FREFRIBTFE

HAMER D A VA (JEV) X7 F7ETVANAR 7T ET A LARBIZEL, I~
VD 5ODBIGFRU T bivd, @E, W (FiZ=aHF¥ 7 JA 71 Culex
tritaeniorhynchus Giles) & H{IRENM) T 5 7 % O T IEV DG A 7 Vvt
RENTWD, B R IEVRARUCR M SN TR 5 &, BEVER L CEE
IR RIET D556 038 D, JEV DR X DMK 2 H AR AR & FEOY, KT
CTMOHRMT VT, M7 VT ETT VT A HLC A e Hisk TR T L
S CERBT ANDBERERH D, HAMROEIERIT 30%I12b K51, H
%R OBBIEDNEDGENZ NI, AREE LOREREBEL > T 5,
HARTIX, 1960 FERUTITFEMEBT AOBENHLE SN TWR, ITFEOBEK
1310 ARSI A 5TV 5D, BEROBOOERK L LT, U7 F D
B, 7 OB REGVMETHN OGN L ZAICRBEINDL KO ICRoT2 2
EREBHEREND b OO, ZFORENIHSITITH LN S TR, £,
1990 AEARIZ, AARIZIS T 5 FEE 72 JEV QAT N BR300 T EL ) & 1A~
AL LT Z ERFBITWD A, [[—HRICI T D JEV OFEM 2R EREIC D

WTIE, RN BT E A SRS TR0,
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& IR IBOK G RES 23 AU C JEV OIEEM CTh 2 7 Z bEE SN TS 2 &
D JBV DREGEY A 7 NV ISHERF SO TWERERICEA TN D LB b5,
7. BYYERATPHIFREIC LV, JEVICHT 25K Z B o 72 7 4 BNIRIEE4E
BRI TWAHZ b, BIETHIEVAIITLTWD Z R IiLd,
Z 2T, BT BV TRk 72 JEV OERESEIFEA 21T\, R8I JEV O
FHITHRPTATIRML DO ZALIZ O W THRIT 2382 5 & & H 1T, JEV Sk O8I
FHATIZ L0 . JEV FATER DR ZEAIZ O W TR 23 2 7,

IR, WNMER T2 7T EUANLZBD T AL AL LT, Culex flavivirus
(CxFV) 23RSz, RUANVRTEBOMALT LEEE S, ASE
DI ENIBIEMEDR RN E RN BN T WD, ZHILETIC CXFVIZT A =7
Culex pipiens L.X°% v # A A = 7% Culex quinquefasciatus Say 7¢ £ ¢ Culex J&1L)>
SAMESNTVWD HOD, AP S R RN L, AT, &R
[Z81F D CxFV D434, GRS T A L 2 DB TR 72 S22\ TR %

AT,

FH—F T, JEV O BRR COMERF L (LI OV T O MNICT D70, itk
T 2D JEV ZoBEL . T AT o 72, WUE 51,265 fEiR (2,740 —V) | T
ZIX 1LASUER O Mg Z AViz, MO Z T hA = a0 0 1T, 74015 10

. AR 8THED JEV 3y & iz, MilZ T B A = 1 #&E Culex pipiens group (77

71 A =71 Culex pipiens pallens, 7 - =77 Culex pipiens molestus # &) | E
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K A2~ 71 Aedes albopictus Skuse 5726 & U A VA GEE AT o To N, AT X
T 1A I3 S OFEF OB HIXJEV 3Bt S iz o7z,

JEV OFHIER 2 7 A /L ZREGeR (01,000 PB4 72 0 Odi /NG |
minimum infection rate =MIR) DOl 6 A7 & 2 A 2005~2009 4D & 1111
WZRWTIE, MEDa T X T A I OREBHDOE— 2713 8~9 HEHTH 72D
(X L. JEV OFfTIE, 9~10 AEHT, WMAO =7 i3 Thrbo7o, Fio,
1966~1972 4EIZ k1T 2 & IR D JEV DA77 H TR H 9 A LATH o727
D, EFETITFRATRADNES o Tnb B X b D,

STHESALIZJEV O X —7 (B) SHER 1,500 L BT R T
AT L (ClprtM) FEIE 240 Hi R IC O W CHEIR FEIT L= & 2 A, 878D %y
BRI 2 TR TR TIZE Lz, 26 O/, 2005~2009 4123072 0 fikfe L
THBESNT-EE R Z A 7L 2007 FICTE T DBES NI Fhle ¥ A 7I2HT B
Too FERZATIE, ExDLTHOELLTEYD, 2008 4 & 2009 21 3
MIFEFIRRAEIE (37 UTR) IZB W C 7THEOH - KN A BT,

B ETIX. CxFV O EOR BB 7L, FEitE, il 270~
D729, 2004~2009 FIHHE SN T ET DA T ET DA ZTHEND
CxFV Z 3B L7z, ZTDORER, 94D CxFV DBEEEAM S HT-, 5 6 3R
JEV ERIFFZBES Tz, 2 HEZ T AT DO MIRIZ037E572DIZxtL, 7
AAZAREDOMIR X 179 TH Y | WFICITHERENH LI, 4~11 H DI

MODBESIVTE, TABRBEZNoT,
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11 O CxFV 738tk (2 27 A =HERK AR, 7O = AFEHR THR) 12
DNT YA NV ARG ORI ZIRE LIZE 2 A, K13 10,835-10,837 i
EThole, ThbixINE THRE SN ARLCMOE-KRD CxFV 5 D4
Ry L7- & 2 A, AT 95.2~99.2% . 7 X /£ T 98.1~99.8% & Ik
HICEW 8RR 2R Lz, Lac L, BElO A & 2 = SRR CxFV-Mex07 & 13
90.7~90.9%., 7 X /AT 96.8~97.1% & X0 W— R AR LT,

AEID CxFV 73 BERE 11 BRITREBATIC LV 4 DD 7 T A2 =250 T b,
R CHE DA TEZT AT ET A T AHENLEES IV SERTHL S L
77 AL —=TiE, BANELEAE 8 L, 7 I 78ED 100%—E) LT
Wiz, BB ORITIRO P THIBEINTZT I A = I FED O 4B S VT2 RRIT,
LD HERR L IZR R ME D7 T AZ—Z B L TEY | ZOFRITAEITE S
AT 94 Bk A NS5 fHi D 210 IO\ TG L7233 A CTHRETH - 7=, 1t
ST, ZOKRITHEANDELE & HITRD Z TR R S v,

SEIGEEL 1T ERE . ZHVE CTITEE Siv7z CxFV O Y7 R 4 &
Te 61~69 Bld| & A big L= & 2 A, CxFVITIOREE LV bl S - E - H
WIS C TN DD 7 NV—FIZ3 T 6D 2 EDRP LN R ol £, i
WD LRV, BILEREANOE CHR o8 5B OB L IEFF 2T CxFV 23
BoHNTNDZ ENDB D, CxFV X Culex B O 1 T OFIEFF R L VD LV
HHUREERICHERFF ST b B2 b,

AWFFENZ L - T, dTFED JEV OBAELHERZALOFEMD A S & 72 o7z,

ARBFFE TR DRI BRI, AR OFAT FHISCM O #ilsk T O JEV DA 2 52
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DEEODETNE LTHEILDHDEEZ bND, o, RHRKEOZ U CxFV T
DONThH, THIZEROLEL NSNS Z &, Ml RMICHERF S TnD 2k
REDPHBA LT, JEV ERIFRFCABES NI D T — N3 oTe 2 b, 2
BT HATHTILIEV & CxFV BRIFHER LY D LB bb, BARRCE
i7% JEV & CxFV O3 A-CHBUENIZIS 1T 21 ¥ A VA DOFA R 1220 T
RIFZERR A FREL LT, 5%, SOICEHIROMNCEND Z LS

60
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