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Although a consensus classification system for hepatitis E virus (HEV) genotypes is currently unavailable,
HEV variants (JBOAR135-Shiz09 and wbJOY_06) from wild boars (Sus scrofa leucomystax) have provision-
ally been classified into two novel genotypes (5 and 6). While performing a survey of HEV infections
among 566 wild boars that were captured in Japan between January 2010 and August 2013, we found
24 boars (4.2%) with ongoing HEV infections: 13 had genotype 3 HEV, 10 had genotype 4 HEV and the
remaining boar possessed a novel HEV variant (designated wbJNN_13). The entire whJNN_13 genome

ﬁzj;v:grss E virus comprised 7247 nucleotides excluding the poly(A) tail, and was highly divergent from known genotype
wild boar 1 to 4 HEV isolates derived from humans, swine, wild boars, deer, mongoose and rabbits by 22.4-28.2%,
Phylogeny JBOAR135-Shiz09 and wbJOY_06 by 19.6—-21.9% and rat, ferret, bat and avian HEV isolates by 40.9-46.1%
Genotype over the entire genome. Phylogenetic trees confirmed that wbJNN.13 is distantly related to all known

HEV isolates. A Simplot analysis revealed no significant recombination among the existing HEV strains.
These results indicate the presence of at least three genetic lineages of presumably boar-indigenous HEV
strains. Further studies to fully understand the extent of the genomic heterogeneity of HEV variants
infecting wild boars are warranted.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction suboptimal (Emerson and Purceil, 2013). In contrast, sporadic and

autochthonous cases of hepatitis E also occur in many industrial-

Hepatitis E virus (HEV) is the causative agent of hepatitis
E in humans. Hepatitis E is an important public health prob-
lem, being primarily transmitted via the fecal-oral route through
contaminated food or water in many developing countries in
Asia, Africa and Latin America, where sanitation conditions are

* The nucleotide sequence data reported in this study have been assigned
DDBJ/EMBL/GenBank accession numbers AB856243 for entire wild boar HEV
genome and AB856220-~AB856242 for 23 partial wild boar HEV sequences.

* Corresponding author. Tel.: +81 285 58 7404; fax: +81 285 44 1557.

E-mail address: hokamoto@jichi.ac.jp (H. Okamoto).
1 These authors contributed equally to this work.

0168-1702/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http:/[dx.dol.org/10.1016/j.virusres.2013.12.014

ized countries, including the United States, European countries and
Japan (Colson et al,, 2010; Tei et al., 2003; Yazaki et al,, 2003). Hep-
atitis E is now a recognized zoonotic disease in swine, and other
animals likely serve as a reservoir for HEV infection in humans
(Meng, 2013; Purcell and Emerson, 2008; Takahashi and Okamoto,
2013).

HEV is classified as the sole member of the genus Hepevirus in
the family Hepeviridae (Meng et al., 2012). The genome is a single-
stranded, positive-sense RNA of approximately 7.2 kilobases (kb)
in size, and contains three open reading frames that encode non-
structural proteins involved in replication (ORF1), a capsid protein
consisting of 660 amino acids (aa) (ORF2) and a small protein of
only 113—-114 aa (ORF3) that is essential for viral infectivity in
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Table 1
Prevalence of anti-HEV IgG and HEV RNA among wild boars in Japan, stratified by year of capture.

Year No. of boars tested Serum samples Liver samples No. of HEV
RNA-positive
boars

No. Anti-HEV IgG- HEV RNA- No. HEV RNA-
positive positive positive

2010 65 65 8(12.3%) 1(1.5%) 26 0 1(1.5%)

2011 126 122 16 (13.1%) 7(5.7%) 125 7 (5.6%) 7 (5.6%)

2012 240 214 18(8.4%) 4(1.9%) 238 4(1.7%) 4(1.7%)

2013 135 110 16 (14.5%) 11(10.0%) 134 11(8.2%) 12(8.9%)

Total 566 511 58 (11.4%) 23 (4.5%) 523 22 (4.2%) 24 (4.2%)

animals (Graff et al., 2005; Huang et al., 2007) and virion egress
(Emerson et al,, 2010; Yamada et al,, 2009). The ORF1 protein is
translated directly from genomic RNA, while the ORF2 and ORF3
proteins are translated from a 2.2-kb bicistronic subgenomic RNA
(Graff et al., 2006; Ichiyama et al,, 2009). Four genotypes (1-4)
of HEV that infect humans have been identified (Lu et al., 2006;
Okamoto, 2007). Genotype 1 and 2 HEVs are restricted to humans,
and are associated with outbreaks of hepatitis E as water-borne
epidemics in developing countries, whereas genotype 3 and 4 HEVs
are zoonotic, and are responsible for sporadic cases of hepatitis E
worldwide. Genotype 3 and 4 HEVs have been isolated from vari-
ous animal species, including pigs, wild boars, deer and mongooses
(Meng, 2011; Nidaira et al,, 2012; Sato et al.,, 2011; Takahashi et al.,
2004), and as noted above, are capable of causing zoonotic disease
(Colsonetal., 2010; [zopetetal,, 2012; Lietal, 2005; Tei et al., 2003;
Yazaki et al,, 2003). Japan-indigenous genotype 3 HEV strains have
been provisionally classified into three subgenotypes: 3b (3jp), 3a
(3us) and 3e (3sp), where “jp” stands for Japan-type, “us” for US-
type and “sp” for Spanish (European) type (Lu et al., 2006; Okamoto
et al,, 2003; Takahashi et al,, 2003).

Recently, a number of divergent HEV isolates have been identi-
fied in numerous other animal species, including chickens, rabbits,
rats, ferrets, bats and fish (cutthroat trout) with an ever-expanding
host range (Batts et al., 2011; Drexler et al., 2012; Johne et al., 2010;
Kumaretal,, 2013; Meng, 2013; Rajetal,, 2012; Zhao et al., 2009).In
addition, novel HEV sequences [JBOAR135-Shiz09 (AB573435) and
wb]OY_06 (AB602441)] that may belong to new or unrecognized
genotypes have been detected in wild boars in Japan (Takahashi
et al, 2010, 2011), and are suggested to be divided into two addi-
tional genotypes (5 and 6) (Bouquet et al,, 2012; Smith et al,
2013). Although there has been controversy about whether iso-
lates from wild boars should be considered new genotypes or
subtypes (subgenotypes), two wild boar strains (JBOAR135-Shiz09
and wbJOY.06) will be provisionally described in this study as geno-
type 5 and genotype 6, respectively, for simplicity.

In recent studies, 73 HEV strains had been isolated from 1885
wild boars in Japan (3.9% of the population) (Nakano et al, 2013;
Takahashi and Okamoto, 2013). Although these boar HEV strains
were classified into genotype 3 (69%), 4 (28%) or novel genotypes
(5 and 6) represented by JBOAR135-Shiz09 and wbJOY .06, respec-
tively, the spatial prevalence of HEV infections among the wild
boars in Japan and the pattern and extent of genomic diversity
among HEV strains infecting wild boars in Japan were not fully
understood. Therefore, the present study was conducted to inves-
tigate the prevalence of the wbJOY_06 type HEV strain (genotype
6), focusing on Okayama Prefecture, where the particular strain had
beenisolated in our previous study (Satoetal,, 2011),and other HEV
strains, including those of unidentified genotype(s), if any, in a total
of 12 prefectures (see Table 2). Unfortunately, the wbJOY_06-like
strain was not found in any of the 566 wild boars studied. How-
ever, another divergent strain (wbJNN_13) that may be classifiable
into a novel genetic lineage was identified in Nagano Prefecture,
located in the central part of Honshu Island of Japan, and its genomic

characteristics were analyzed, together with those of 23 other
strains obtained in the current study.

2. Materials and methods
2.1. Serum and liver specimens obtained from wild boars

Paired serum and liver specimens, serum only or liver tissue
samples only, were obtained from a total of 566 wild boars (Sus
scrofa leucomystax) that were captured in 12 prefectures (located
from north to south in Japan): Toyama (3 boars), Fukui (15), Nagano
(62), Gifu(122), Hyogo (18), Nara (35), Tottori (11), Okayama (244),
Hiroshima (2)and Yamaguchi(10) on mainland Honshu, the prefec-
ture of Kochi (5) on Shikoku Island and the prefecture of Miyazaki
(39) on Kyushu Island (Supplementary Fig. 1) between January
2010 and August 2013. A total of 511 serum samples and 523 liver
tissue samples, including 468 paired serum and liver specimens,
were available from the 566 boars: there were no overlaps between
the 566 boars in the present study and the 578 boars evaluated in
the previous study (Sato et al,, 2011).

2.2. ELISA for detecting anti-HEV IgG

To detect anti-HEV IgG in the serum samples from wild boars,
an enzyme-linked immunosorbent assay (ELISA) was performed
using purified recombinant ORF2 protein (genotype 4) that had
been expressed in silkworm pupae (Mizuoc et al,, 2002) as described
previously (Sato et al,, 2011). An optical density (OD) value 0of 0.274
was used as the cut-off value for the swine anti-HEV IgG assay
(Takahashi et al,, 2005).

2.3. Qualitative and quantitative detection of HEV RNA

Reverse transcription (RT)-polymerase chain reaction (PCR) was
performed to detect HEV RNA. Total RNA was extracted from
100 pl of each serum sample using the TRIzol LS reagent (Life
Technologies, Carlsbad, CA) or 50 mg of each liver specimen using
the TRIzol Reagent (Life Technologies) following the manufac-
turer’s instructions. The extracted RNA was reverse-transcribed
with SuperScript I RNase H™ Reverse Transcriptase (Life Tech-
nologies), and subsequent nested PCR was performed with the
ORF2 primers and TaKaRa Ex Taq (TaKaRa Bio, Shiga, Japan) as
described previously (Mizuo et al,, 2002). The size of the ampli-
fication product of the first-round PCR was 506 base pairs (bp), and
that of the second-round PCR was 457bp. The sequences of primers
used for the ORF2-457 PCR (Supplementary Table 1) were well-
conserved across all four genotypes and two wild boar sequences
(JBOAR135-Shiz09 and wbJOY_06) (Takahashi et al., 2011). The
specificity of the RT-PCR assay was verified by a sequence anal-
ysis, as described below. The sensitivity of the RT-PCR assay was
assessed as described previously (Mizuo et al, 2002; Takahashi
et al,, 2003).
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Table 2

Prevalence of anti-HEV IgG and HEV RNA among wild boars in Japan, stratified by geographic region.

Region No. of boars tested Serum samples Liver samples No. of HEV
RNA-positive
boars

No. Anti-HEV I1gG- HEV RNA- No. HEV RNA-
positive positive positive

Toyama 3 3 0 0 3 0 0

Fukui 15 15 1(6.7%) 1(6.7%) 14 1(7.1%) 1(6.7%)

Nagano 62 62 4(6.5%) 1(1.6%) 60 0 1(1.6%)

Gifu 122 120 16 (13.3%) 9(7.5%) 122 9(7.4%) 9(7.4%)

Hyogo 18 18 0 0 18 0 0

Nara 35 35 9(25.7%) 2(5.7%) 35 3(8.6%) 3 (8.6%)

Tottori 11 11 0 0 11 0 0

Okayama 244 191 18(9.4%) 8(4.2%) 243 8(3.3%) 8(3.3%)

Hiroshima 2 2 0 0 2 0 0

Yamaguchi 10 10 4 (40.0%) 1(10.0%) 10 1(10.0%) 1(10.0%)

Kochi 5 5 1(20.0%) 0 5 0 0

Miyazaki 39 39 5(12.8%) 1(2.6%) 0 0 1(2.6%)

Total 566 511 58 (11.4%) 23 (4.5%) 523 22 (4.2%) 24 (4.2%)

To confirm the presence/absence of HEV RNA in serum and/or
liver specimens from wild boars, another RT-PCR (ORF2/3-137 PCR)
that amplifies a 137-nt sequence within the ORF2/ORF3 overlap-
ping region and is capable of amplifying all four genotypes (inoue
et al., 2006b), was performed with primers that were slightly mod-
ified based on three wild boar sequences including wbJNN_13 (see
below). The sequences of primers used for the modified ORF2/3-137
PCR assay are indicated in Supplementary Table 1.

HEV RNA was quantitated by real-time detection RT-PCR
according to the previously described method (Takahashi et al.,
2008), with slight modifications. In brief, total RNA extracted from
100 wl of a diluted serum sample, or 50 mg of liver tissue was
subjected to real-time RT-PCR with the QuantiTect Probe RT-PCR
Kit (Qiagen, Tokyo, Japan), using the sense primer HE311 (5'-GGT
GGT TTC TGG GGT GAC-3'), antisense primer HE312 (5-AGG GGT
TGG TTG GAT GAA-3’) and a probe (HE313-P) consisting of an
oligonucleotide with a 5'-reporter dye (FAM) and a 3’-quencher
dye (TAMRA) (5’-FAM-TGA TTC TCA GCC CTT CGC-TAMRA-3") on a
LightCycler apparatus (Roche Diagnostics K.K., Tokyo, Japan). The
thermal cycler conditions were 50°C for 20 min, 95°C for 15 min,
45 cycles of 95 °Cfor 1 s and 60 °C for 60 s. The reproducibility of the
quantitative assay was assessed by testing each sample in duplicate,
and the mean value was adopted.

2.4. Amplification of the full-length HEV genome

To determine the full-length sequence of the wbJNN_13 genome
that was markedly divergent from all HEV sequences of geno-
types 1-4 and the two wild boar sequences (JBOAR135-Shiz09
and wbJOY_06) (see below), total RNA was extracted from a serum
sample (1ml) using the High Pure Viral RNA Kit (Roche Applied
Science, Mannheim, Germany) and then the TRIzol-LS reagent
(Life Technologies), and the RNA preparation thus obtained was
reverse-transcribed with SuperScript [l Reverse Transcriptase (Life
Technologies) and subjected to nested or semi-nested PCR of six
overlapping regions including the extreme 5- and 3’-terminal
regions, using enzymes [KOD FX Neo (Toyobo, Osaka, Japan),
TaKaRa LA Taq with GC Buffer (TaKaRa Bio)] and primers whose
sequences were derived from well-conserved areas across all HEV
strains of genotypes 1-4 and two wild boar strains (JBOAR135-
Shiz09 and wb]JOY_06) whose entire genomic sequences are known,
as well as those obtained during the amplification procedure
(Supplementary Table 1). The amplified regions, excluding the
primer sequences, were nucleotides (nt) 1-60 (60 nt), nt 41-2236
(2196 nt), nt 2143—4454 (2312 nt), nt 4330-5384 (1055 nt), nt
5349-6402 (1054 nt), and nt 6371-7263 (893 nt) (Supplementary

Fig. 2). The extreme 5-end sequence (nt 1-60) was determined
by a modified rapid amplification of cDNA ends (RACE) tech-
nique called RNA ligase-mediated RACE (RLM-RACE), using the First
Choice RLM-RACE kit (Ambion, Austin, TX), as described previously
(Okamoto et al, 2001). Amplification of the 3’-end sequence [nt
6371-7247 (877 nt): poly(A) tail excluded] was performed by the
RACE method as described previously (Ckamoto et al., 2001). To
confirm the entire genomic sequence determined from the above
amplified regions, three other overlapping regions, including nt
41-2832 (2792 nt), nt 2678-5170 (2493 nt) and nt 5063—7247
(2185 nt) (primer sequences at both ends were excluded), were
amplified and sequenced (Supplementary Table 1 and supplemen-
tary Fig. 2).

2.5. Sequence analysis of PCR products

The amplification product was purified using a FastGene
Gel/PCR Extraction Kit (NIPPON Genetics, Ltd., Tokyo, Japan), after
which both strands were sequenced directly or after cloning into
the T-Vector, pMD20 (TaKaRa Bio), using an Applied Biosystems
3130x] Genetic Analyzer (Life Technologies) with the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Life Technologies). The sequence
analysis was performed using the Genetyx software program (ver-
sion 11.1.2; Genetyx Corp., Tokyo, Japan), and multiple alignments
were generated with the CLUSTAL Omega software program, ver-
sion 1.2.0(Goujon et al., 2010). Phylogenetic trees were constructed
based on the 412-nt ORF2 sequence or full-length sequence, accord-
ing to the neighbor-joining method (Saitou and Nei, 1987) with
the Kimura two-parameter model (transition/transversion ratio
was fixed and gamma correction was not used) and 1000 repli-
cates of bootstrap resamplings, as implemented in the MEGA5
software program (version 5.2.1) (Tamura et al., 2011). Another
phylogenetic tree was constructed by the PHYML method, ver-
sion 3.0 (Guindeon and Gascuel, 2003) implemented via the PALM
web serve (http://palm.iis.sinica.edu.tw) (Chen et al., 2009), based
on the full-length sequence. The maximumd-likelihood phyloge-
netic tree was constructed using the best model (GTR +G) selected
by the MODELTEST software program, version 3.7 (Posada and
Crandall, 1998) under the corrected Akaike information criterion
(AICc) and 500 replicates of bootstrap resamplings. The final trees
were visualized by the FigTree software program, version 1.2.3
(http://tree.bic.ed.ac.uk/software/figtree/).

For comparison, 220 complete genome sequences were down-
loaded from DDBJ/EMBL/GenBank databases on September 30,
2013. Sequences were removed from the dataset if there was
evidence that they were recombinant (accession nos. D11093,
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Table 3

Characteristics of the 24 wild boars with ongoing HEV infections.
ID no. Date of Body weight Region Anti-HEV IgG HEV RNA titer HEV genotype HEV isolate

sampling (kg) (OD4sp) in (subgenotype) name
serum?
Serum Liver
(copies/ml) (copies/mg)

WBO0635 '10.01.01 20 Miyazaki 0.492 (+) 2.4 x 108 NA 3(3b) wb]MZ_10
WB0772 ’11.01.10 20 Fukui 0202 (-) <200 (+) <400 (+) 3(3b) whJFLL11
WB0717 '11.01.15 20 Gifu 0.228 (-) 2.2 x 104 2.3 x 108 4 whbJGF.11
WB0736 '11.02.05 60 Nara 0.908 (+) <200 (+) <400 (+) 3(3a) wbJNR_11
WB0947 '11.12.31 Unknown Okayama 0472 (+) 8.8 x 10° 1.4 %107 3(3e) wbJOY_11-1
WB0948 '11.12.31 Unknown Okayama 0.363 (+) 1.2 x 104 3.1x 108 3(3e) whbjOY.11-2
WB0949 "11.12.31 Unknown Okayama 0.148 (-) 2.2 x 104 3.3x107 3(3e) wbJOY.11-3
WB0950 '11.12.31 Unknown Okayama 0.139(-) 6.3x10° 7.5 % 10° 3(3e) wbJOY.11-4
WB0976 '12.07.14 25 Gifu >3.000 (+) 2.9 x 104 5.0 x 10° 4 wbJGF_12-1
WB0977 ’12.07.28 40 Gifu 2.545 (+) 1.4 x10° 3.5 x 108 4 whJGF_12-2
WB0985 "12.10.14 10 Gifu 0.154 (=) <200 (+) <400 (+) 4 whJGF.12-3
WB1180 '12.12.31 20 Nara 2.802 (+) 5.0 x 10° 2.4 %107 3(3b) whJNR.12
WB1068 "13.01.13 Unknown Okayama 0.103 (-) <200 (+) <400 (+) 3(3b) wbJOY.13-1
WB1072 '13.01.19 Unknown Okayama 0.086 () <200 (+) <400 (+) 3(3b) wbJOY.13-2
WB1182 '13.01.24 15 Nara 2.420 (+) (=) <400 (+) 3(3b) wbJNR.13
WB1122 '13.02.02 40 Okayama 2.807 (+) <200 (+) 1.1 x 104 3(3b) wbJOY.13-3
WB1123 '13.02.02 40 Okayama 2.767 (+) <200 (+) 23 x10° 3(3b) wbJOY.13-4
WB1116 "13.02.12 15 Gifu 2.833 (+) 9.4 x 107 1.7 x 107 4 wbJGF_13-1
WB1117 '13.02.12 15 Gifu 0.458 (+) 1.1 x 108 1.1x 107 4 whbJGF_13-2
WB1118 '13.02.12 15 Gifu 0.040 (-) 2.6x 103 <400 (+) 4 wb]JGF_13-3
WB1119 ’13.02.12 15 Gifu 1.221(+) 1.2x10° 7.3 x 108 4 wbJGF.13-4
WB1203 "13.02.24 50 Gifu 0.013 (=) <200 (+) <400 (+) 4 WbJGF.13-5
WB1178 '13.03.16 60 Nagano 0.041 () 3.0x 102 NA Unclassified wbJNN.13
WB1206 '13.07.01 30 ‘Yamaguchi >3.000 (+) 3.6 x 102 1.5 x 10° 4 wbJYG_13

NA, not available.
2 The cut-off value for the anti-HEV IgG was set at 0.274.

AF051830 and DQ450072) (Fan, 2009; van Cuyck et al,, 2005; Wang
et al,, 2010) and if they differed from any other sequence in the
dataset by <2% of the nucleotide positions, which left a total of 110
sequences (see Fig. 2 for accession nos.).

3. Results
3.1. The prevalence of anti-HEV IgG and HEV RNA in wild boars

Serum samples obtained from 511 wild boars and liver tissues
from 523 boars were tested for the presence of anti-HEV IgG anti-
bodies and HEV RNA. Overall, 58 boars (11.4%) were positive for
anti-HEV IgG, with the prevalence differing by year of capture, ran-
ging from 8.4% in 2012 to 14.5% in 2013, and 24 boars (4.2%) had
HEV RNA detectable by the ORF2-457 PCR assay in the serum and/or
liver specimens, the prevalence being different by year of capture,
ranging from 1.5%in 2010 t0 8.9%in 2013 (Table 1). Another RT-PCR
assay, ORF2/3-137 PCR, confirmed the presence/absence of HEV
RNA in all 566 wild boars tested. The anti-HEV IgG was detectable
in wild boars captured in eight (66.7%) of the 12 prefectures studied
(Table 2). Among the eight prefectures with anti-HEV IgG-positive
boars, the prevalence of boar anti-HEV IgG differed markedly by
geographic region (prefecture), from 6.5% to 40% (median, 13.1%).
Boars with ongoing HEV infections were found in seven prefectures
(58.3%), with the prevalence ranging from 1.6% to 10% (median,
4.2%).

3.2. Characteristics of the 24 wild boars that were positive for
HEV RNA in the serum and/or liver specimens

Serum samples were available from all 24 boars with ongoing
HEYV infections, and 14 boars (58.3%) tested positive for anti-HEV
1gG, with an OD value ranging from 0.363 to >3.000 (Table 3). HEV
RNA was detectable in the serum samples of 23 of the 24 boars
tested, although the titer was variable, being 9.4 x 107 copies/ml at

the highest. HEV RNA was detectable in all 22 liver specimens that
were available, including five specimens with a high HEV RNA titer
on the order of 107 copies/mg (Table 3).

3.3. Genetic heterogeneity of boar HEV isolates recovered from
wild boars in Japan

The amplification products of ORF2 (412 nt) from 24 HEV-
infected boars were sequenced and compared (Table 4). Among
the 24 boar HEV isolates obtained from the infected boars, 13 iso-
lates (54%) were close to genotype 3 HEV isolates, with nucleotide
sequence identities of 81.7-96.8%, but were only 73.7-80.2% sim-
ilar to known HEV isolates of other genotypes (1, 2 and 4). The
13 genotype 3 isolates shared identities ranging from 81.3% to
100% (86.9+0.5%) within the 412-nt ORF2 sequence with each
other, and were further classified into subgenotype 3a (n=1), 3b
(n=8) or 3e (n=4), sharing identities of 93.4%, 90.2-94.4% and
96.1-96.8%, respectively, with the representative 3a (AF060669),
3b (AP003430) and 3e (AB248520) isolates.

Ten isolates were 83.9-85.9% similar to the prototype geno-
type 4 HEV isolate (AJ272108), but were only 74.7-81.7% similar
to known HEV isolates of the other three genotypes (1-3). These
10 isolates shared identities of 87.6—-100 (97.1 4+ 0.5)% within the
412-nt ORF2 sequence with each other. These results indicated that
13 and 10 of the Japanese boar HEV isolates obtained in the present
study were classifiable into genotype 3 (3a, 3b or 3e) and geno-
type 4, respectively. Of interest, however, the remaining isolate
(wbJNN_13) was only 77.0-81.5% identical to all genotype 1-4 iso-
lates, 76.8% identical to a prototype rabbit HEV isolate (F]906895)
and 82.2% and 81.0% similar to two other wild boar HEV isolates
(JBOAR135-Shiz09 and wb]OY.06, respectively), which are sug-
gested to belong to additional genotypes (5 and 6, respectively)
(Bouquet et al., 2012; Smith et al,, 2013; Takahashi et al, 2010,
2011), within the 412-nt ORF2 sequence. The wbJNN.13 isolate
shared only 57.7-64.1% nucleotide sequence identities with rat,

— 100 —
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Table 4

Comparison of the identity (%) within the 412 nt ORF2 sequence of the 24 boar HEV isolates obtained in the present study with entire or near-entire sequences of previously

reported HEV isolates.

HEV isolate Accession no. Genotype 3 Genotype 4 Unclassified
(n=10) (n=1)
Subgenotype 3a Subgenotype 3b Subgenotype 3e
(n=1) (n=8) (n=4)
Genotype 1 M73218 79.0 77.8-80.2 77.6-78.3 78.8-81.7 77.6
(79.3£1.1) (78.1£0.4) (81.4+£0.5)
Genotype 2 M74506 78.5 73.7-76.6 76.1-76.3 74.7-76.6 78.6
(76.0£1.0) (76.3£0.1) (76.240.5)
Genotype 3
Subgenotype 3a AF060669 93.4 86.4-89.5 83.2-834 79.0-81.7 77.6
(88.4+1.3) (83.4+0.1) (81.1+0.7)
Subgenotype 3b AP003430 87.3 90.2-94.4 84.3-84.6 78.8-81.5 77.1
(91.3+1.4) (84.5+0.4) (81.240.9)
Subgenotype 3e AB248520 83.0 81.7-84.6 96.1-96.8 78.2-79.2 77.0
(83.0+0.8) (96.6+0.4) (78.3+£0.3)
Genotype 4 AJ272108 80.0 78.5-79.3 78.0-78.1 83.9-85.9 81.5
(79.0:+£0.3) (78.0+0.1) (85.7+£0.6)
Wild boar HEV AB573435 80.4 78.3-79.5 80.3-80.4 78.1-79.6 82.2
{Genotype 5) (79.0+1.0) (80.4+0.1) (79.0+0.4)
Wild boar HEV AB602441 804 77.6-80.5 77.3 78.6-79.8 81.0
(Genotype 6) (78.7+1.0) (79.6 £0.4)
Rabbit HEV FJ906895 80.0 80.2-83.6 79.3-79.5 78.5-79.3 76.8
(81.8+1.2) (79.5+0.1) (78.640.3)
Rat HEV GU345042 66.9 63.2-66.5 65.6-66.3 62.8-65.5 62.3
(65.7+£1.1) (66.1£0.4) (64.9+0.7)
Ferret HEV JN948606 64.9 65.5-66.5 64.4 64.1-66.3 64.1
(66.0:0.4) (65.6+£0.6)
Bat HEV JQ001749 59.2 58.6-60.7 58.0 56.1-58.1 57.7
(59.4+0.8) (57.4+0.4)
Avian HEV AY535004 55.5 55.6-59.0 55.3-55.8 55.8~-56.8 57.7
(57.441.5) (55.7+0.3) (55.940.3)

ferret, bat and avian HEV strains. These results suggest that the
wbJNN_13 isolate can be classified into a previously unidentified
genetic lineage.

The phylogenetic tree constructed by the neighbor-joining
method based on the 412-nt ORF2 sequences (Fig. 1), confirmed
that 23 of the 24 boar HEV isolates obtained in the present study
belonged to genotype 3 or 4, and that the 13 genotype 3 isolates
were classifiable into subgenotype 3a, 3b or 3e, with a bootstrap
value of 98%, 72% and 99%, respectively. The tree also showed that
the remaining isolate (WhJNN_13) was markedly different from all
known HEV isolates of genotypes 1—4 and the two wild boar strains
(JBOAR135-Shiz09 and wbJOY_06).

3.4. Analysis of the full-length genome of the wbJNN_13 strain

The wbJNN_13 isolate was recovered from a serum sample from
a 60 kg female wild boar that had been caught in a forest in Ueda
city, Nagano Prefecture (Supplementary Fig. 1), located in the cen-
tral part of Honshu Island on March 16, 2013. The wbJNN.13 isolate
had a genomic length of 7247 nt, excluding the poly(A) tract at the
3’ terminus, and possessed three major ORFs, similar to reported
mammalian and avian HEV isolates (Mengetal., 2012). ORF1, ORF2,
and ORF3 encoded 1709 aa (nt 26-5152), 660 aa (nt 5194—7173)
and 112 aa (nt 5186-5521), respectively. The 5 and 3’ untrans-
lated regions of wbJNN_13 comprised 25 nt and 74 nt [excluding the
poly(A) tail], respectively. Upon comparison with the HEV genomes
of genotypes 1—4 and two wild boar HEV genomes whose entire
nucleotide sequences are already known (see Fig. 2 for accession
nos.), the wbJNN.13 genome shared nucleotide sequence identities
of only 73.1-74.5% with human genotype 1 HEV (n=11), 73.5% with
human genotype 2 HEV (n=1), 71.8—-77.6% with genotype 3 HEV of
human, swine, wild boar, deer, mongoose and rabbit origin (n=64),
76.2-77.6% with genotype 4 HEV of human, swine, and wild boar
origin (n=32), and 78.1-80.4% with two wild boar HEV sequences.

In addition, wbJNN_13 was only 53.9-59.1% identical to rat, ferret,
bat and avian HEV strains over the entire genome (Table 5).

The nucleotide sequences of ORF1, ORF2 and ORF3 of whJNN_13
were compared with those of other HEV genotypes, and the
identities among them are shown in Table 5. Together, these
results indicate that the wbJNN.13 isolate is distantly related
to the known HEV isolates of genotypes 1-4, including seven
boar isolates of genotypes 3 and 4 and two wild boar iso-
lates (JBOAR135-Shiz09 and wb]JOY.06), and is clearly distinct
from the previously reported rat, ferret, bat and avian HEV iso-
lates. The phylogenetic tree constructed by the neighbor-joining
method with the Kimura-2-parameter model, based on overlap-
ping the entire or nearly entire genomic sequence of the 111
HEV isolates, using a prototype rat HEV strain as an outgroup,
confirmed that wbJNN_13 does not belong to any of the four
known genotypes or two additional genotypes from wild boars,
most likely being classifiable into an unrecognized genetic lineage
(Fig. 2).

In an attempt to improve the phylogenetic analysis, a
maximum-likelihood phylogenetic tree including the 111 full or
near-full HEV genomes, was constructed with the PHYML method
using the GTR+G substitution model selected by MODELTEST
under the corrected Akaike information criterion (AICc). The tree
further confirmed that wbJNN_13 is distantly related to all known
HEV isolates of genotypes 1-4 and the two wild boar isolates of
additional genotypes (Supplementary Fig. 3).

To investigate the possible presence of recombination in the
wbJNN_13 genome, a window scanning analysis of aligned HEV
genomes was performed using the Simplot software program. The
wb]JNN_13 isolate was slightly closer to a provisional genotype 6
from a wild boar (AB602441) than the remaining four genotypes
(1—4) and a provisional genotype 5 from wild boar (AB573435),
but no significant evidence of recombination between genotype 6
from the wild boar and the other five genotypes was revealed by
this method (Supplementary Fig. 4).
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Fig. 1. The phylogenetic tree constructed by the neighbor-joining method based on the 412-nt ORF2 sequences of 83 HEV isolates of genotypes 1-4 and three HEV variants
from wild boars, including the wbJNN_13 isolate obtained in the present study, using a rat HEV isolate (accession no. GU345042) as an outgroup. Nineteen wild boar isolates
obtained in the previous study (Sato et al,, 2011) are indicated by open circles, and 24 wild boar isolates obtained in the present study are shown by closed circles. Forty-two
representative isolates from humans, pigs, wild boars, deer and rabbits were included for comparison, with the DDBJ/EMBL/GenBank accession number and isolate name
given in parentheses. After the slash, the name of the country where the HEV strain was isolated and the name of animal species from which the HEV strain was isolated, are
shown. For 3e strains, the name of prefecture where the HEV strain was isolated, is also indicated in parenthesis after Japan. Subgenotypes 3a, 3b and 3e within genotype 3
are highlighted by vertical bars. Bootstrap values (>70%) are indicated as a percentage of the data obtained from 1000 resamplings. Bar, 0.05 substitutions per site.
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Fig. 2. The phylogenetic tree constructed by the neighbor-joining method based on the full-length nucleotide sequences of 108 HEV isolates of genotypes 1-4 and three HEV
variants from wild boars (highlighted with a vertical bar), including the wh]JNN.13 isolate obtained in the present study, which is indicated by a closed circle, using a rat HEV
isolate (accession no. GU345042) as an outgroup. Fifty-four human isolates of genotypes 1-4, 35 swine isolates of genotypes 3 and 4, seven wild boar isolates of genotypes
3 and 4, one deer isolate and three mongoose isolates of genotype 3 and eight rabbits HEV isolates, as well as two wild boar sequences (JBOAR135-Shiz09 and wbJOY.06)
whose entire or nearly entire sequence has been reported, and which differed from each other by >2% of the nucleotide positions over the entire genome, were included
for comparison, with the DDBJ/EMBL/GenBank accession number and isolate name given in parentheses. After the slash, the name of the country where the HEV strain was
isolated and the name of animal species from which the HEV strain was isolated, are shown. Bootstrap values (»70%) are indicated as a percentage of the data obtained from

1000 resamplings. Bar, 0.05 substitutions per site.

The wbJNN_13 genome possessed a nucleotide insertion of C,
just after a cis-reactive element with the sequence UGAAUAA-
CAUGU [nt 5153-5164, corresponding to nt 5105-5116 of the
genotype 1 HEV (AF444003, Sar-55)], which has been reported to
be critical for the synthesis of 2.2-kb subgenomic RNA (Graff et al,,

2005, 2006). This is similar to the genomes of genotype 4 (Inoue
et al, 2006a; Wang et al, 2000) and the two wild boar strains
(genotypes 5 and 6), although they harbored U in place of C at
the same nucleotide position (Fig. 3). Of interest, the wbJNN_13
genome had A-to-G and G-to-U mutations at nt 5180 and nt 5182,
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Table 5

Comparison of the identity (%) over the entire genome, and the ORF1, ORF2 or ORF3 sequences of the wbJNN_13 isolate obtained in the present study with the entire or

near-entire sequences of previously reported HEV isolates.

HEV isolate

No. of isolates compared

Identity (%)

Entire genome

ORF1

ORF2

ORF3

Genotype 1° 11 73.1-74.5(74.0+04)

Genotype 2° 1 73.5

Genotype 3° 64 71.8-77.6 (74.7+0.6)
Humans 26 74.1-77.6 (7494 0.7)
Swine 20 74.1-75.3(74.7+£0.3)
Wild boars 6 74.2-74.9 (74.6+0.2)
Deer 1 74.3
Mongooses 3 74.5-75.0(74.7+0.3)
Rabbits 8 71.8-74.6 (74.040.9)

Genotype 4° 32 76.2-77.6(76.8+0.3)
Humans 16 76.4-77.6 (77.0+0.3)
Swine 15 76.2-77.1(76.7£0.2)
Wild boars 1 76.8

Wild boar (Genotype 5)* 1 78.1

Wild boar (Genotype 6)* 1 80.4

Rat® 5 55.8-59.1 (57.4+1.5)

Ferret® 2 57.5-58.3 (57.9+0.6)

Bat? 1 53.9

Avian® 7 54.9-55.8 (55.2+0.3)

72.1-73.1 (72.6£0.3)
71.9
72.4-762 (72.1%£0.5)
72.5-76.2 (73.2+0.7)
72.6-73.8(73.1£0.3)
72.6-73.2(72.9+02)
72.9
72.6-73.2(72.9+0.3)
72.4-732(72.8+0.3)
74.3-76.5 (75.4+0.5)
74.3-76.5(75.6+0.5)
74.3-75.9 (753 +0.3)
75.1
76.6
79.1
57.7-58.6 (57.9+£0.4)
56.8-58.0 (57.4+0.8)
532
54.6-56.0 (55.2£0.5)

77.3-78.1(77.8+0.3)
77.5
77.2-81.3 (78.7+0.7)
77.2-813(78.7+0.8)
77.4-80.0 (78.7 +0.7)
78.1-79.1 (78.7 £0.4)
78.7
78.3-79.3 (78.8+0.5)
77.3-78.7 (78.3+0.5)
79.6-81.6 (80.8+£0.5)
79.6-81.6 (80.8 0.6)
80.4-81.3 (80.9£0.3)
80.5
82.8
83.2
60.0-61.8 (60.8+0.7)
59.7-59.9 (59.80.1)
56.0

. 53.2-55.9(54.6+£1.0)

83.6-85.4 (84.6£0.5)
82.4
80.6-87.5 (84.3+1.2)
81.8-87.5 (84.7£1.0)
83.0-85.6 (84.3+0.8)
83.3-85.3 (84.6+0.7)
85.1
84.5-85.4 (85.0+0.5)
80.6-84.1(82.4+1.2)
84.5-89.3 (87.6£1.0)
84.5-89.3 (87.4+1.3)
86.3-89.0 (87.8:0.7)
88.1
88.1
89.9
54.4-55.7 (55.0+0.6)
47.8-48.9 (48.4+0.8)
52.3
46.6-51.7 (48.7 £ 1.8)

@ See Fig. 2 for accession nos.

b The accession nos. for the five rat isolates compared are: GU345042, GU345043, JN167537, ]N167538 and JX120573.
¢ The accession nos. for the two ferret isolates compared are: JN998606 and JN998607.

4 The accession no. for the bat isolate compared is: JQ001749.

¢ The accession nos. for the seven avian isolates compared are: AM943646, AM943647, AY535004, EF206691, GU954430, [N597006 and JN997392.

respectively, with conversion from the methionine codon (AUG) to
GUU, which was presumed to encode a shortened ORF3 protein of
112 aa (Fig. 3).

4. Discussion

The present study indicated that HEV infection is prevalent
among wild boars in Japan, with the overall prevalence of anti-HEV
1gG and HEV RNA being 11.4% and 4.2%, respectively, corroborat-
ing our previous study conducted from 2003 to 2010 reporting that
anti-HEV IgG and HEV RNA were detected in 8.1% and 3.3% of the
studied boars (Sato et al., 2011), respectively, and that polyphyletic
HEV strains of genotypes 3 and 4, similar to those obtained from
humans and domestic pigs in Japan, are also circulating among
wild boars (Takahashi et al., 2003; Takahashi and Okamoto, 2013).
In this study, we attempted to isolate a wbJOY_06-type (genotype
6) strain in Okayama Prefecture, where the wbJOY_.06 strain had
been identified (Sato et al,, 2011; Takahashi et al., 2011), but this
strain was not found in the serum or liver specimens from a total
of 244 wild boars captured, although eight (3.3%) wild boars had

5096 5105
|

Gtl AF444003(Sar-55)*
Gt2 M74506 (MEX-14)

Gt3 AB437316 (pJE03-1760F/wt)*
Gt4 AB4B082S (HE-JF5/15F) *

Gt5 AB573435 (JBOAR135-Shiz09
Gt6 AB602441 (wbJOY 06)*
wbJNN_13

detectable HEV RNA, suggesting that the wbJOY_06-like strain is
rare even in Okayama Prefecture. Of interest, however, we identi-
fied a novel HEV variant (wbJNN_13) that may be classifiable into
an additional genotype, next to those of two other wild boar HEV
strains [JBOAR135-Shiz09 (AB573435) and wbJOY_06 (AB602441)]
that are suggested to belong to genotype 5 and genotype 6, respec-
tively (Bouquetetal, 2012; Smithetal,2013; Takahashietal,, 2010,
2011)in another prefecture (Nagano). Nagano Prefecture is located
approximately 500 km away from the place where the wbjOY_06
was isolated (Satg et al., 20711) and 200 km away from the loca-
tion where the JBOAR135-Shiz09 strain was isolated (Takahashi
etal,, 2010), suggesting the independent distribution of these three
unique wild boar HEV strains in three distinct areas in Japan.
Wild boars are indigenous to many countries worldwide, includ-
ing Japan, posing concerns about ecological and infectious diseases.
The consumption of boar meat and viscera provides an increased
risk for the transmission of HEV from wild boars to humans (Li
et al., 2005; Matsuda et al,, 2003; Sonoda et al,, 2004). The anti-
HEV seropositivity in wild boars varied from 17% to 50.3%, with
HEV RNA detected in 2.5-25% of samples in Germany, Spain, Italy,

Subgenomic RNA (2.2 kb)
5122 ?131

5165
|

ORF2

Fig. 3. The comparison of the HEV sequences containing putative initiation codons for ORF2 and ORF3, and the reported initiation site of the subgenomic RNA. Representative
genotype 1—-4 HEV isolates (Sar-55, MEX-14, pJE03-1760F/wt and HE-JF5/15F) and two boar HEV isolates (JBOAR135-Shiz09 and whJOY_06) which are suggested to be
classifiable into genotypes 5 and 6, respectively, were compared. The reported initiation site of the subgenomic RNA of Sar-55, pJE03-1760F/wt, HE-JF5/15F and wb]OY_06
(indicated by asterisks) is illustrated by a vertical bar with an arrow (Graff et al., 2006; Ichiyama et al., 2009; Takahashi et al,, 2011). Putative initiation codons of ORF3 are
indicated by shaded boxes, and those of ORF2 are shown by open boxes. The inserted U residue that was found in the genotype 4 isolate (HE-JF5/15F) and two reported wild
boar isolates (JBOAR135-Shiz09 and wbjOY_.06) and the inserted C that was found in the wbJNN_13 isolate, are marked with a closed triangle. The termination codon (UGA)
of ORF1 has a line drawn above it, and a cis-reactive element of 12 nt (nt 5105-5116) (Graff et al., 2005, 2006) is underlined. The dots indicate nucleotides that are identical
to the top sequence, and dashes denote a deletion of nucleotides. The nucleotide positions are in accordance with the Sar-55 genome.
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Australia and Hungary (de Deus et al., 2008; Forgach et al,, 2010;
Kaba et al,, 2010; Martelli et al., 2008; Reuter et al,, 2009; Schielke
et al,, 2009), and most strains of HEV recovered from wild boars
worldwide belonged to genotype 3. In Japan, the presence of anti-
HEV antibodies in wild boars was also widely variable, ranging
from 4.5% to 34.3% based on the geographic regions with HEV RNA
detection rates ranged from 1.1% to 13.3%. Japan is unique in that
not only genotype 3 HEV strains, but also genotype 4 strains, have
been recovered from wild boars (Sato et al., 2011; Takahashi and
QOkamoto, 2013). These characteristics of HEV infection among wild
boars in Japan were confirmed in the present study, and the geno-
type 4 HEV strains isolated in 2006 and 2008 in a previous study
in Gifu Prefecture (Sato et al., 2011), as well as in 2011-2013 in
the present study, formed a separate cluster supported by a high
bootstrap value of 99%, indicating spread of a regional strain. The
Gifu genotype 4 strains from wild boars segregated into a cluster
together with a human HEV isolate of the same genotype (HE-Aichi-
C1) that was 99.8% identical within the 412-nt ORF2 sequence to
wild boar strains in Gifu (Fig. 1). The HE-Aichi-C1 strain was recov-
ered from a male patient living in Aichi Prefecture, adjacent to Gifu
Prefecture in the north, who had consumed undercooked wild boar
meat approximately 30 days before the onset of acute hepatitis
E (Shimizu et al, 2008). The long-term persistence of the same
HEV strain among wild boars in the same area and the presence of
hepatitis E patients who were infected with the same strain after
consuming undercooked wild boar meat further the notion that the
wild boar is an important reservoir of HEV in humans.

Although the presence of 10 subgenotypes (33, 3b, 3¢, 3d, 3e, 3f,
3g, 3h, 3i and 3j) within genotype 3 has been proposed (Lu et al.,
2006), only three subgenotypes; 33, 3b and 3e, have been identified
in hepatitis patients and domestic pigs in Japan (Okamoto et al,,
2003; Takahashi et al., 2003). Of these, 3a (3us) and 3b (3jp) are
frequently observed, while 3e (3sp) is rare in Japan (Nakano et al.,
2012).The 3e strains have been isolated from HEV-infected humans
and pigs in restricted areas of Japan, including Hokkaido, Miyagi,
Tochigi, Mie and Ehime (see Supplementary Fig. 1) and those from
HEV-infected wild boars in Mie (Nakano et al,, 2013). Four 3e HEV
strains identified from wild boars in Okayama Prefecture for the
first time in the present study were 82.2-97.3 (91.9+£3.5)% iden-
tical to 37 3e Japanese strains, but only 85.1-91.7 (88.94+1.8)%
similar to European 3e strains (22 strains isolated in Italy, France,
Germany, Hungary and the United Kingdom, retrievable from the
DDBJ/GenBank/EMBL databases as of September 30, 2013) within
the overlapping 304-412 nt sequence.

Subgenotype 3e strains are usually detected in European
countries (Widen et al,, 2011). A coalescent analysis indicated that
the import of a breed of large-race pigs from Europe since the 1960s
may be responsible for the introduction of subgenotype 3e isolates
to Japan, and a phylogenetic analysis suggested that the direction
of gene flow of HEV subgenotype 3e was from swine to wild boars
(Nakano et al.,, 2013). The indigenization and spread of HEV in
Japan are likely associated with the popularization of eating pork.
Of note, a group of four wild boars hunted in the forest of Niimi city,
Okayama on the same day (December 31, 2011) were infected with
essentially the same 3e strain sharing nucleotide sequence identi-
ties 0f 99.2—100%, suggesting the occurrence of mass HEV infection
in a group of wild boars, most likely via consumption of HEV-
contaminated food and/or water in their wild life. The 3e isolates in
Okayama were 95.6-97.3 (96.6 4+ 0.4)% similar to those in Ehime,
Mie, and Miyagi, but only 88.8—-91.2 (90.0 £ 0.7)% identical to those
in Hokkaido, suggesting region-dependent spread of 3e strains in
Japan, although two distinct 3e strains were identified in Tochigi
(Fig. 1). The HEV strains obtained from wild boars sampled in two
other cities in Okayama in 2013 segregated into subgenotype 3b.
Two strains sampled in the same city were nearly identical within
the 412-nt ORF2 sequence (99.7%, respectively). However, the 3b

" strains obtained in the two different cities shared only 86.6—-87.1%

nucleotide sequence identities, suggesting sequestered distribu-
tion of various HEV strains among wild boars even in a prefecture
in Japan.

Currently, the classification of HEV variants is devoid of a con-
sensus definition for genotyping or for deeper taxonomic grouping
into species and genera that could incorporate more recently iden-
tified viruses assigned to the Hepeviridae family that infect rats,
ferrets, bats, chickens and fish (Batts et al, 2011; Drexler et al.,
2012; Johne et al,, 2010; Kumar et al,, 2013; Meng, 2013; Raj et al,,
2012; Zhao et al., 2009). Early classification schemes were based on
partial genome sequences, with a suggestion that variants differing
by >20% in the nucleotides in the ORF2 region should be classified
into different genotypes (Worm et al., 2002). Since then, nucleotide
sequence data from various HEV strains have accumulated, and
more than 200 full-length or nearly full-length genomic sequences
of HEV have been deposited in the DDBJ/EMBL/GenBank databases.
The analyses of complete genomic sequences with or without a
variety of subgenomic sequences led to the conclusion that HEV
could be divided into four genotypes, as defined by the Interna-
tional Committee on the Taxonomy of Viruses (ICTV) (Meng et al.,
2012), and 12 subtypes (Zhai et al., 2006), 24 subtypes (Lu et al.,
2006) or at least seven subclusters or subgroups (OCkamoto, 2007).
However, the designations given in these studies still give rise to
confusion due to a lack of agreed-upon criteria for the designation
of subgenotypes (subtypes) (Bouquet et al,, 2012).

Recently, Smith et al. (2013) reexamined published complete
genome sequences, and proposed that human HEV strains and
those from swine, wild boars, deer and mongooses, can be divided
into six genotypes (genotypes 1-4 and two additional genotypes
from wild boars). The presence of two additional genotypes rep-
resented by two isolates from wild boars (JBOAR135-Shiz09 and
wbJOY_06) extends the conclusion of the previous analyses of wild
boar isolates based on the complete genome sequences (Bougquet
et al, 2012; Takahashi et al, 2011). The present phylogenetic
analyses (Fig. 2 and supplementary Fig. 3) and pairwise compar-
isons (Table 5) between the complete genomic sequences indicated
that the wbJNN_13 HEV strain identified from a wild boar in the
present study is genetically highly divergent. However, it seems
too early to conclude that wbJNN_13 can be classifiable into a novel
genotype, considering the following conditions: (i) the classifica-
tion of HEV variants into genotypes/subgenotypes lacks consensus
criteria; (ii) there is controversy regarding the classification of
variants isolated from rabbits, closely related to genotype 3, and
some studies have concluded that these isolates represent an addi-
tional genotype (Geng et al., 2011; [zopet et al,, 2012; Zhao et al,,
2008), while others considered them to be a subtype of genotype 3
(Cossaboometal,, 2011; Mengetal,,2012; Takahashietal,2011),0or
to occupy an intermediate position (Smith et al,, 2013); (iii) diver-
gent HEV strains that are most closely related to those in humans
are expected to be increasingly identified, as exemplified by those
from wild boars in our previous (Takahashi et 2l., 2011) and present
studies, and their species tropism remains unknown and (iv) as
HEV variants have been identified from rats, ferrets, bats, chickens
and fish (cutthroat trout) (Batts et al., 2011; Drexler et al,, 2012;
Johneetal, 2010; Kumaretal, 2013; Meng, 2013, Raj et al,, 2012),
the range of HEV-infected hosts is expected to continue expand-
ing (Yugo and Meng, 2013). These conditions and the difference of
19.6% (less than 20%) between wbJNN_13 and wbJOY_06 over the
entire genome may suggest that wbJNN_13 should be regarded as a
markedly divergent variant of wbJOY_06 (genotype 6) or placed in
an intermediate position of genotype and subgenotype. The find-
ings obtained in the present study will aid in future re-classification
of divergent HEVs infecting ever-expanding hosts.

In conclusion, the present study revealed that wild boars in
Japan have an overall prevalence of HEV RNA of 4.2%, and harbor
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various HEV strains of genotypes 3 and 4 and a highly divergent
strain (wbJNN_13), and suggested the presence of multiple genetic
lineages of HEV strains that may be indigenous to wild boars in
Japan. Further efforts are therefore warranted to clarify whether
the boar HEV strains that are markedly divergent from genotype
3 and 4 HEV strains are transmissible to humans and harbor the
potential for zoonotic infection. More work is needed to search
for new HEV strains that may be classified into novel genotype(s)
not only in wild boars but also in humans and other animals, in
order to deepen our understanding about the extent of the genomic
heterogeneity of HEV strains, and to determine consistent
criteria that could be used for the assignment of virus geno-
types/subgenotypes (subtypes).
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Supplementary Table 1
Primer sequences used in this study

Primer name _ Polarity Nucleotide position Nucleotide sequence Notes

HE044 Sense 595-5981 5'-CAA GGH TGG CGY TCK GTT GAG AC-3' ORF2-457 PCR (1st)”

HE040 Antisense 6442-6464 5-CCC TTR TCC TGC TGA GCR TTC TC-3' ORF2-457 PCR (1st)”

HE110 Sense 5969-5990 5'-GYT CKG TTG AGA CCT CYG GGG T-3' ORF2-457 PCR (2nd)”

HE111 Sense 5969-5990 5-GYT CKG TTG AGA CCA CGG GYG T-3' ORF2-457 PCR (2nd)”

HE112 Sense 5969-5990 5-GYT CKG TTG AGA CCT CTG GTG T-3' ORF2-457 PCR (2nd)”

HE041 Antisense 6403-6425 5-TTM ACW GTC RGC TCG CCA TTG GC-3' ORF2-457 PCR (2nd)”

HE361 Sense 5306-5325 5'-GCR GTG GTT TCT GGG GTG AC-3' Modified ORF2/3-137 PCR (1st)”

HES831 Antisense 5450-5469 5'-CTG GGM YTG GTC DCG CCA RG-3' Modified ORF2/3-137 PCR (1st; Underlined R was changed from A in HE364)"
HES830 Sense 5329-5348 5-GYT GAY TCT CAG CCC TTC GC-3' Modified ORF2/3-137 PCR (2nd; Underlined Y was changed from T in HE366)"
HES832 Antisense 5446-5465 5'-GMY TGG TCD CGC CAR GHG GA-3' Modified ORF2/3-137 PCR (2nd; Underlined R was changed from A in HE363)”
HE815 Antisense 81-100 5-ATT AGC AGC CGC CAG AGC AG-3' Full genome amplification in the region F1, RLM-RACE (1st)

HES524 Antisense 61-81 5'-GCC TGC TCA ATA GCA GTA GTG-3' Full genome amplification in the region F1, RLM-RACE (2nd)

HE744 Sense 9-28 5'-CGT WTG TGG YCG AYG CCA TG-3' Full genome amplification in the region F2, nested RT-PCR (1st)

HE167 Sense 21-40 5'-AYG CCA TGG AGG CCC AYC AG-3' Full genome amplification in the region F2, nested RT-PCR (2nd)

HE765 Antisense 2255-2274 5-AGA GGC TGC TGG GAC ATT GG-3' Full genome amplification in the region F2, nested RT-PCR (1st)

HE766 Antisense 2237-2256 5'-GGA AGG GCA GGG CAC AAA CC-3' Full genome amplification in the region F2, nested RT-PCR (2nd)

HE746 Sense 2120-2142 5'-ACA CTY TAY ACY CGH ACY TGG TC-3' Full genome amplification in the region F3, semi-nested RT-PCR (Ist and 2nd)
HE753 Antisense 4531-4550 5'-AAA GCC GAA TCA ACC ACT GG-3' Full genome amplification in the region F3, semi-nested RT-PCR (1st)

HE755 Antisense 4470-4493 5'-CTA GTG AGA AGT TAT TCT GGG TGC-3' Full genome amplification in the region F3, semi-nested RT-PCR (2nd)

HE750 Sense 4307-4329 5'-GCB YINT TYG GCC CNT GGT TCC G-3' Full genome amplification in the region F4, semi-nested RT-PCR (1st and 2nd)
HE741 Antisense 5489-5510 5'-CCA GCT GGG GTA GAT CTA CGA C-3' Full genome amplification in the region F4, semi-nested RT-PCR (1st)

HE751 Antisense 5385-5404 5'-CGG TGG TGG CGG TGA CAT CA-3' Full genome amplification in the region F4, semi-nested RT-PCR (2nd)

HE361 Sense 5306-5325 5'-GCR GTG GTT TCT GGG GTG AC-3' Full genome amplification in the region F5, nested RT-PCR (1st)

HE366 Sense 5329-55348 5-GYT GAT TCT CAG CCC TTC GC-3' Full genome amplification in the region F5, nested RT-PCR (2nd)

HE040 Antisense 6442-6464 5-CCC TTR TCC TGC TGA GCR TTC TC-3' Full genome amplification in the region F5, nested RT-PCR (Ist)

HE041 Antisense 6403-6425 5-TTM ACW GTC RGC TCG CCA TTG GC-3' Full genome amplification in the region F5, nested RT-PCR (2nd)

HE739 Sense 6315-6334 5-TCT TGC TGA CAC TCT CCT CG-3' Full genome amplification in the region F6, 3'-RACE (1st)

HE740 Sense 6351-6370 5-ATT GAT TTC GTC GGC TGG AG-3' Full genome amplification in the region F6, 3'-RACE (2nd)

HE744 Sense 9-28 5'-CGT WTG TGG YCG AYG CCA TG-3' Full genome amplification in the region F7, nested RT-PCR (1st)

HE167 Sense 21-40 5'-AYG CCA TGG AGG CCC AYC AG-3' Full genome amplification in the region F7, nested RT-PCR (2nd)

HE788 Antisense 2899-2922 5'-GCA TCC AGC TCT AAA GCA AGA TTG-3' Full genome amplification in the region F7, nested RT-PCR (1st)

HE790 Antisense 2833-2856 5'-GTC GGT TTG TTG GCC TCA AAC CAG-3' Full genome amplification in the region F7, nested RT-PCR (2nd)

HE797 Sense 2623-26438 5'-AAT TCA TGC GGT TGC CCC TGA CTA TC-3' Full genome amplification in the region F8, nested RT-PCR (1st)

HE798 Sense 2652-2677 5'-TCA AGC AAA ATC CCA AGA GGC TTG AG-3' Full genome amplification in the region F8, nested RT-PCR (2nd)

HE79%4 Antisense 5224-5245 5'-GCA GCA TAG GCA AAA GCATGA G-3' Full genome amplification in the region F8, nested RT-PCR (1st)

HE796 Antisense 5171-5196 5'-CAT GAT GGC ATA TCA ACA CGC CAA GC-3' Full genome amplification in the region F8, nested RT-PCR (2nd)

HES00 Sense 5006-5033 5'-GTT GTT TCG AGA GCT TAT GGG GTT AGT C-3' Full genome amplification in the region F9, 3'-RACE (1st)

HE801 Sense 5037-5062 5'-GCC TGG TAC ATA ACC TTA TTG GCA TG-3' Full genome amplification in the region F9, 3'-RACE (2nd)

For regions F1-F9, see Supplementary Fig. 1.
a) Mizuo et al. (2002)
b) Inoue et al. (2006b)
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Supplementary Fig. 1

A map of Japan showing the locations of the 12 prefectures where the wild boars were
captured, and Shizuoka Prefecture where the JBOAR135-Shiz09 (AB573435) strain
was isolated (Takahashi et al., 2010). In addition, the locations of five prefectures
(Hokkaido, Miyagi, Tochigi, Mie and Ehime) where subgenotype 3e HEV strains have
been isolated, are indicated.
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Supplementary Fig. 2

The strategy used to amplify the complete genomic sequence of the wbJNN 13 strain.
The line at the top represents the nucleotide position of the HEV genome. The shaded
bars indicate three open reading frames (ORF1, ORF2 and ORF3). The open boxes
show regions amplified by RLM-RACE (F1), conventional RT-PCR (F2—-F5, F7 and F8)
and 3’-RACE (F6 and F9). The names of primers used for amplification (see
Supplementary Table 1) are indicated at both ends of open boxes.
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AF076239 (I3)/India_human
AF459438 (14)/india_human
FJ457024 (HEV-H)/India_human
DQ459342/India_human
M73218 (B1)/Myanmar_human
AF 185822 (Abb-2B)/Pakistan_human
X98292 (hev037)/India_human
M94177 (Hebei)/China_human
100 - AF444003 (Sar-55)/Myanmar_human
% AY230202 (Morocco)Morocco_human
2 AY204877 (T3)/Chad_human
M74506 (MEX-14)/Mexico_human
99 AB630971 (JRC-HE3)/Japan_human
AB222182 (wbJSG1)/Japan_boar
1001109__ AB222183 (WbJTS1)lJapan_boar
100 AB591733 (JMNG26-Oki08)/Japan_mongoose
o6 - AB236320 (JMNG-Oki02C)/Japan_mongoose
AB481229 (swJR-P5)Japan_pig
99 AB091394 (JJT-Kan)/Japan_human
AB291963 (JRM-Toy05C)/Japan_human
100 ||g—— AB246676 (HEVN1)Japan_human
AB2913962 (JHK-Toy04C)/Japan_huran
AB189071 (JDEER-Hyo03)/Japan_deer
AP003430 (JRA 1) Japan_human
AB369691 (E097-OSAQ05C)Japan_human
AB291960 (JTK-Kag06C)Japan_human
AB291953 (JSO-Oki05L )/ Japan_human
ABO73912 (swJ570)/Japan_pig
FJ527832 (SAAA-JDY5)/China_pig
100 AB222184 (whJYG1)lJapan_boar
AY 115488 (Arkell)/Canada_pig
AB591734 (JMNG36-Oki08)/Japan_mongoose
AB089824 (HE-JA10)/Japan_human
AB630970 (HRC-HE 104)/Japan_human
ABO074920 (JMY-Haw)/Japan_human
AF060668 (HEV-US1)USA_htman
AB481228 (swJB-M8)/Japan_pig
FJ428404 (swKOR-2)/Korea_pig
FJ426403 (swKOR-1)/Korea_pig
AF060669 (HEV-US2){USA_human
JIN564006 (LBPR-000379)/USA_human
AY575857 (pSHEV-1)/USA_pig
AB369689 (E£088-STM04C)/Japan_human
FJ998008 (BB02)/Germany_boar
FJ705359 (WhGER27)/Germany_boar
JQO13794 (TR19)/France_human
AB290312 (swiMN08-A1288)/Mongolia_pig
AF455784 {Osh205)/Kyrgyzstan_pig
AB290313 (swMN05-C1056)/Mongolia_pig
EU360977 (swX07-E1)/Sweden_pig
EU723513 (SW627)/Spain_pig
EU723512 (SW626)/Spain_pig
EU495148 (TLS25)/France_human
EU723516 (SWP8)/Spain_pig
EU723514 (SWP6)/Spain_pig
FJ956757 (HEV_RKI)/Germany_human
EU375463 (Thal-swHEV07)/Thailand_pig
AB291961 (JMH-Osa04C)/Japan_human
FJ653660 (CU001)/Thailand_human
AB369687 (E116-YKHS8C)/Japan_human
JQO013795 (TROZ)/FRance_human
AB248520 (HE-JA04-1911)/Japan_human
HM055578 (HEV072swHUN-05)/Hungary_pig
FJ998015 (SA21)/Germany_boar
AB481226 (swJB-E10)/Japan_pig
00— AB248522 (swJ12-4)/Japan_pig
100 JQO13792 (W7-57)/France_rabbit
% r—“:00137g1 (W1-11)/France_rabbit
JQO13793 (TLS-18516)/France_human
— 99 FJ906896 (GDC48)/China_rabbit
GU937805 (ch-bj-n1)/China_rabbit
AB740221 (rbIM022)/China _rabbit
AB740220 (rbiM199)/China_rabbit
FJ906895 (GDCY)/China_rabbit
AB740222 (rbiM004)/China_rabbit
HM439284 (£ChZ20)/China_human
JF915746 (SAAS-FX17)/China_pig
AB369690 (E067-S1J05C)/Japan_human
EF570133 (SH-SW-zs1)/China_pig
ABB02440 (wbJGF08-1-SF)/Japan_boar
AB369688 (E087-SAP04C)/Japan_human
AB108537 (CCC220)/China_human
AB220874 (HE-JA2)/Japan_human
GU188851 (WHO09)/China_pig
GU119961 (CHN-XJ-SW13)/China_pig
100 — AB291967 (JKO-Aba-FHOB6C)/Japan_human
AB161719 (JYW-Sap02)/Japan_human
AB193176 (JSF-Tot03C)/Japan_human
AB481227 (swJB-H7)/Japan_pig
ABO080575 (HE-Ji4)/Japan_human
ABOQ74915 (JAK-Sai)Japan_human
AB253420 (HEVN2)/Japan_human
EUB76172 (swGX40)/China_ pig
DQ279091 (swDQ)/China_pig
FJ610232 (swCH189)/China_pig
AY594199 (swCH25)/China_pig
GU361892 (hb-3)/China_pig
AJ272108 (T1)/China_human
HM152568 (bisw5)/China_pig
GU206559 (bjsw1)/China_pig
FJ763142 (KNIH-hHEV4)/Korea_human
EF077630 (Ch-S-1)/China_human
AB197674 (JYI-ChiSai01C)/Japan_human
HQB34346 (TWE196E)/Taiwan_human
EU366959 (swGX32)/China_pig
GU119960 (CHN-XJ-SW33)/China_pig
AB197673 (JKO-ChiSai98C)/Japan_human
b AY723745 (IND-SW-00-01)/india_pig
73 ABS573435 (JBOAR135-Shiz09)/Japan_boar )
————-—-{______q ABE02441 (wbJOY_06)/Japan_boar inld boar
@ wbJNN_13
GU345042 (rat/R63/DEU/2009)/Germany_rat

65 100

100

100

100

100
3 99

80

Supplementary Fig. 3

The maximum-likelihood relationships of the full-length genomic sequences of 111
reported human, swine, boar, deer, mongoose and rabbit HEV isolates and the
wbJNN 13 isolate, using a rat HEV isolate (GU345042) as an outgroup. The tree was
constructed using the PHYML program (model GTR + G), with optimized tree topology
and branch lengths, and the numbers associated with tree branches are indicative of the
percentages of 500 full maximum-likelihood bootstrap replicates that support the
existence of the branches The wbJNN 13 isolate is indicated by a closed circle.
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Supplementary Fig. 4
The results of the complete genome scanning carried out by the Simplot software

program for wbJNN 13 versus four representative isolates of genotypes 1-4, two wild
boar isolates (AB573435 and AB602441), a rabbit HEV isolate (FJ906895), and a rat
HEYV isolate (GU345042) as an outgroup. (A) The results from a Simplot analysis are
shown. The y-axis shows the percentage of identity within a sliding window 200-bp
wide centered on the position plotted, with a step size between plots of 20 bp. (B) The
bootscanning of the HEV sequences. The y-axis shows the percentage of permutated
trees using a 200-bp sliding window centered on the position plotted, with a step size
between plots of 20 bp. The open reading frame map is schematically shown at the top
of the figure. Abbreviations: MT, methyltransferase; Y, Y domain; P, papain-like
protease; HVR, hypervariable region; X, X domain; Hel, helicase; and RdRp,
RNA-dependent RNA polymerase.
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Rat hepatitis E virus (HEV) strains have recently been isolated in several areas of Germany, Vietnam,
the United States, Indonesia and China. However, genetic information regarding these rat HEV strains
is limited. A total of 369 wild rats (Rattus rattus) captured in Central Java (Solo) and on Lombok Island,
Indonesia were tested for the presence of rat HEV-specific antibodies and RNA. Overall, 137 rats (37.1%)
tested positive for rat anti-HEV antibodies, while 97 (26.3%) had rat HEV RNA detectable on reverse
transcription-PCR with primers targeting the ORF1-ORF2 junctional region. The 97 HEV strains recov-

ﬁ?; ";’;rtisE Virus ered from these viremic rats were 76.3-100% identical to each other in an 840-nucleotide sequence
Rat and 75.4-88.4% identical to the rat HEV strains reported in Germany and Vietnam. Five representa-
Indonesia tive Indonesian strains, one from each of five phylogenetic clusters, whose entire genomic sequence was
Phylogeny determined, were segregated into three genetic groups (a German type, Vietnamese type and novel type),
Genotype which differed from each other by 19.5-23.5 (22.0 £ 1.7)% over the entire genome. These results suggest

the presence of at least three genetic groups of rat HEV and indicate the circulation of polyphyletic strains

of rat HEV belonging to three distinct genetic groups in Indonesia.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis E virus (HEV), the causative agent of hepatitis E, is
transmitted primarily via the fecal-oral route and often causes
water-borne epidemics in developing countries in Asia and Africa,
where sanitation conditions are suboptimal (Emerson and Purceli,
2013). Hepatitis E is now no longer confined to developing
countries and has recently become a concern in many industrial-
ized countries, including the United States, European countries and
Japan, where transmission is primarily zoonotic (Colson et al,, 2010;
Dalton et al,, 2008; Emerson and Purcel], 2013; Hoofnagle et al,,
2012; Kamar et al,, 2012; Meng, 2010; Mizuo et al, 2002; Purcell
and Emerson, 2008; Takahashi and Okamoto, 2013). Hepatitis E is
typically a self-limiting disease with variable severity, presenting

* The nucleotide sequence data reported in this study have been assigned
DDBJ/EMBL/GenBank accession numbers AB847305-AB847309 for five entire rat
HEV genomes and AB847310-AB847406 for 97 partial rat HEV sequences.

* Corresponding author. Tel.: +81 285 58 7404; fax: +81 285 44 1557.
E-mail address: hokamoto@jichi.ac.jp (H. Okamoto).

0168-1702/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http:/jdx.doiorg/10.1016/j.virusres.2013.10.029

as acute icteric hepatitis with clinical symptoms. However, chronic
HEV infection has recently been documented in immunocom-
promised patients, such as solid-organ transplant recipients and
human immunodeficiency virus-infected patients (Kamar et al,,
2013; Zhou et al,, 2013).

HEV is classified as the sole member of the genus Hepevirus
of the family Hepeviridae (Meng et al., 2012). The viral genome is
a single-strand, positive-sense RNA that measures approximately
7.2 kilobases (kb) in length and contains a short 5’ untranslated
region (5’-UTR), three open reading frames (ORFs: ORF1, ORF2 and
ORF3) and a short 3’-UTR terminated by a poly (A) tract. ORF1
encodes non-structural proteins involved in viral replication and
viral protein processing, with a hypervariable region on the central
portion (Pudupakam et al, 2011). ORF2 encodes the viral capsid
protein containing three potential glycosylation sites (Graff et al.,
2008). ORF3 mostly overlaps with ORF2 and encodes a small pro-
tein of 113—114 amino acids (aa) required for virion egress from
cells (Emerson et al., 2010; Yamada et al,, 2009). The ORF1 protein
is translated directly from genomic RNA, while the ORF2 and ORF3
proteins are translated from a 2.2-kb bicistronic subgenomic RNA
(Graff et al,, 2006).
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To date, at least four major genotypes (genotypes 1-4) of HEV
have been identified in humans (Ckamoto, 2007). Genotype 1 and
2 HEVs are restricted to humans and are often associated with large
outbreaks and epidemics in developing countries in Asia and Africa.
Genotype 3 and 4 HEVs have been isolated not only from humans,
but also from other animal species, including pigs, wild boars, deer
and mongooses (Meng, 2011; Nidaira et al., 2012; Sato et al., 2011;
Takahashi et al., 2004), and are capable of causing zoonotic disease
(Izopetetal,, 2012; Lietal,, 2005; Teietal,, 2003; Yazaki et al,, 2003).
Recently, novel HEV sequences belonging to new unrecognized
HEV genotypes have been detected in wild boars (Takahashi et al.,
2010, 2011), and a distant member of genotype 3 HEV has been
identified in rabbits (Zhao et al,, 2009). Avian HEV derived from
chickens is phylogenetically distinct from mammalian hepeviruses
and likely represents a new genus within the family Hepeviridae
(Meng et al., 2012). A strain of HEV that may belong to a separate
taxonomic unit of higher rank, e.g., a subfamily, has recently been
identified in cutthroat trout (Batts et al.,, 2611).

In addition, divergent HEV strains have also been isolated from
wild rats (Johne et al., 2010b), ferrets (Raj et al.,, 2012) and bats
(Drexler et al., 2012). Rat HEV has been identified in wild rats in
Germany (Johne et al, 2010b), the United States (Purceii et al.,
2011), Vietnam (Li et al., 2013b), Indonesia (Mulyanto et al., 2013)
and China(Lietal, 201 3{). In Germany, rat HEV has been recovered
from wild rats in at least four cities including Hamburg, Stuttgart,
Esslingen and Berlin, and the geographical clustering of rat HEV
has been suggested (johne et al.,, 2012). Although entire genomic
sequences have been determined for four German rat HEV strains
(Johne et al, 2010z, 2012) and one Vietnamese strain (Li et al,,
2013b), the extent of genomic heterogeneity and the global dis-
tribution of rat HEV strains are not fully understood. Therefore, a
molecular epidemiological study was conducted to investigate the
prevalence of HEV antibodies and viremia in wild rats in Central
Java (Solo) and on Lombok Island, where frequent infection with
rat HEV in wild rats was observed in our previous study (Mulyanto
et al, 2013). In addition, the genomic characteristics of rat HEV
in these two areas of Indonesia, where house rats are routinely
trapped in residences, were analyzed in comparison with reported
mammalian and avian HEV strains.

This report describes the frequent detection of polyphyletic rat
HEV strains in both Central Java and Lombok in Indonesia and the
genomic characteristics of Indonesian rat HEV strains segregated
into three distinct genetic groups (a German type, Vietnamese
type and novel type) that differ from each other by 19.5-23.5
(22.0+1.7)% over the entire genome, suggesting a wide distribution
of rat HEV with a markedly divergent genomic sequence.

2. Materials and methods
2.1. Serum samples obtained from wild rats

Wild black house rats (Rattus rattus) were trapped in Indonesia
according to the previously described method (Mulyanto et al.,
2013). Serum samples were obtained from 136 wild rats in Solo
(also called Surakarta), a city in Central Java, between September
24 and October 5, 2012. Serum samples were also obtained from
233 wild rats in the capital city, Mataram, and one district (West
Lombok) of Lombok Island between October 2 and 22,2012 (Fig. 1).
All serum samples were stored at —20°Cin Indonesia and at —80°C
after being sent to Japan and were preserved up until testing.
Although two types of viremic rat sera (ratlDEQ79 and ratIDE113)
collected in a previous study (Mulyanto et al., 2013) were used in
the present study to determine the entire genomic sequence of rat
HEV, there was no overlap in wild rats between the present study
and the previous study (Mulyanto et al,, 2013).
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Fig. 1. A map of indonesia showing the locations of Mataram and West Lombok on
LombokIsland and Solo onJavalsland (Central Java). The distribution of three genetic
groups (G1-G3)and five phylogenetic clusters (1-5; designated c1-c5, respectively)
are indicated in parentheses.

2.2. Production and purification of recombinant ORF2 proteins of
rat HEV

A recombinant ORF2 protein of rat HEV with a truncated
N terminus [amino acid (aa) residues 101-644 of ORF2] was
expressed using a recombinant baculovirus according to the
method described by Mizuo et al. (2002), with the following mod-
ifications. The putative capsid gene (ORF2) of a rat HEV isolate
of ratIDEQ79, whose entire genomic sequence was determined in
the present study, was amplified via reverse transcription (RT)-
PCR with a sense primer (HE686: 5'-ATG GCG CAG GCC CCT GCG
CCG A-3') and antisense primer (HE687: 5'-GAC ACT GTC GGC TGC
CGC GGC T-3'): the truncated ORF2 start codon (ATG) is under-
lined. The PCR product was cloned into a pT7BlueT vector (Novagen,
Inc., Madison, WI), and digested with BamHI and Sacl. The result-
ing 2-kb fragment was inserted into the Bglll-Sacl site of a Transfer
vector, pYMG (Sysmex Corp., Tokyo, Japan), and sequenced. The 5’-
truncated putative capsid (ORF2) gene encoding 545 aa was cloned
into a baculovirus expression vector and expressed in silkworm
pupae.

The silkworm pupae were lysed in 20 mM PIPES [piperazine-
N,N'-bis (2-hydroxypropane-3-sulfonic acid)] buffer (pH 6.6)
containing 10% (v/v) glycerol, 0.1 M NaCl, 1mM PMSF (phenyl-
methylsulfonyl fluoride) and 10mM benzamidine, and then
homogenized in 10% (w/v) Triton X-100, followed by centrifuga-
tion at 100,000 x g at 4°C for 15 min. The resulting supernatant
was treated with polyethylene glycol at a final concentration of
4% (w|v) and centrifuged at 12,000 x g at 4°C for 15 min. The pre-
cipitates were redissolved in 20 mM Tris~HCl (pH 8.0) and purified
using anion-exchange chromatography. Following purification, the
purified protein was shown to produce one predominant band of
60 kDa on sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE). The protein concentration was determined
with a protein assay kit (Bio-Rad Laboratories, Hercules, CA) using
bovine serum albumin as a standard. The purified recombinant cap-
sid protein was used in an enzyme-linked immunosorbent assay
(ELISA).

2.3. ELISA for detecting rat anti-HEV IgG

To detect 1gG class antibodies against rat HEV (rat anti-HEV
IgG) in the serum samples obtained from the wild rats, ELISA
was performed using purified recombinant ORF2 proteins isolted
from the rat HEV strain (ratIDE079) expressed in silkworm pupae,
as described above, with slight modifications of the described
ELISA method used to detect swine anti-HEV I1gG (Takahashi et al.,
2005). Briefly, ELISA microplates (Greiner Bio-One GmbH, Frick-
enhausen, Germany) were coated with the recombinant rat HEV
ORF2 protein (100 ng/well). The samples were added to each well
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