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Abbreviations 

 

ToV:   torovirus 

BToV:    bovine torovirus 

BToV Ishi:  BToV Ishikawa/2010  

BToV Kago:  BToV Kagoshima/2014  

BToV Tochi:  BToV Tochigi/2013  

BToV Tokyo:  BToV Tokyo/2014  

PToV:    porcine torovirus 

PToV Tottori:  PToV Tottori/2015  

EToV:   equine torovirus 

AstV:   astrovirus 

MAstV:   mamastrovirus 

PoAstV:  porcine astrovirus 

43/USA:   PoAstV2/USA/43/USA/2010  

 KNU14-07:   PoAstV2/KOR/KNU14-07/2014 

 51/USA:  PoAstV2/USA/51/USA/2010  

 US-IA122:  PoAstV2/USA/US-IA122/2011 

US-MO123:  PoAstV3/USA/US-MO123/2011 

US-IL 135:   PoAstV4/USA/US-IL135/2011 

 35/USA:   PoAstV4/USA/35/2010 

 AstV-LL-2:  PoAstV5/CHN/LL-2/2006 

NGS:   next generation sequencing  
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S:   spike glycoprotein 

M:   membrane glycoprotein 

HE:   hemagglutinin esterase 

ORF:   open reading frame 

N:   nucleocapsid phosphoprotein 

UTR:   untranslated region 

HRT-18-Aichi cell: human rectal adenocarcinoma-18-Aichi cell  

TCID50:  50% median tissue culture infectious dose 

RACE:   rapid amplification of cDNA end method 

RDP:   recombination detection program 

nt:   nucleotide 

aa:   amino acid 

L1, L2:   lineage 1, lineage 2 

CDS:   coding sequence 
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Preface 

 

Livestock hygiene service centers perform diagnosis of various samples brought 

directly from the farm. Viral diseases are diagnosed by, examining isolated virus 

strains; further diagnosis can be performed using diagnostic tools such as antibody 

tests. In recent years, genetic testing has become increasingly common and is now 

included in pathological appraisal guidelines (notification of Food Safety and 

Consumer Affairs Bureau, Ministry of Agriculture, and Forestry and Fisheries). 

However, many enteric viruses are not successfully isolated using established 

methods; hence, diagnosis is often dependent on genetic testing. 

RNA polymerase and reverse transcriptase do not perform proofreading, thus 

allowing RNA viruses to mutate at high rates during RNA synthesis and form a group 

of RNA viruses called quasispecies. Isolated and detected viruses are merely 

representative of quasispecies, and hosts are often co-infected with multiple strains of 

viruses [1]. RNA viruses are also prone to genetic recombination at homologous or 

comparable sites on two parental RNAs [1, 2]. Recombination helps to eliminate errors 

in RNA synthesis and leads to virus evolution due to genetic changes [1]. Therefore, 

it is difficult to design primers corresponding to the genetic diversity caused by gene 

mutation or genetic recombination, especially in RNA viruses [3]. 

Recently, next generation sequencing (NGS) technology that does not require 
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specific primers for PCR amplification or concentration has been developed, which 

makes it possible to analyze the entire genomic sequence of an isolated virus [4]. NGS 

can also be performed directly from field samples and is hence an effective method for 

analyzing RNA viruses that are difficult or impossible to propagate in cultured cells in 

laboratories [3]. In this study, an isolated virus, and the feces of cattle and pigs 

collected for the diagnosis of infectious diseases from different areas of Japan were 

metagenomically analyzed by NGS to elucidate the genetic diversity and interspecies 

transmission of enteric RNA viruses. As a result, previously unreported genetic 

recombination of Torovirus (ToV) and Astroviruses (AstVs) were discovered. 

This study consists of two Chapter I and II describing the genetic recombination 

of ToV and AstV, respectively. ToVs, belonging to the subfamily Torovirinae, are 

members of the family Coronaviridae, order Nidovirales [5]. ToVs have a single-

stranded positive-sense RNA genome of nearly 28 kb, containing two large open 

reading frames (ORFs), ORF1a and ORF1b, encoding the RNA polymerase which is 

important for replication and transcription of the genome, and four ORFs encoding 

structural proteins; spike glycoprotein (S), membrane glycoprotein (M), 

hemagglutinin esterase (HE), and nucleocapsid phosphoprotein (N) [6-9]. ToVs were 

identified in various species of animals, including humans, and are thought to cause 

diarrhea and respiratory diseases [10-15]. Berne virus (EToV Berne), the first isolated 

ToV, was isolated from a horse with diarrhea in 1972 in Switzerland [16]. In 1979, a 

bovine ToV (BToV), named Breda virus, was detected in calves with diarrhea in 
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United States (US). BToV Breda causes enteric disease in gnotobiotic reared calves 

[15]. BToVs are found throughout the world including North America [17, 18], Central 

America [19], Europe [20-22], Asia [23-25] and South Africa [26]. BToVs have been 

detected in 2.9-36.4% of fecal samples obtained from cattle with diarrhea [18, 25, 27-

30]. Porcine ToV (PToV) is also prevalent in pigs all over the world. However, their 

pathogenicity in swine is still unclear [6, 31, 32]. 6.4% of fecal samples from Korean 

piglets were tested positive for PToVs [32], 81% of serum samples from adult sows in 

the Netherlands had EToV-neutralizing antibody titers of ≧10 [12]. 

In the first study of the genetic diversity among ToVs, Smits et al. [8] reported 

genetic recombination between BToV and PToV in the HE region, and that these 

recombinant BToV mutants appeared in the mid-1990's. In addition, it has been shown 

that the mutation rate of the HE gene is higher compared to the coding regions of the 

N and S genes [9, 23, 24]. To gain more information on genetic diversity, relationship, 

and evolution of ToVs, whole genome analysis of Japanese BToVs and PToV was 

performed. The data obtained in this study showed natural interspecies recombination 

events among Japanese BToVs, which originated from genetic recombination of BToV 

Breda1 and PToV strains. 

AstVs are the members of the Astroviridae family, which is divided into two 

genera: Mamastrovirus (MAstVs) and Avastrovirus. AstVs have non-enveloped 

positive-sense, single-stranded RNA of about 6.4-7.3 kb that contains three 

overlapping ORFs, namely ORF1a, ORF1b, and ORF2 [33]. A ribosomal frame shift 
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mediated by ribosomal slippage and a hairpin structure results in the translation of 

ORF1ab [34]. ORF1a and ORF1b encode nonstructural proteins, a serine protease, and 

an RNA-dependent RNA polymerase, respectively [35]. ORF2, encoding the viral 

capsid protein, is translated from a subgenomic RNA [36]. The International 

Committee on Taxonomy of Viruses (ICTV) classified AstV into six MAstV species 

based on their host species in the Ninth ICTV Report [37]. However, because of the 

many recently discovered MAstVs, the Astroviridae Study Group updated the 

taxonomy based not only on host range but also on genetic differences (mean aa 

genetic distances between and within genotypes range between 0.368-0.781, and 0-

0.318, respectively) in the complete ORF2 sequence. To date, following these 

standardized criteria, 33 and 7 distinct species of MAstV (Mamastrovirus 1-33) and 

Avastrovirus, respectively, have been proposed [38].  

AstVs have been found in the feces of the large range of animals around the world 

and are known to cause gastroenteritis in humans [39]. However, their association with 

intestinal diseases in mammals other than humans has not been sufficiently proven, 

and the clinical significance of these infections is not well understood. In recent years, 

non-enteric AstV infections in mammals, such as encephalitis in humans [40-46], 

minks [47], and cattle [48-51], as well as the isolation of AstVs from the brains of 

piglets suffering from congenital tremors [52], and from nasal swabs of piglets with 

acute respiratory disease [53] have been reported. These observations suggest that the 

clinical importance and impact of AstVs are increasing. Porcine AstV (PoAstV) was 
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first identified in the 1980s by electron microscopy of pig feces [54, 55]. For PoAstVs, 

there is one report that an experimental oral infection of 4-day-old pigs resulted in mild 

diarrhea [56]; however, PoAstVs are commonly found in the feces of apparently 

healthy pigs [39]. The prevalence of PoAstV is high as 0-83% and 80% based on 

serological and virological surveillance, respectively [56, 57].  

Like other RNA viruses, AstVs have been reported many genetic diversities. 

From genetic and evolutionary studies, AstVs are thought to possess not only the 

capacity to infect a wide variety hosts but also to cross species barriers and become 

adapted to new hosts [39, 58]. In addition, several sites including the ORF1b /ORF2 

junctions have been reported as putative recombination breakpoints [59-62]. To 

contribute to the whole genome sequence data available for PoAstVs, a metagenomics 

approach was used to sequence and analyze nearly complete genomes of PoAstVs 

from Japanese pigs. A broad diversity of genotypes (PoAstV2, PoAstV3, PoAstV4, 

PoAstV5) was detected from diseased and healthy pigs and phylogenetic analysis and 

recombination analysis revealed multiple possible recombination events between 

PoAstVs. 

The results obtained in the present studies should contributes to the elucidation 

of genetic diversity and interspecies transmission of the enteric RNA viruses, BToV 

and PoAstV. 
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Introduction 

 

In ToVs, the gene region that determines the host has not been studied, but in 

coronaviruses, the variations in host range and tissue tropism is mainly due to 

variations in S protein [63], BoTV S gene and coronavirus S gene are similar in 

molecular properties [29]. Since S protein is thought to be involved in viral infectivity 

and is recognized by neutralizing antibody, serotype classification by S gene sequence 

has been carried out [11, 23, 28, 29]. 

In 2004, BToV was successfully isolated in cultured cells for the first time [64], 

but the isolation of BToV has only been reported in Japan [23, 24, 65]. To date, PToV 

has not yet been successfully isolated. So far, only three whole genome sequences of 

ToV, namely BToV Breda1 (AY 427798) [7], PToV NPL/2014 (KM 403390) which 

was identified in the US in 2014 [31], and PToV SH1 (JQ 860350) which was 

identified in China in 2010 [6], are available on the database. In the present study, to 

gain more information on genetic diversity, relationship, and evolution of ToVs, whole 

genome analysis of Japanese BToVs and PToV was performed.  

 

 

 

 



 

8 

 

 

Materials and Methods 

 

Viruses 

Four BToVs and one PToV were studied. BToV Ishikawa/2010 (BToV Ishi) was 

isolated using HRT-18-Aichi cells [24, 64] from a fecal sample of 28-month-old 

Holstein cattle with diarrhea in the Ishikawa Prefecture in 2010 [65]. BToV 

Kagoshima/2014 (BToV Kago), BToV Tochigi/2013 (BToV Tochi) and BToV 

Tokyo/2014 (BToV Tokyo) were detected in the course of metagenomics of diarrhea 

fecal samples obtained from 16-day-old Japanese black cattle, 12-day-old dairy cow 

(unknown type), 16-day-old Holstein cattle in the Kagoshima, Tochigi and Tokyo 

Prefectures in 2014, 2013 and 2014, respectively. These were preselected torovirus-

positive fecal samples by diagnostic RT-PCR. PToV Tottori/2015 (PToV Tottori) was 

identified in the course of metagenomics in fecal samples collected from 28 healthy 

two-month-old pigs in 2015 in Tottori Prefecture. 

 

Whole genome sequencing 

Since viruses were not isolated from samples using HRT-18-Aichi cells by 

repeating passage thrice, fecal suspensions (20% v/v in sterile phosphate-buffered 

saline, pH7.4) of BToV Kago, BToV Tochi, BToV Tokyo and PToV Tottori were used 

for RNA extraction. Viral RNA was extracted from 0.25 mL supernatant of BToV Ishi 
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culture (105.3 TCID50/mL) or 0.25 mL fecal suspensions by using TRIzol® LS Reagent 

(Life Technologies, Carlsbad, CA, USA), followed by the treatment of the RNA with 

DNase I (TaKaRa Bio, Shiga, Japan). cDNA library was constructed using NEBNext® 

Ultra RNA Library Prep Kit for Illumina version 2.0 (New England Biolabs, Ipswich, 

MA, USA) as described by Nagai et al. [66]. The libraries obtained were loaded onto 

a MiSeq cartridge (MiSeq Reagent Kit V2 (300 cycles); Illumina, San Diego, CA, 

USA) and sequenced using a MiSeq bench-top sequencer (Illumina) with 151 paired-

end reads. To obtain complete genome sequence of BToV Ishi and BToV Kago, rapid 

amplification of cDNA end method (RACE) (5’-Full RACE Core Set and 3'-Full 

RACE Core Set; TaKaRa Bio, Shiga, Japan) was employed.  

 

Genome analysis 

The sequence data were collected using the MiSeq Reporter program (Illumina) 

to generate reads in FASTQ format. Collected reads were trimmed and assembled into 

contigs by de novo assembly using CLC Genomics Workbench 6.5.1 (CLC bio, Aarhus, 

Denmark). The sequences were aligned using ClustalW [67] in MEGA5.22 [68]. 

Pairwise sequence identity calculations were performed using CLC Genomics 

Workbench 6.5.1. The phylogenetic tree was constructed by the maximum likelihood 

method statistically supported by bootstrapping with 1,000 replicates [69] by using 

MEGA5.22. Recombination analysis was performed using SimPlot software v. 3.5.1 

[70] and the Recombination Detection Program (RDP) v. 4.58 [71, 72]. 
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Results 

 

Deep sequencing and determination of whole genome sequences 

Deep sequencing was performed using the Illumina MiSeq sequencing system. 

The total ToV sequence read counts (percentage of ToV sequence reads: ToV sequence 

reads/total reads) of BToV Ishi, BToV Kago, BToV Tochi, BToV Tokyo and PToV 

Tottori samples were 198,526 (13.2%), 31,685 (2.4%), 492 (0.04%), 1,527 (0.4%) and 

1,805 (0.05%), respectively. An approximately 28- kb contig was obtained from BToV 

Ishi and BToV Kago samples with sufficient average sequence read depth of 1,007 

(maximum depth: 2,384) and 162 (maximum depth: 320), respectively; however, large 

contigs were not obtained from BToV Tochi, BToV Tokyo and PToV Tottori samples. 

Since nearly complete sequences of contig were obtained, complete genome length of 

BToV Ishi and BToV Kago were determined using the 5’ and 3’ RACE method. The 

complete genome lengthes of BToV Ishi and BToV Kago excluding poly (A) were 

28,309 nucleotides (nt) and 28,301 nt, respectively, which were similar to the length 

of published sequences of ToVs; BToV Breda1 (28,475 nt), PToV NPL/2014 (28,305 

nt) and PToV SH1 (28,301 nt). The nucleotide sequence identities among complete 

genome sequences of BToV Ishi and BToV Breda1, PToV NPL/2014, PToV SH1, and 

BToV Kago were 82.3%, 86.3%, 85.3% and 97.6%, respectively. The sequences of 

BToV Ishi and BToV Kago were deposited in the DNA Data Bank of Japan 
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DDBJ/EMBL/GenBank database under the accession numbers LC088094 and 

LC088095, respectively. 

 

Pairwise nucleotide sequence identity comparison 

Pairwise alignment for comparing nucleotide sequences of BToV Ishi and BToV 

Kago to the other BToV and PToVs was performed using the whole genomic region 

of the 5’ untranslated region (UTR), ORF1a, ORF1b, S, M, HE, N, and the 3’ UTR 

(Table 1). BToV Ishi shared high sequence identities (96.8-99.4%) with BToV Kago 

for all genomic regions analyzed. Japanese BToVs showed high identities with PToVs 

in 5’ UTR, ORF1a, ORF1b, N and 3’ UTR (86.9-95.1%) and showed low identities 

with PToVs in S, M, and HE (70.2-80.3%). On the other hand, Japanese BToVs 

showed high identities with BToV Breda1 in S, M, and HE (87.9-95.7%) and showed 

low identities with BToV Breda1 in 5’ UTR, ORF1a, ORF1b, N and 3’ UTR (68.9-

83.0%). These results suggest the occurrence of recombination events between BToV 

Breda1 and PToVs. 

 

Recombination analysis 

To investigate the recombination events, the complete genomes of BToV Ishi, BToV 

Kago, PToV NPL/2014, PToV SH1, and BToV Breda1 were aligned using ClustalW 

program in MEGA5.22 and standard similarity plot analysis was performed using 

SimPlot software v. 3.5.1 with BToV Ishi and BToV Kago sequences as separate 
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queries (Fig. 1A, B). Both SimPlot graph indicated that the sequences of Japanese 

BToV had high similarity with those of PToVs except in the 3’ end of ORF1b, S, M, 

and most of the HE coding regions, which had high similarity with that of BToV 

Breda1. The bootscanning analysis using RDP v. 4.58 was performed to identify the 

presumed recombinant breakpoints. Schema of ToV genome structure is shown in Fig. 

2A. Beginning and end breakpoint positions were mapped near the 3’ of ORF1b and 

HE regions, respectively (Fig. 2B). At the starting putative recombination breakpoint, 

25-nt sequences of Japanese BToVs corresponding to nt 20,138-20,162 of BToV Ishi 

showed low identities (72-76%) with that of BToV Breda1, whereas 25 nt sequences 

of Japanese BToVs corresponding to nt 20,161-20,185 showed high identities (100%) 

with that of BToV Breda1. At the end putative recombination breakpoint, 25 nt 

sequences of Japanese BToV corresponding to nt 27,404-27,428 of BToV Ishi showed 

low identities (84-88%) with those of PToVs; however, the 25-nt Japanese BToV 

sequences corresponding to nt 27,418 to 27,442 showed high identities (96-100%) 

with those of PToVs (Fig. 2C). 

 

Phylogenetic analysis 

For further confirmation of the recombination event, phylogenetic trees of nine 

genomic regions were constructed using nucleotide sequences of BToVs and PToV 

determined in this study together with ToV and PToV genome sequences available in 

GenBank. Although the genome sequences of BToV Tochi, BToV Tokyo, and PToV 
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Fig. 1. Similarity plot analysis of the entire genome length of PToV NPL/2014 

(pink line), PToV SH1 (red line), BToV Breda1 (green line), and BToV 

Ishikawa/2010 (A), and BToV Kagoshima/2014 (B) as query sequences, using a 

sliding window of 200 nt and a moving step size of 20 nt. 
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Fig. 2. Detection of recombination breakpoint in Japanese BToV genomes. (A) 

Genome organization of ToV. Presumed recombinant breakpoints were mapped to 

the 3’ end of ORF1b and of HE coding regions. Pink boxes indicate sequence 

regions originating from PToV. Green boxes indicate sequence regions originating 

from BToV Breda1 strain. (B) Bootscan analysis of BToV Ishikawa/2010 vs PToV 

NPL/2014 (purple line), BToV Ishikawa/2010 vs BToV Breda1 (green line) and 

PToV NPL/2014 vs BToV Breda1 (yellow line). Cut-off of the bootstrapping test 

(>70%) is indicated by the break-point. (C) Sequence of recombination junctions 

of Japanese BToVs. Dots indicate sequences similar to that of BToV 

Ishikawa/2010. Identities between Japanese BToVs and PToV (NPL/2014 and 

SH1) are highlighted in pink; identities between Japanese BToV and BToV Breda1 

are highlighted in green. 
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Tottori had gaps owing to insufficient sequence read counts, sequence regions with no 

gap and corresponding to BToV Ishi were used: 5’ UTR (161 nt, 499-659), ORF1a 

(1,800 nt, 3,396-5,195), ORF1b (915 nt, 18,425-19,339), S (594 nt, 20,889-21,482 and 

3,863 nt, 21,693-25,548), M (304 nt, 25,752-26,055), HE (1,015 nt, 26,427-27,477), 

N (485 nt, 27,629-28,113) and 3’UTR (172 nt, 28,114-28,285). However, the 

sequences of regions S (20,889-21,482) of PToV Tottori, S (21,693-25,548) of BToV 

Tokyo, and N (27,629-28,113) of PToV Tottori were not obtained. The phylogenetic 

trees of S and N coding regions were constructed without these strains. The four 

Japanese BToVs branched separately from BToV Breda1, and clustered with PToV 

strains in the 5’ UTR, ORF1a, ORF1b, N and 3’ UTR phylogenetic trees (Fig. 3A-C, 

H and I). In addition, Japanese BToVs in this study together with other BToV strains 

from Japan and other countries selected from GenBank, clustered with BToV Breda1 

but not with PToVs in the S, M, and HE phylogenetic trees (Fig. 3D-G). Ito et al. [11, 

23, 28] classified Japanese BToVs using 5’ portion of S coding region into three 

genotypes, Clusters 1-3. In the phylogenetic tree, the 5’ portion of S coding region of 

BToVs in this study showed that BToV Ishi and BToV Tochi clustered with Cluster-1 

and Cluster-2 strains, respectively, while BToV Kago and BToV Tokyo clustered with 

Cluster-3 strain, though enough bootstrap support was not obtained (Fig. 3D). BToV 

Tochi separately clustered with BToV Ishi, BToV Kago, and BToV Tokyo in the S 

(21,693-25,548), M, and HE phylogenetic trees (Fig. 3E-G). 
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Fig. 3. Phylogenetic trees based on sequences of 5'UTR (A), ORF1a (B), ORF1b 

(C), S (D, E), M (F), HE (G), N (H), and 3'UTR (I). Phylogenetic trees were 

constructed using the maximum likelihood method in MEGA5.22 with bootstrap 

values (1,000 replicates). Scale bar indicates nucleotide substitutions per site. The 

BToV strains are represented by green (BToV Breda1 is indicated by boldface), 

whereas the PToV strains are represented by red. The BToV strains analyzed in 

this study are shown by black open square. *: Length of nucleotide sequences 

using analysis. **: Nucleotide position of BToV Ishikawa/2010. 
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Fig. 3. (continued) 
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Discussion 

 

In the present study, whole genome sequencing of Japanese BToVs and PToV 

was performed by deep sequencing using supernatants of virus cultures and fecal 

suspensions. A sufficient number of sequence reads and contigs of nearly 28kb was 

obtained from 0.25 mL of 105.3 TCID50/mL BToV Ishi cell culture supernatant. Only 

one sample among three 0.25mL fecal suspension samples gave a sufficient number of 

sequence reads and large contigs, though the number of sequence reads from this 

sample was lower than that from the viral culture supernatant. Unfortunately, BToV 

was not isolated from fecal sample of BToV Kago by using HRT-18-Aichi cells, which 

are useful for BToV isolation [24, 64, 65], possibly because the samples were 

preserved at -20°C at the veterinary clinic. Although numerous sequence reads 

originating from bacterial species and hosts might interfere and reduce the number of 

sequence reads from fecal suspensions, the whole genome sequence of BToV was 

obtained from this sample by using the deep sequencing strategy. 

The results of sequence comparison through pairwise alignment, similarity plot, 

bootscanning, and phylogenetic tree analyses of Japanese BToVs with BToVs and 

PToVs sequences from database were indicative of interspecies recombination 

between BToV Breda1 and PToV at the 3’ end of ORF1b and the end of HE coding 

region. Smits et al. [8] provided evidence for the recombination of ToV sequences 
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between BToV Breda1 and PToV in the HE coding region. Italian and Dutch BToVs 

identified before the year 2000 were reported to possess a single recombination 

breakpoint located approximately 1,100 nucleotides from the ATG initiation codon of 

the HE coding region. The putative recombinant breakpoint in the HE coding region 

of Japanese BToVs was quite identical to that of European BToVs. In the phylogenetic 

tree analyses, Japanese BToVs were found to be closely related to European BToVs in 

S, M, HE, and N coding regions. These finding suggest that Japanese BToVs and 

European BToVs have a common ancestor. However, owing to the lack of sequence 

information of 5’ UTR, ORF1a and ORF1b of European BToVs, Japanese BToVs were 

not further compared with European BToVs. The HE coding region of ToV shares 

sequence homology to that of coronavirus and Influenza C virus, however it is 

suggested that HE region of these viruses were introduced through independent 

heterologous recombination events [73]. Homologous recombination of HE coding 

region was also reported in PToVs [8, 9], suggesting that the HE coding region may 

be a hot spot for recombination events.  

This is the first report to present the identification of a natural recombination 

event between BToV Breda1 and PToV at ORF1b. Approximately 76% of the genomes 

of BToV Ishi and BToV Kago are similar to that of PToV. Natural recombination 

events are common in coronaviruses, resulting in evolution and emergence of new 

variants that are pathogenic to poultry, cats, pigs, and humans [74-84]. Co-infection of 

a certain cells in bovine or swine with BToV Breda1 type virus and PToV is a pre-
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requisite for the generation of new recombinant viruses by double-template switch. 

The generated new recombinant virus, which has tropism to bovine cells, might adapt 

to bovine hosts and spread among cattle. 

Although the four Japanese BToVs evaluated in this study were collected from 

distinct regions, the sequences of genomic regions apart from the S, M, and HE coding 

regions were closely related to each other and showed high identity (97.3-99.4%). 

Based on the sequences of the S, M, and HE coding regions, these BToVs were divided 

into at least two groups (Fig. 3D-G). The four Japanese BToVs showed genetic 

diversity, they all possessed a recombination genome. When it was thought that the 

Breda1 strain was the original BToV, the recombination of BToVs occurred before it 

was introduced to Japan, or it was occured before spreading all over the country. The 

Japanese and foreign BToV strains retrieved from the database clustered closely 

together in the phylogenetic tree, suggesting that all BToVs investigated in this study, 

except BToV Breda1, underwent recombination at the same genomic regions. Strains 

genetically closely related to Japanese BToVs are distributed worldwide. 

Hurst et al. [85] found the interaction between the coronavirus nucleocapsid 

protein and the replicase-transcriptase complex, from that viral mutants did not 

proliferate when only the N gene region of the coronavirus mouse hepatitis virus 

(MHV) was replaced with its counterpart from the closely related bovine coronavirus 

(BCoV). ToVs may be similar as well, which may be the reason why Japanese BToV 

holds both N and ORF1ab region of PToV. Moreover, the continuation of the 
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combination of PToVs N protein and replicase-transcriptase complex is presumed to 

be more advantageous for the proliferation. 

In conclusion, a natural recombination event was identified between BToV 

Breda1 and PToV of Japanese BToVs. The four Japanese BToVs possessed two 

recombination breakpoints mapped to the 3’ end of ORF1b coding region and to the 3’ 

end of HE coding region and nearly 76% of the genome is similar to the PToV genome. 

Homologous recombination events of the virus genome are crucial for their evolution, 

and are significant factors for changes in host range and virulence of viruses. The data 

obtained in this study may provide important evidence to evaluate the epidemiological 

basis of ToV in cattle and swine population and to understand the mechanisms 

underlying the evolution of BToV. 
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Summary 

 

BToV belongs to the subfamily Toroviridae within the family Coronaviridae, 

and are pathogens, causing enteric diseases in cattle. In Japan, BToVs are distributed 

throughout the country and cause gastrointestinal infection of calves and cows. In this 

study, complete genome sequences of two Japanese BToVs and partial genome 

sequences of two Japanese BToVs and one PToV from distant regions in Japan were 

determined and genetic analysis were performed. Pairwise nucleotide comparison and 

phylogenetic analyses revealed that Japanese BToVs shared high identity with one 

another and showed high similarities with BToV Breda1 strain in S, M and HE coding 

regions. Japanese BToVs showed high similarities with PToVs in ORF1a, ORF1b and 

N coding regions and the 5’ and 3’ untranslated regions, suggesting a natural 

recombination event. Recombination analyses mapped the putative recombinant 

breakpoints to the 3’ ends of the ORF1b and HE regions. These findings suggest that 

the interspecies recombinant nature of Japanese BToVs resulted in a closer 

relationship between BToV Breda1 and PToVs.  
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Chapter Ⅱ 

 

Whole genome analysis of porcine astroviruses detected in 

Japanese pigs reveals genetic diversity and possible intra-

genotypic recombination 
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Introduction 

 

The N-terminal half of AstV ORF2 encodes the particle assembly domain that is 

conserved among AstVs, whereas the C-terminal half forms the hypervariable 

receptor-interaction domain [86]. Because this hypervariable domain is believed to 

form the capsid spike and to contain neutralizing epitopes [87], ORF2 is used for the 

presumption of AstV serotypes by PCR with subsequent sequencing [88]. High 

sequence diversity was found in ORF2; ORF1b is least divergent [89]. This is a 

naturally expected event, as the region coding for the viral capsid protein is subject to 

selective pressure. 

PoAstVs were first isolated using porcine cell lines in 1990 [56], but reports of 

successful isolation are limited. However, genetic diagnosis of AstVs and PoAstVs 

have been reported in several countries around the world [39]. A study in Quebec in 

Canada showed that pigs may have several AstVs most likely derived from different 

ancestry [57]. Presently, five genotypes of PoAstV (PoAstV1-PoAstV5) are 

recognized [90]. In Japan, although PoAstVs were detected in the 1980s, only two 

sequences of PoAstV1 have been reported [91, 92]. Furthermore, only a few whole 

genome sequences of PoAstV are available in the DDBJ/EMBL/GenBank database. 

In this study, to contribute to the whole genome sequence data available for PoAstVs, 

a metagenomics approach was used to sequence and analyze nearly complete genomes 
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of PoAstVs from Japanese pigs.  
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Materials and Methods 

 

Viruses 

A total of 145 fecal samples were collected from 38 pig farms in the mainland of 

Japan in 2014-2015, and were taken from 2 to 120-day-old pigs that were clinically 

healthy (73 samples) or had diarrhea (72 samples). Samples from single pigs (124 

samples) or 2-3 pigs (pooled, 21 samples) were diluted 1:9 (w/v) in sterile phosphate- 

buffered saline and stored in a -80℃ freezer until use.  

 

Whole genome sequencing 

The method was as described in Chapter I. However, RACE was not employed. 

 

Genome analysis 

The method was as described in Chapter I. However, the updated program was 

used. That is, CLC Genomics Workbench 7.5.5, MEGA6.06, Recombination 

Detection Program (RDP) v. 4.80. The contigs that exhibited sequence similarities with 

AstVs and that were > 5,930 nt in length with the sufficient read coverage were 

analyzed. 
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Results 

 

Complete or nearly complete sequencing of the PoAstV coding sequence 

    Contigs were generated from trimmed sequence reads and generated contigs were 

evaluated by map reads to reference command in CLC Genomics Workbench with 

strictest parameter setting (mismatch cost, 2; insertion cost, 3; deletion cost, 3; length 

function, 1.0; and similarity function, 1.0), and 5′ and 3′ sequences with insufficient 

read depth (<3) were omitted. Only contigs that showed sequence similarities with 

AstVs and that were longer than 5,930 nt were used in this study. Thirty-six AstV 

contigs were identified from 9 to 100-day-old pigs with or without diarrhea. Sample 

data and strain names corresponding to contigs are summarized in Tables 2 and 3. Of 

interest, six and two samples (excluding pooled samples) contained two strains (Bu4-

2-1 and Bu4-2-2, Bu4-6-1 and Bu4-6-2, Bu-5-10-1 and Bu5-10-2, Iba-464-4-1 and 

Iba464-4-2, Ishi-Ya7-1 and Ishi-Ya7-2, and MoI2-3-1 and MoI2-3-2) and three strains 

(HgTa2-1-1, HgTa2-1-2, and HgTa2-1-3, and MoI2-1-1, MoI2-1-2, and MoI2-1-3), 

respectively, each pigs were thought to be co-infected with multiple strains (Tables 2 

and 3). The nt sequences of these 36 strains were deposited in DDBJ/EMBL/GenBank 

under accession numbers LC201585-LC201620 (Table 3). 

 

Phylogenetic analyses and pairwise nucleotide and amino acid comparison 
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    Firstly, because complete ORF2 sequences were needed for AstV demarcation 

[38], a phylogenetic analysis using ORF2 aa sequences (including incomplete coding 

sequences of seven strains) was performed. Ten, 5, 15, and 6 Japanese PoAstVs were 

clustered with the reference strains of PoAstV2, PoAstV3, PoAstV4, and PoAstV5, 

respectively, sharing 26.5-41.1% nt and 15.5-28.4% aa identities in ORF2 with other 

genotypes (Fig. 4). Sequence identities in ORF1a and ORF1b between each genotype 

were 29.7-46.1% nt and 16.6-33.3% aa, and 48.5-60.8% nt and 42.1-59.5% aa, 

respectively (Tables 4-7). PoAstV3 and PoAstV5 strains formed single clusters 

corresponding to Mamastrovirus 22 and Mamastrovirus 24, respectively, proposed by 

Guix et al. [38], while clusters with PoAstV2 and PoAstV4 were subdivided into two 

and four lineages. One PoAstV3 strain, Bu7-9, and one PoAstV5 strain, Ishi-Im1-1, 

showed considerable sequence differences from other PoAstV3 and PoAstV5 strains, 

respectively, in ORF2 (Fig. 4, Tables 5, 7). The PoAstV5 cluster included ovine and 

bovine AstV strains. Two PoAstV2 lineages, tentatively named PoAstV2 lineages 1 

(PoAstV2 L1) and 2 (PoAstV2 L2), corresponded to Mamastrovirus 31 and 32, 

respectively. The identities in ORF 2 between the lineages of PoAstV2 L1 strain and 

PoAstV2 L2 strain was 52.2-64.5% nt and 47.8-65.4% aa, whereas the identities within 

each lineage were > 58.0% nt and > 54.3% aa in the L1 lineage, and > 61.7% nt and > 

58.6% aa in the L2 lineage (Table 8). Strains in the PoAstV2 cluster were closely 

related to bovine AstV strains, Ishikawa9728/2013, Ishikawa24-6/2013, and 

Kagoshima2-3-2/2015, reported by Nagai et al. [66], and the PoAstV2 L2 cluster  
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Fig. 4. Results of a phylogenetic analysis based on deduced amino acid sequences 

of AstV ORF2. The trees were constructed using the maximum likelihood method 

(rtREV + G + F model) in MEGA6.06 with 1,000 bootstrap values. The scale bar 

indicates amino acid substitutions per site. ● indicates PoAstV strains identified in 

this study. Percent bootstrap support is indicated by the value at each node, with 

values < 70 omitted. 
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contained dromedary AstV strains, 274/2013, 64/2013, reported by Woo et al. [93]. 

PoAstV4 strains were subdivided into four lineages (tentatively named PoAstV4 

lineages 1 to 4 [PoAstV4 L1-L4]), with PoAstV4 L1 and L2 corresponding to 

Mamastrovirus 26 and 27, respectively. The identities in ORF 2 between PoAstV4 

lineages was 55.4-64.7% nt and 45.1-59.7% aa, whereas the identities within each 

lineage were > 66.3% nt and > 63.0% aa (Table 9). Phylogenetic analyses based on 

ORF1a and ORF1b aa sequences showed that Japanese PoAstVs and PoAstVs from 

the DDBJ/EMBL/GenBank database, with the exception of PoAstV2 and PoAstV4, 

exhibit same topologies as the ORF2 tree (Fig. 5, 6); however, the clusters of PoAstV2 

and PoAstV4 in ORF1a and ORF1b trees showed different topologies from that of the 

ORF2 tree. PoAstV2 L2 strains Bu5-10-1, Ishi-Ya4, and US-IA122 grouped with 

PoAstV2 L1 strains in ORF1a, and PoAstV2 L1 strain Iba-464-4-1 clustered with 

PoAstV2 L2 strains, whereas PoAstV2 L2 strain Ishi-Ya6 clustered with PoAstV2 L1 

strains in ORF1b (Fig. 7) The topologies of the PoAstV4 phylogenetic trees showed 

significant difference in ORF1a, ORF1b, and ORF2 (Fig. 8). 

 

Similarity plot analyses and recombination analyses 

The whole genomes of PoAstVs were aligned using the ClustalW program in 

MEGA6.06 and used for similarity plot analyses and recombination analyses. The 

standard similarity plot analysis was conducted using SimPlot program with PoAstV2 

L2 Bu5-10-1 (Fig. 9A), PoAstV2 L2 51/USA (Fig. 9C), PoAstV4 L4 Bu4-2-2 (Fig.  
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Fig. 5. Phylogenetic analysis based on deduced amino acid sequences of AstV 

ORF1a. Trees were constructed using the maximum likelihood method (JTT + G + 

I) in MEGA6.06 with 1,000 bootstrap values. The scale bar indicates amino acid 

substitutions per site. ● indicates PoAstV strains identified in this study. Percent 

bootstrap support is indicated by the value at each node, with values < 70 omitted. 
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Fig. 6. Phylogenetic analysis based on deduced amino acid sequences of AstV 

ORF1b. Putative ORF1b codons were determined using human and animal AstV 

sequences deposited in DDBJ/EMBL/GenBank database, since the beginning of 

the translation of ORF1b is not well known due to the presence of the ribosomal 

frameshift. Trees were constructed using the maximum likelihood method (WAG 

+ G + I) in MEGA6.06 with 1,000 bootstrap values. The scale bar indicates amino 

acid substitutions per site. ● indicates PoAstV strains identified in this study. 

Percent bootstrap support is indicated by the value at each node, with values < 70 

omitted. 
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Fig. 7. Phylogenetic trees based on deduced amino acid sequences of ORF1a (A), 

ORF1b (B), and ORF2 (C) of PoAstV2 strains. Putative ORF1b codons were 

determined using human and animal AstV sequences deposited in 

DDBJ/EMBL/GenBank database, since the beginning of the translation of ORF1b 

is not well known due to the presence of the ribosomal frameshift. The trees were 

constructed using the maximum likelihood method (ORF1a: LG + G model, 

ORF1b: JTT + G model, ORF2: LG + G + I + F model) in MEGA6.06 with 1,000 

bootstrap values. The scale bar indicates amino acid substitutions per site. Percent 

bootstrap support is indicated by the value at each node, with values < 70 omitted. 

PoAstV2 lineage 1 (L1) (Mamastrovirus 31) strains are presented in blue, whereas 

PoAstV2 lineage 2 (L2) (Mamastrovirus 32) strains are presented in red. 
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Fig. 8. Phylogenetic trees based on deduced amino acid sequences of ORF1a (A), ORF1b (B), 

and ORF2 (C) of PoAstV4 strains. Putative ORF1b codons were determined using human and 

animal AstV sequences deposited in DDBJ/EMBL/GenBank database, since the beginning of 

the translation of ORF1b is not well known due to the presence of the ribosomal frameshift. 

The trees were constructed using the maximum likelihood method (ORF1a: JTT + G + I model, 

ORF1b: JTT + G + I model, ORF2: LG + G + I + F model) in MEGA6.06 with 1,000 bootstrap 

values. The scale bar indicates amino acid substitutions per site. Percent bootstrap support is 

indicated by the value at each node, with values < 70 omitted. PoAstV4 lineage 1 (L1) 

(Mamastrovirus 26), lineage 2 (PoAstV2 L2) (Mamastrovirus 27), lineage 3 (PoAstV2 L3), 

and lineage 4 (PoAstV2 L4) strains are presented in black, red, purple, and green, respectively. 
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Fig. 9. Similarity plots of the entire genomes of (A) PoAstV2 lineage 2 (PoAstV2 L2) 43/USA (red line), 

PoAstV2 lineage 1 (PoAstV2 L1) KNU14-07 (blue line), and PoAstV2 L2 Bu5-10-1 as query sequences, (C) 

PoAstV2 L2 HgOg2-1 (pink line), PoAstV2 L2 43/USA (red line), and PoAstV2 L2 51/USA as query sequences, 

(E) PoAstV4 lineage 4 (PoAstV4 L4) Ishi-Ya7-1 (purple line), PoAstV4 lineage 3 (PoAstV4 L3) HgTa2-3 

(green line), and PoAstV4 L4 Bu4-2-2 as query sequences, (G) PoAstV4 L4 HkKa2-1 (green line), PoAstV4 

L2 43/USA (red line), and PoAstV4 L2 US-IL135 as query sequences, using a sliding window of 200 nt and a 

moving step size of 20 nt. Bootscan analysis of (B) Genome structure of PoAstV and recombination breakpoint. 

Blue part of genome indicates origin from PoAstV2 L1 and red part indicates origin from PoAstV2 L2. PoAstV2 

L2 Bu5-10-1 vs. PoAstV2 L1 KNU14-07 (purple line), PoAstV2 L2 Bu5-10-1 vs. PoAstV2 L2 43/USA (blue 

line), and PoAstV2 L2 43/USA vs. PoAstV2 L1 KNU14-07 (yellow line), (D) Genome structure of PoAstV and 

recombination breakpoint. Red part of genome indicates origin from PoAstV2 L2 43/USA and pink part 

indicates origin from PoAstV2 L2 HgOg2-1. PoAstV2 L2 51/USA vs. PoAstV2 L2 43/USA (purple line), 

PoAstV2 L2 HgOg2-1 vs. PoAstV2 L2 51/USA (blue line), and PoAstV2 L2 HgOg2-1 vs. PoAstV2 L2 43/USA 

(yellow line), (F) Genome structure of PoAstV and recombination breakpoint. Green part of genome indicates 

origin from PoAstV4 L3, purple part indicates origin from PoAstV4 L4, and white part indicates unknown 

origin. PoAstV4 L4 Ishi-Ya7-1 vs. PoAstV4 L4 Bu4-2-2 (purple line), PoAstV4 L3 HgTa2-3 vs. PoAstV4 L4 

Bu4-2-2 (blue line), and PoAstV4 L4 Ishi-Ya7-1 vs. PoAstV4 L3 HgTa2-3 (yellow line), and (H) Genome 

structure of PoAstV and recombination breakpoint. Green part of genome indicates origin from PoAstV4 L4, 

red part indicates origin from PoAstV4 L2, and white part indicates unknown origin. PoAstV4 L2 35/USA vs. 

PoAstV4 L2 US-IL135 (purple line), PoAstV4 L4 HkKa2-1 vs. PoAstV4 L2 US-IL135 (blue line), and PoAstV4 

L4 HkKa2-1 vs. PoAstV4 L2 35 (yellow line). The cut-off value in the bootstrapping test (> 70%) is indicated 

by the breakpoint. Black arrows show putative recombination breakpoints. 
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Fig. 9. (continued) 
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9E), and PoAstV4 L2 US-IL135 (Fig. 9G) sequences as separate queries. Bu5-10-1 

had high nt sequence similarity with PoAstV2 L2 43/USA in the 3′ halves of ORF1a 

and ORF1b, whereas the 5′ UTR, 5′ half of ORF1a, 3′ end of ORF2, and 3′ UTR were 

highly similar to those of PoAstV2 L1 strain KNU14-07, suggesting an intra-genotypic 

recombination event (Fig. 9A). PoAstV2 L2 51/USA displayed significant sequence 

identity with PoAstV2 L2 43/USA in ORF1a and ORF1b, whereas 51/USA showed 

higher sequence similarity with PoAstV2 L2 HgOg2-1 than 43/USA in ORF2, 

suggesting an intra-lineage recombination event (Fig. 9C). PoAstV4 L4 Bu4-2-2 

exhibited a high degree of similarity with PoAstV4 L3 HgTa2-3 in ORF1a, whereas 

Bu4-2-2 showed high identity with PoAstV4 L4 Ishi- Ya7-1 in the 5′ half of ORF2 

(Fig. 9E). ORF1a of PoAstV4 L2 US-IL135 was highly similar to that of PoAstV4 L4 

HkKa2-1; however, US-IL135 exhibited high identity with PoAstV4 L2 35/USA in 

ORF2 (Fig. 9G). To identify possible recombinant breakpoints, a bootscanning 

analysis was performed. Two putative recombination breakpoints were found at the 

center of ORF1a and the 3′ end of ORF2 in the Bu5-10-1 genome, at the 3′ end of 

ORF1b and the 3′ end of ORF2 in the 51/USA genome, and at the 3′ end of ORF1a 

and the 3′ of ORF2 in the Bu4-2-2 genome (Fig. 9B, D, F). One possible recombination 

breakpoint was identified at the 5′ end of ORF1b in the US-IL135 genome (Fig. 9H). 

A similarity plot analysis of strains PoAstV3 and PoAstV5 revealed that PoAstV3 and 

PoAstV5 exhibited high sequence identities within each genotype in all genomic 

regions; however, in ORF2, PoAstV3 Bu7-9 and PoAstV5 Ishi-Im1-1 exhibited low 
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sequence similarity with other PoAstV3 strains and PoAstV5 strains, respectively, 

suggesting possible recombination events (Fig. 10B, D). Although the recombination 

breakpoints were assumed to localize in the ORF2 region (Fig. 10C, E), recombinant 

counterparts of these strains were not identified in any database.  
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Fig. 10. (A) Genome organization of PoAstV. Similarity plot analyses of the entire 

genomes of (B) PoAstV3 strains (PoAstV3 US-MO123 as a query sequence) and 

(D) PoAstV5 strains (PoAstV5 AstV-LL-2 as a query sequence), using a sliding 

window of 200 nt and a moving step size of 20 nt. Sequence alignment at a putative 

recombination point of (C) PoAstV3 Bu7-9 and (E) PoAstV5 Ishi-Im1-1. 
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Discussion 

 

In the present study, 10 strains (5 PoAstV2, 2 PoAstV3, and 3 PoAstV4) were 

isolated from diarrheic pigs, whereas 26 strains (5 PoAstV2, 3 PoAstV3, 12 PoAstV4, 

and 6 PoAstV5) were identified from pigs without diarrhea. Since PoAstVs are 

ubiquitously distributed to apparently healthy pig, the clinical significance of PoAstV 

infection has not been completely clarified [39]. The present result indicated that there 

seems to be no clear association of PoAstV infection with its disease. 

PoAstVs are divided into five distinct genotypes, PoAstV1-PoAstV5 and 

distributed throughout the world. PoAstV1 has been reported in Canada [57], China 

[91], Croatia [94, 95], Germany [96] and Japan [91, 92]. Only PoAstV1 genotype has 

been reported in Japan; however, no PoAstV1 strains were identified in this study. This 

may indicate a shift in the predominant genotype or a difference in dominant type 

associated with geographical location. PoAstV2 and PoAstV4 are the predominant 

genotypes reported in Canada [57], Hungary (including a wild boar strain) [97-99], 

China [100-102], USA [90, 103], Czech Republic [104], South Korea [105, 106], 

Croatia [94, 95], Italy [107], Kenya [108,109], Austria, Germany, Spain, and Sweden 

[100]. In this study, it seems that PoAstV2 and PoAstV4 are also predominant in Japan. 

There was also no regional bias in the distribution of PoAstV2-PoAstV5 detected, but 

it may be due to the fact that origin of the detected strains were confined to the 
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mainland of Japan. However, this study did not aim to investigate the prevalence of 

PoAstV infection. Only one investigation has reported 39.1% PoAstV prevalence, 

based on a serological survey in Japan [56]. Further studies are needed to determine 

the PoAstV prevalence and genotypes circulating in Japan. PoAstV3 and PoAstV5 

have been reported in Canada [57, 110], USA [90, 111], and Croatia [94, 95], whereas 

PoAstV3 alone has been reported in Kenya [108, 109] and PoAstV5 alone has been 

reported in China [101, 102]. To date, only one and three complete sequences of 

PoAstV3 and PoAstV5, respectively, have been reported. This study contributed to the 

second and fourth whole genome sequences of PoAstV3 and PoAstV5. 

RNA viruses, including AstVs, showed high frequencies of recombination and 

evidence for positive selection, resulting in serotype differentiation [112]. There are 

many reports of genetic variety and recombination events in human AstVs [59-61, 113, 

114]; however, only a few reports on recombination of animal AstVs, including a 

recombination between a human AstV and that of another animal, are available [115, 

116]. In this study, although no recombination was found within PoAstV genotypes, a 

recombination analysis revealed evidence of several possible intra-genotypic 

recombination events. Because the PoAstV2 L1 and PoAstV2 L2 phylogenetic clades 

correspond to Mamastrovirus 31 and Mamastrovirus 32, respectively, which are 

proposed as species of Mamastrovirus [38], recombination between PoAstV2 L1 and 

PoAstV2 L2 may also represent inter-genotypic recombination events. These analyses 

also identified putative recombination breakpoints within ORF1a and ORF2, including 
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the ORF1b/ORF2 junction, this region is a recombination hotspot [59-62]. Co-

infections with multiple PoAstVs, identified in this study and reported previously [90, 

109], may contribute to these recombination events and increase genetic diversity. 

Possible recombination events were also identified within ORF2 of PoAstV3 Bu7-9 

and PoAstV5 Ishi-Im1-1; however, the origins of these recombinants are unknown, 

because the recombinant counterparts of these sequences were not found in the dataset 

obtained in this study or in the DDBJ/EMBL/GenBank database. Therefore, further 

investigations are required to obtain a better understanding of PoAstV genetics. Almost 

PoAstVs in this study were taken from pigs kept on a high-density farm. Owing to the 

current pig raising system, susceptible young pigs were continuously infected with 

multiple strains of PoAstVs and these circumstances may give the chance for 

occurrences of recombination events. 

AstVs, including PoAstVs, are not easy to propagate in cell culture; thus, 

comparison for antigenic property of AstVs is difficult. However, since the capsid 

protein, which is encoded by ORF2, induces host immunity, serological property is 

speculated based on sequence similarity of ORF2. In the present study, Japanese 

PoAstVs showed < 28.4% aa identities among genotypes, < 65.4% aa identities 

between lineages within PoAstV2 and PoAstV4, and > 54.3% aa identities between 

strains in lineages of PoAstV2 and PoAstV4. Significant serological differences are 

expected because of the < 95% identity at the nt sequence level [39]. On the basis of 

these data, Japanese PoAstVs are believed to exhibit high serological variation, even 
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within the same genotype. This may allow co-infection of PoAstVs in a single host, 

facilitating recombination events and promoting the genetic diversity of PoAstVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

53 

 

 

Summary 

 

PoAstVs are ubiquitous enteric virus of pigs that are distributed to several 

countries throughout the world. Since PoAstVs are detected in apparently healthy pigs, 

the clinical significance of the infection is unknown. However, AstVs have recently 

been associated with a severe neurological disorder in animals, including humans, and 

zoonotic potential has been suggested. To date, little is known about the epidemiology 

of PoAstVs among the pig population in Japan. In this study, an analysis of nearly 

complete genomes of 36 PoAstVs detected by a metagenomics approach in the feces 

of Japanese pigs was presented. Based on a phylogenetic analysis and pairwise 

sequence comparison, 10, 5, 15, and 6 sequences were classified as PoAstV2, PoAstV3, 

PoAstV4, and PoAstV5, respectively. Co-infection with two or three strains was found 

in individual fecal samples from eight pigs. The phylogenetic trees of ORF1a, ORF1b, 

and ORF2 of PoAstV2 and PoAstV4 showed differences in their topologies. The 

PoAstV3 and PoAstV5 strains shared high sequence identities within each genotype 

in all ORFs; however, one PoAstV3 strain and one PoAstV5 strain showed 

considerable sequence divergence from the other PoAstV3 and PoAstV5 strains, 

respectively, in ORF2. Recombination analysis using whole genomes revealed 

evidence of multiple possible intra-genotype recombination events in PoAstV2 and 

PoAstV4, suggesting that recombination might have contributed to the genetic 
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diversity and played an important role in the evolution of Japanese PoAstVs. 
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General Conclusion 

 

The diagnosis of viral infections at livestock hygiene service centers depends on 

the isolation of viruses in cultured cells. However, many enteric viruses cannot be 

isolated using established methods; hence, diagnosis often depends on genetic testing. 

RNA viruses are thought to be a part of a genetically diverse quasispecies created by 

gene mutation and recombination. Isolated virus strains usually represent only one 

member of the quasispecies. Next generation sequencing (NGS), which directly 

determines genetic information of pathogens without using specific primers, has 

recently become popular. NGS makes the genetic identification of RNA viruses, which 

are difficult or impossible to propagate in cultured cells, possible in field diagnostic 

samples. In this study, NGS metagenomic analysis of RNA viruses in the feces of cattle 

and pigs collected for the diagnosis of infectious diseases was carried out to elucidate 

genetic diversity and interspecies transmission of viruses. 

Bovine torovirus (BToV) belongs to the subfamily Torovirinae of the family 

Coronaviridae and cause intestinal disorders in cattle. In Chapter Ⅰ, sequence analysis 

of the complete genome of two BToV strains and that of partial genomes of two other 

BToV strains and one PToV strain was carried out using field fecal samples and one 

isolated virus. Phylogenetic analysis and pairwise nucleotide sequence comparison 

revealed high similarities among BToVs in Japan. The S, M, and HE coding regions 
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showed high similarities with BToV Breda1. The ORF1a, ORF1b, N coding region, 

and untranslated region at 5' and 3' ends showed high similarities with PToV NPL/2014 

and PToV SH1. Japanese BToVs are the interspecies recombinants of previously 

reported BToV and PToVs. On the basis of similarity plot analysis, recombinant 

breakpoints were predicted to be 3' ends of the ORF1b and HE regions. However, this 

recombination is not related to the serotype because the S coding region involved in 

the antigen properties is the same type as the BToV Breda1. This recombination also 

shows the possibility that BToV and PToV co-infect the same host in nature. 

PoAstV belongs to the Astroviridae family and is a ubiquitous enteric virus of 

pigs in countries around the world. However, it is unknown whether PoAstV infection 

is clinically significant, as it is also frequently detected in healthy pigs. To date, the 

epidemiology of PoAstV in domestic pigs in Japan is not well understood. In Chapter 

II, partial genomic sequence analysis was carried out for 36 PoAstV strains using fecal 

samples. Phylogenetic analysis and pairwise nucleotide sequence comparison 

classified these strains as PoAstV2 (10 strains), PoAstV3 (5 strains), PoAstV4 (15 

strains), and PoAstV5 (6 strains). In addition, 8 pigs were co-infected with 2 to 3 

genotypes or lineages of viruses. From the phylogenetic trees of ORF2, PoAstV2 is 

further classified into two lineages, and PoAstV4 is classified into four lineages. 

However, in the phylogenetic trees of ORF1a and ORF1b of PoAstV2 and PoAstV4, 

topology was different from the phylogenetic trees of ORF2. From the results of the 

similarity plot analysis, multiple intra- and inter-genotype recombination events in 



 

57 

 

PoAstV2 and PoAstV4 were revealed. The PoAstV3 and PoAstV5 strains shared high 

sequence identities within each genotype in all ORFs. However, one PoAstV3 strain 

and one PoAstV5 strain showed considerable sequence divergence from the other 

strains in ORF2. In addition, the homology of the ORF2 gene involved in antigen 

properties is < 28.4% among the genotypes and < 65.4% among the lineages, and it is 

presumed to show high antigenic differences even within the same genotype. The 

antigenic variation was considered to allow simultaneous infection of multiple strains 

in the same host, facilitate recombination, and thus promote genetic diversity. 

In conclusion, this study contributes to the elucidation of genetic diversity and 

interspecies transmission of the enteric RNA viruses, BToVs and PoAstVs. 
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Summary in Japanese（和文要旨） 

 

家畜保健衛生所で実施するウイルス感染症の診断は、培養細胞を用いてウイル

スを分離することを基本とする。しかし、腸内ウイルスは分離方法が確立されてない

ものが多く、遺伝子検査に依存することが多い。また、RNA ウイルスは遺伝子の変

異や組換えによる遺伝的多様な集団（quasispecies）と考えられており、分離された

ウイルス株は quasispecies を代表する 1 株にすぎない。近年、特異的なプライマー

を使用せず、病原体の遺伝子情報を直接決定する次世代シークエンスの技術が

普及してきた。この技術を用いることにより、野外診断材料に含まれる培養細胞で

増殖が困難または不可能な RNA ウイルスの遺伝学的な同定が可能となってきた。

本研究では次世代シークエンス技術を用いて、感染症の診断のために収集された

牛及び豚の糞便に含まれる RNA ウイルスのメタゲノム解析を行い、ウイルス遺伝子

の多様性やウイルスの種間伝播の解明を目指した。 

本研究は 2 章から成る。牛トロウイルスは、コロナウイルス科トロウイルス亜科に属

し、牛の腸疾患の原因となる。第Ⅰ章では、分離ウイルス 1株を含む野外糞便材料

由来の、牛トロウイルス 2 株の全ゲノム及び 2 株の部分ゲノム、豚トロウイルス 1 株

の部分ゲノムのシークエンス解析を実施した。塩基配列の比較及び系統樹解析で

は、日本の牛トロウイルス間に高い相同性が認められ、S、M及び HE コード領域は

牛トロウイルス Breda1株と、ORF1a、ORF1b、N コード領域、非翻訳領域の 5’ 端及

び 3’ 端は豚トロウイルス NPL/2014株及び SH1株と相同性が高く、日本の牛トロウ
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イルスは、既報の牛及び豚トロウイルスの、種間組換え体であると考えられた。また、

相同性プロット解析により、組換えを生じている箇所（ブレイクポイント）を、ORF1b

領域の 3’ 端及びHEコード領域の 3’ 端と予測した。この組換えは、抗原性状に関

与する S コード領域が牛トロウイルス Breda1 株と同じ型であるため血清型に関わら

ないこと、また、自然界で牛トロウイルスと豚トロウイルスが同一宿主に重感染したこ

とを示している。 

豚アストロウイルスはアストロウイルス科に属し、世界中の豚に遍在する腸内ウイ

ルスである。健康な豚からもウイルスが頻繁に検出されるため、感染の臨床的意義

は不明である。そのため、国内の豚における豚アストロウイルスの疫学も、現在まで

ほとんど知られていない。第Ⅱ章では、野外糞便材料を由来とする豚アストロウイル

ス 36 株の、ほぼ全ゲノムのシークエンス解析を実施した。塩基配列の比較及び系

統樹解析により、10 株が豚アストロウイルス 2 型に、5 株が豚アストロウイルス 3 型

に、15株が豚アストロウイルス 4型に、6株が豚アストロウイルス 5型に分類された。

また、8頭の豚で、2ないし 3つの型のウイルスに重感染していた。ORF2領域の系

統樹解析から、豚アストロウイルス 2型はさらに 2系統に、4型は 4系統に分類され

る。豚アストロウイルス 2型及び 4型の、ORF1a及び ORF1b領域の系統樹のトポロ

ジーは、ORF2 領域の系統樹と異なっており、相同性プロット解析から、2 型及び 4

型内において遺伝子型内及び遺伝子型間の組換えが複数発見された。さらに、豚

アストロウイルス 3型及び 5型内のそれぞれ 1株で、ORF2領域の塩基配列に多様

性が認められた。しかし比較可能なシークエンス情報の不足により、これ以上は言

及できなかった。また、抗原性状に関与する ORF2 領域の相同性は、各遺伝子型



 

80 

 

間で 28.4％以下、系統間で 65.4％以下であり、同じ遺伝子型であっても抗原性に

差があることが示唆された。このことは、同一宿主に複数株の同時感染を可能とし、

組換えを容易にさせ、遺伝的多様性を促進するものと考えられた。 

以上、本研究で明らかになった知見は、腸内 RNA ウイルスである牛トロウイルス

及び豚アストロウイルスの遺伝子多様性や種間伝播の解明に寄与するものである。 

 

 


