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Abstract

The Porcine Sapelovirus (PSV) is an enteric virus of pigs that can cause various disorders. However, there are few reports
that describe the molecular characteristics of the PSV genome. In this study, almost the entire genomes of 23 PSVs detected
in Japanese pigs were analyzed using bioinformatics. Analysis of the cis-active RNA elements showed that the predicted
secondary structures of the internal ribosome entry site in the 5" untranslated region (UTR) and a cis-replication element in
the 2C coding region were conserved among PSVs. In contrast, those at the 3’ UTR were different for different PSVs; how-
ever, tertiary structures between domains were conserved across all PSVs. Phylogenetic analysis of nucleotide sequences of
the complete VP1 region showed that PSVs exhibited sequence diversity; however, they could not be grouped into genotypes
due to the low bootstrap support of clusters. The insertion and/or deletion patterns in the C-terminal VP1 region were not
related to the topology of the VP1 tree. The 3CD phylogenetic tree was topologically different from the VP1 tree, and PSVs
from the same country were clustered independently. Recombination analysis revealed that recombination events were found
upstream of the P2 region and some recombination breakpoints involved insertions and/or deletions in the C-terminal VP1
region. These findings demonstrate that PSVs show genetic diversity and frequent recombination events, particularly in the
region upstream of the P2 region; however, PSVs could currently not be classified into genotypes and conserved genetic
structural features of the cis-active RNA elements are observed across all PSVs.
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Introduction

The genus Sapelovirus belongs to the family Picornaviri-
dae, which includes > 30 genera and > 75 species, includ-
ing the species Sapelovirus A and Sapelovirus B, which
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phylogenetically classified into the picornavirus super-
group 3, together with Enterovirus, Rabovirus, and the
proposed genus Antivirus, which is currently named Avian
sapelovirus, and which belongs to the genus Sapelovirus
(http://www.picornaviridae.com). Originally, PSV had been
assigned to porcine enterovirus (PEV) 8 [5, 26]. After fur-
ther genomic studies regarding PEV, PEV 1-7 and PEV
11-13 have been reclassified into the genus Teschovirus;
PEV 9 and 10 were formally included in PEV-B, which has
been renamed as Enterovirus G, and PEV 8, which was for-
mally included in PEV-A, has been renamed as PSV [24,
27, 54, 55].

PSV can cause diseases with various symptoms, includ-
ing polioencephalomyelitis, diarrhea, pneumonia, and repro-
ductive disorders [3, 4, 17, 21, 22, 25, 29, 39, 41]; however,
PSVs are also identified in the feces of healthy pigs [9, 38].
PSVs have been found in pigs in China, South Korea, the
US, European countries, India, Brazil, and Japan [1, 4, 6,
10, 13-16, 29, 39, 41-43, 51, 52]. PSVs were spread by the
fecal—oral transmission route among the pig population and
are thought to be ubiquitous enteric viruses found in pigs
[9, 38, 44].

PSV has an approximately 7.5-kb-long single-stranded
RNA genome with a positive-sense polarity that contains a
single, large open reading frame (ORF). The ORF encodes
a single polyprotein flanked by the 5’ and 3’ untranslated
regions (UTRs) and a poly-A tail at the end of the 3" UTR.
The single polyprotein is subsequently processed into a
leader protein, four structural proteins (VP4, VP2, VP3, and
VP1) derived from P1, and seven non-structural proteins
(2A, 2B, and 2C derived from P2, and 3A, 3B, 3C, and 3D
derived from P3) [55]. The 5" UTR and 3’ UTR are known
to contain important structural motifs. An internal ribosome
entry site (IRES) located in the 5" UTR is necessary for initi-
ating translation from the uncapped viral genome [7, 12, 20,
37]. It is now known that there are five types of IRES, which
are classified according to their nucleotide (nt) sequences
and structural characteristics, and the mechanism of trans-
lation initiation is known [45, 53]. The 3’ UTR of picorna-
viruses contains secondary and tertiary structural elements
and is required for efficiently carrying out viral RNA repli-
cation [8, 23, 32, 36]. In addition to the 5' UTR and 3' UTR
structural elements, cis-acting replication elements (CREy),
which are required for efficiently carrying out the initiation
of a viral complementary RNA strand, have been identified
within the coding region of several picornavirus genomes
[2,8, 11].

Enterovirus G, which belongs to the
Enterovirus/Sapelovirus supergroup together with PSV,
consists of 20 genotypes. These genotypes display more
than 25% nt sequence divergence between each other in the
VP1I gene region [46, 49]. On the other hand, although there
have been reports regarding the antigenic diversity of PSV

[18], there have been no reports describing the serotypes or
genotypes of PSV.

In the present study, to characterize Japanese PSVs pre-
cisely and to compare them with PSVs from other countries,
almost the entire genomes of 23 PSVs detected from the
feces of pigs in Japan were analyzed using bioinformatics
and phylogenetics, using PSV sequences that were obtained
from the DDBJ/EMBL/GenBank database.

Materials and methods
Metagenomic and whole genome analysis of PSV

In a Japanese study regarding Enterovirus G that was con-
ducted using 222 fecal samples of pigs with or without diar-
rhea in 2014-2016 [48], 21 sequence contigs, which were
> 7000 bases in length and showed sequence homology
with PSV, were identified. Two additional > 7000 base PSV
sequence contigs were found from another 8 feces samples
collected from healthy pigs during 2017-2018 in Japan,
using the metagenomics approach. Metagenomic analyses
were performed as described previously [33, 48]. Briefly,
the total RNA was extracted directly from the supernatant
of 10% fecal suspensions. cDNA libraries were prepared
using the NEBNext Ultra RNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, MA, USA) from total RNA.
Deep sequencing was performed using a MiSeq bench-top
sequencer (Illumina, San Diego, CA, USA). FASTQ files
created by the MiSeq Reporter (Illumina) were imported
into the CLC Genomics Workbench 7.5.5 (CLC bio, Aarhus,
Denmark). Contigs were created from trimmed reads using
de novo assembly, with the use of default parameters in the
CLC Genomics Workbench. To evaluate the confidence
of generated contigs, mapping reads were conducted with
regard to a reference using the CLC Genomics Workbench
with the strictest parameter settings (mismatch cost, 2;
insertion cost, 3; deletion cost, 3; length function, 0.9; and
similarity function, 0.9), and 5’ and 3’ sequences with insuf-
ficient read depth (< 3) were omitted. To obtain the complete
sequences at the 3’ end of the genome, commercial kits (3'-
Full RACE Core Set, TaKaRa Bio, Otsu, Japan) were used
to perform the rapid amplification of the cDNA end (RACE).

Genome analyses

Obtained contigs that were more than 7000 nts in length,
for which there was sufficient read coverage, were aligned
using ClustalW [47]. The secondary structures of the viral
RNA were predicted using the Mfold program [56]. Phy-
logenetic analysis was performed based on nt sequence
analysis using the maximum likelihood (ML) method with
the best fit model (GTR + G +1 for VP1, 3CD and P1) in
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MEGA7 [28]. The trees were evaluated using bootstrap anal-
ysis with 1000 replicates [19]. Pairwise sequence identities
were calculated using the CLC Genomics Workbench 7.5.5
(CLC bio). Recombination analysis was performed using the
SimPlot software v. 3.5.1 [30] and Recombination Detection
Program (RDP) v. 4.80 [31].

Results
Identification of nearly complete genome of PSVs

Using the metagenomics approach, 23 contigs that were
> 7000 bases in length with sufficient coverage were identi-
fied from 10- to 80-day-old pigs (Supplementary Fig. 1).
These contigs were confirmed to be sapelovirus sequences
by BLAST analysis. Five of 23 sequences were found in
diarrheal fecal samples from 10- to 80-day-old pigs, which
also contained contigs that showed sequence similarity with
Porcine epidemic diarrhea virus (1 sample), Picobirnavirus
(3 samples), Aichivirus C (3 samples), Teschovirus (2 sam-
ples), Enterovirus G (1 sample), and Rotavirus A (1 sample).
Eighteen sequences were found in fecal samples obtained
from 15- to 60-day-old pigs without diarrhea and their con-
tigs exhibited sequence similarity to those of Teschovirus
(1 sample), Porcine astrovirus (14 samples), Rotavirus C (4
samples), Enterovirus G (5 samples), Picobirnavirus (6 sam-
ples), Sapovirus (5 samples), Porcine torovirus (1 sample),
and Posavirus (1 sample). Information regarding Japanese
PSV strains obtained during the course of this study is sum-
marized in Table 1.

Analysis of the secondary RNA structure
within the 5’ UTR, 2C coding region, and 3' UTR

The secondary RNA structures of the 5" UTR, the CRE
within the 2C coding region, and the 3' UTR were predicted
using the Mfold program. CRE is located in the coding
region for 2C in the PSV genome [42], and CRESs contain
an essential AAACA motif [35]. The stem-loop structures
with the AAACA motif (corresponding to genome position
4419-4478 of PSV V13/1957/GBR) were conserved; how-
ever, there were minor differences among PSVs (Fig. 1).
All hairpin loops contained 16 nts; however, 42 PSVs,
including 16 Japanese PSVs, included a single AAACA
motif, while 29 PSVs, including 7 Japanese PSVs, had 2
copies of the AAACA motif (Fig. 1). To obtain complete
3" UTR sequences, the RACE method was employed and
the complete sequences of eight strains (Ishi-Ya8/2015,
HgTa2-1, HgOg11/2018, Mol2-2/2015, Ishi-Im3/2015,
Ishi-Miya3/2015, HkKa2-2/2015, and DeTk2-2/2015)
were determined. The 3" UTR of PSV was 82-86 nts long,
excluding the poly-A tail. The longest 3' UTR was found
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in HkKa2-2/2015 and DeTk2-2/2015 (Fig. 2a). Secondary
structure analysis revealed that PSVs possessed 3 (domain
X, Y, and Z) or 4 (domain X, Y-1, Y-2, and Z) stem-loop
elements that could be divided into 10 patterns. Japanese
PSVs were divided into seven patterns. Ishi-Im3, Ishi-
Miya3/2015, and DeTk2-2/2015 possessed the small stem-
loop domain Y-2, in addition to the common domains X,
Y, and Z. Although the secondary structures of PSVs were
varied, tertiary interactions between the X and Z domains
were conserved. Seven nt interactions occurred between the
loops of X and Z domains in the 3’ UTR of Jpsv1315/2009/
JPN (Accession No. LC326555), Jpsv447/2009/JPN (Acces-
sion No. LC326556), and V13/1957/GBR; in contrast, the
3" UTR of the other PSVs exhibited an interaction of 8 nts
occurring between the loops of two constituent hairpins
(Fig. 2b).

Sequences of PSV V13/1957/GBR (Accession No.
NC_003987) at the nt positions 169—443 that corresponded
to IRES stem-loop domains II and III [43] within the 5’
UTR of Japanese PSVs and PSVs from the DDBJ/EMBL/
GenBank database were aligned and compared. Sequences
of these regions, and particularly those in the domains
II1d, e, and IIIf were highly conserved (Supplementary
Fig. 2a). The secondary structure analysis of these regions
using the Mfold program showed that the stem-loop struc-
ture of domains II, IIla, ITIb, II1d, Ille, and IIIf were identical
across all PSVs and that the domain IIIc was not present in
any of the PSVs (Supplementary Fig. 2b).

Phylogenetic tree analysis, pairwise sequence
comparison, similarity plot analysis,
and recombination analysis

The phylogenetic tree was constructed by ML method using
nt sequences from the complete VP1 region of 23 Japanese
PSVs and 52 PSV strains from the DDBJ/EMBL/GenBank
database. Japanese PSVs branched into at least 6 lineages
consisting of only Japanese strains or PSVs from other coun-
tries such as China and the USA. PSVs displayed genetic
diversity and formed several clusters; however, some clus-
ters were not supported by >70% bootstrap values (Fig. 3a).
Insertions and/or deletions were found in the 3’ terminal of
the VP1 coding region and had different patterns; however,
the patterns of the insertions and/or deletions were not corre-
lated with the topology of the VP1 tree (Fig. 3b). The phylo-
genetic tree constructed using 3CD nt sequences of Japanese
PSVs and PSVs from the DDBJ/EMBL/GenBank database
using the ML method revealed that the tree topology was
not consistent with that of the VP1 tree. Interestingly, PSVs
formed clusters, which corresponded with the countries
where each of the PSVs was isolated. Japanese PSVs alone
formed two lineages (Fig. 3c). Pairwise sequence calcula-
tions were performed using the CLC Genomics Workbench.
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Table 1 Summary of Japanese porcine sapeloviruses in this study

Strain names Age of  Health status of host Collection date Genome length ~ DDBJ accession nos. Co-infection with other viruses
host (excluding poly-
(days) A)

Mol2-2/2015 60 Without diarrhea 2015.7.2 7425 LC425394 Teschovirus, Porcine astrovirus,
Rotavirus C

HgOg2-5/2015 60 Without diarrhea 2015.7.15 7480 LC425395 Enterovirus G

DeTk2-2/2015 60 Without diarrhea 2015.7.1 7428 LC425396 -

Iba26-489S/2014 10 Diarrhea 2014.3.21 7531 L.C425397 Porcine epidemic diarrhea virus,
Picobirnavirus

Ishi-Ka2/2015 21 Diarrhea 2015.11.5 7543 L.C425398 Aichivirus C, Teschovirus, Pico-
birnavirus

Ishi-Miya3/2015 33 Diarrhea 2015.11.16 7508 LC425399 Rotavirus A (G9P[23), Picobir-
navirus

HgTa2-1/2015 60 Without diarrhea 2015.7.15 7540 L.C425401 Rotavirus C, Porcine astrovirus,
Enterovirus G

HkKa2-2/2015 60 Without diarrhea 2015.7.1 7555 LC425402 -

HkKa2-3/2015 60 Without diarrhea 2015.7.1 7540 LC425403 Porcine astrovirus

HgTa2-2/2015 60 ‘Without diarrhea 2015.7.15 7525 L.C425404 Enterovirus G, Porcine astrovi-
rus, Picobirnavirus, Sapovirus

HgYa2-1/2015 60 Without diarrhea 2015.7.15 7525 LC425405 Rotavirus C, Porcine astrovirus,
Porcine torovirus

HgYa2-2/2015 60 Without diarrhea 2015.7.15 7515 LC425406 -

HgYa2-3/2015 60 Without diarrhea 2015.7.15 7535 L.C425407 Porcine astrovirus, Picobirna-
virus

HgYa2-4/2015 60 Without diarrhea 2015.7.15 7475 LC425408 Porcine astrovirus, Picobirna-
virus

Ishi-Im1/2015 54 Without diarrhea 2015.11.6 7547 LC425409 Sapovirus, Porcine astrovirus,
Picobirnavirus, Posavirus

Ishi-Im3/2015 41 Without diarrhea 2015.11.6 7554 LC425410 Porcine astrovirus, Picobirna-
virus

Ishi-Kal/2015 21 Diarrhea 2015.11.5 7545 LC425411 Teschovirus, Aichivirus C

Ishi-Ya8/2015 80 Diarrhea 2015.10.29 7528 LC425412 Enterovirus G, Aichivirus C

HgYal/2016 60 Without diarrhea 2016.12.6 7526 LC425413 Enterovirus G, Porcine astrovi-
rus, Rotavirus C, Sapovirus

Mol2/2016 60 Without diarrhea 2016.12.6 7514 LC425414 Porcine astrovirus

Mol3/2016 60 Without diarrhea 2016.12.6 7540 LC425415 Porcine astrovirus, Picobirna-
virus

Ishi-Ka2/2017 15 Without diarrhea 2017.11.1 7534 LC425416 Sapovirus, Porcine astrovirus

HgOg11/2018 38 Without diarrhea 2018.6.27 7521 LC425417 Porcine astrovirus, Enterovirus

G, Sapovirus

It was revealed that all Japanese PSVs shared high sequence
identities with regard to their 3CD nts and amino acid (aa)
sequences (nt: 88.8-100%, aa: 97.2-100%), but shared low
nt and aa identities of 86.5-92.3% and 95.8-99.7%, respec-
tively, with PSVs from other countries (Supplementary
Tables 1, 2). Chinese PSVs also shared a higher sequence
homology with regard to their 3CD region (nt: 91.0-100%,
aa: 98.3—-100%) than that observed for PSVs from other
countries (nt: 86.8-92.3%, aa: 95.7-99.7%). In contrast, with
regard to the VP1 region, Chinese strains shared >70.8% (nt)
and >75.1% (aa) identities with each other, whereas Chi-
nese strains showed >71.8% and >76.1% nt and aa sequence

homologies, respectively, with strains from other countries.
The lowest nt sequence identities were 70.8% for the VP1
(HuN9/2016/CHN vs. HuN16/2016/CHN) and 86.5% for the
3CD (Ishi-Miya3/2015/JPN vs. IVRI/PSV/SPF/C-6/2015/
IND) sequences (Supplementary Table 1).

Since different topologies were observed between the
VP1 tree and 3CD tree, recombination analyses were per-
formed. Using SimPlot analysis, several crossover sites
were identified. Ishi-Ka2/2015 had high nt sequence simi-
larity with Hg'Ya2-4/2015 in the 5’ UTR, L and VP4 coding
regions, P2 and P3 coding regions, and 3’ UTR, whereas
VP2, VP3, and VPI coding regions were highly similar to
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those of Ishi-Ka2/2017, suggesting a recombination event
(Fig. 4a, b). HgYa-1/2016 displayed significant sequence
identity with HgTa2-2 in the 5 UTR, P1 region, and 3’ half
of ORF, whereas HgYa-1/2016 showed higher sequence
similarity with MoI3/2016 than HgTa2-2/2015 in 2A cod-
ing region, suggesting a recombination event (Fig. 4a, c).
Almost all crossover sites were mapped in the 5' UTR to 2B
region. Bootstrap scanning analyses revealed that possible
recombination breakpoints were identified in the 5’ UTR,
VP4, VP2, VP1, 2A, and 2B regions (Fig. 4b, c; Supple-
mentary Fig. 3). Among these, two possible recombination
breakpoints were closely located at the nt insertion and/or
deletion sites at the 3’ terminal of the VP1 coding region
(Fig. 4b, ¢).

Discussion

Using the metagenomics approach, 23 nearly complete
genomes of PSVs were identified from 230 fecal samples
that were obtained from 10- to 80-day-old pigs in Japan.
PSVs are believed to cause diarrhea [3, 21, 25, 29, 39]; on
the other hand, PSVs are frequently found in apparently
healthy pigs [9, 38]. Though this study did not aim to inves-
tigate PSV prevalence and the health status of detected pigs,
we were able to identify > 7000 base contigs more frequently
in healthy pigs (18/23; 78.3%) than in diarrheal pigs (5/23;
21.7%).

Picornaviruses possess several distinct cis-active RNA
elements in their genomic RNA within the ORF or the 5' or
3" UTRs that are necessary for viral RNA replication [35].
However, there are few reports describing the cis-active
RNA elements of PSV. Therefore, the cis-active RNA ele-
ments of PSVs were further analyzed in this study. Sequence
comparison and secondary structural analysis of the 5" UTR
sequences corresponding to the IRES stem-loop domains II
and IIT of 40 PSVs, including 23 Japanese PSVs detected in
this study, showed that the sequences and structural features
of the stem-loop domains II and III were highly conserved
across all PSVs. Mfold analysis of the CREs located in the
2C regions of 23 Japanese PSVs and in 48 PSVs from other
countries revealed that although the secondary structures of
PSVs were slightly different, the stem-loop structures were
well conserved. Within the predicted loop, an AAACA motif
and two copies of the AAACA motif were found in the 2C
region of 42 PSVs (including 16 Japanese PSVs) and 29
PSVs (including 7 Japanese PSVs), respectively. The CRE
is an element that is important for positive-sense RNA syn-
thesis in picornaviruses through VPg uridylylation, and it
provides a template for the addition of uridine onto VPg
[40, 43]. However, the effect of the difference in the copy
number of the AAACA motif still needs to be elucidated. In
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contrast to the IRES and CRE, varied predicted secondary
structures of 3' UTRs were identified and could be classified
into 10 patterns. A “kissing” interaction between domains
X and Y of the 3’ UTR is thought to play an important role
in viral negative-strand RNA synthesis [32]. Although an
interaction of 7 or 8 nts between the loops of domains X
and Z was observed, this tertiary structure was highly main-
tained among all PSVs. These data show that the genomic
RNA of PSVs exhibits different nt sequences; however, the
secondary or tertiary structures of cis-active RNA elements
are conserved in their genomic RNA, within the 5" UTR,
2C, and 3’ UTR.

Phylogenetic analysis was conducted using the VP1
coding region, and it revealed that Japanese PSVs exhibit
genetic diversity and that they are either clustered with
Japanese PSVs alone or with Chinese or US PSVs. Several
clusters were found in the VP1 tree; however, many clusters
were not supported by sufficient bootstrap values. We also
constructed a phylogenetic tree using nt sequences of the
complete P1 region (Supplementary Fig. 4). The topology
and phylogenetic clustering of the P1 tree was slightly dif-
ferent from that of the VP1 tree and the P1 tree observed in
the previous report [52], suggesting that PSVs could not be
classified into genotypes at present. VP1 is one of the outer
most viral protein, which induces host immunity, and VP1
sequence comparison has been adopted for the genotyping
of several picornaviruses [34]. As for Enterovirus G, which
belongs to the picornavirus supergroup 3 together with PSV,
one of the criterions for genotype classification is >25% nt
sequence divergence in the complete VP1 region between
isolates [49, 50]. The complete VP1 nt and aa sequences
identities of PSVs were > 70.8% and > 75.1%, respectively,
and these values were less diverse than those of porcine
enteroviruses (>53.9% and > 53.3%, respectively). This
might be one of the reasons why the genotyping PSVs is
known to be difficult. Further studies including reconstruc-
tion of phylogenetic tree after more sequence data accumu-
late for the PSV VPI region and antigenicity tests by using
antisera or sera isolated from seropositive pigs are needed
to classify PSVs precisely.

The results of recombination analysis of PSVs revealed
that the sites of possible RNA recombination events between
Japanese PSVs and their possible recombination breakpoints
were located upstream of the 2B region, which was con-
sistent with the results of previously conducted studies [52,
53]. Some of the possible recombination breakpoints were
located at the nt insertion and/or deletion sites in the C-ter-
minal VP1 region. However, the insertions and/or deletion
patterns did not correlate with the topology of the VP1 phy-
logenetic tree, suggesting that RNA recombination events do
not attribute to the VP1 phylogeny. The topology of the 3CD
phylogenetic tree was different from that of the VP1 tree,
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«Fig. 1 Genome analysis of the putative cis-replication element (CRE)
of Japanese PSVs using PSVs from DDBJ/EMBL/GenBank database.
a Alignment of nt sequences of putative CRE in the 2C region of
PSVs. b Secondary structure prediction of putative CREs within the
2C region of PSVs. The AAACA motifs are shown in red letters

i.e., PSV strains of each country were clustered together.
This indicates that the VP1 and 3CD regions have evolved
independently and that the 3CD region might be less affected
by RNA recombination events, because the possible recom-
bination breakpoints identified in this as well as previous
studies were located upstream of the 2B region.
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PSVs could not be classified into genotypes at present. RNA
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might provide evidence for carrying out the evaluation of the
epidemiological basis of PSVs and uncover the mechanisms
of evolution of PSVs.
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Fig.2 Genome analysis of the 3" UTR of Japanese PSVs using the
PSVs from the DDBJ/EMBL/GenBank database. a Alignment of
complete or almost complete nt sequences of PSVs. The extreme 3’
sequences of 12 strains (Iba-26-489S/2014, HgOg2-5/2015, HgTa2-
2/2015, HgYa2-1/2015, HgYa2-3/2015, HgYal/2016, Mol3/2016,
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8: OPY-1/2017/FRA
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HkKa2-3/2015) are incomplete. b Secondary and tertiary structure
prediction of the 3" UTR. Predicted “kissing” interactions between
the loops of X and Z domains are indicated by lines
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