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The raccoon dog (Nyctereutes procyonoides), classified in the order Carnivora within the family
Canidae, is native to East Asia and widely distributed throughout Japan due to its adaptability to
various environments. Despite the close relationship between raccoon dogs and other animals,

viruses infecting raccoon dogs have not been thoroughly investigated in Japan. In this study, we
performed metatranscriptomic analyses using fecal samples collected from latrines of wild raccoon
dogs in two locations on mainland Japan. Nearly complete viral genomes were identified, including
viruses belonging to the genus Kobuvirus (CaKoV), an unclassified canine sapelovirus within the
subfamily Ensavirinae (CaSaV), the Genius Mamastrovirus (CaAstV), unclassified hepe-astro-like virus
(bastrovirus-like) (Bast-like V), and an unclassified dicistrovirus (DiciV) within the family Dicistroviridae.
Phylogenetic analyses revealed that raccoon dog CaKoV, CaSaV, and CaAstV are related to canine
strains but form independent clusters specific to raccoon dogs, suggesting they have evolved within
this host population. Bast-like V, detected for the first time in raccoon dogs, showed high sequence
identity with viruses previously identified in Chinese shrews. The shared insectivorous nature of these
hosts and in silico host range predictions suggest that Bast-like Vs may originate from arthropod
viruses. Although DiciV is likely of dietary origin due to its arthropod hosts, the large number of
sequence reads detected and the phylogenetic clustering of raccoon dog DiciVs with mammalian
DiciVs indicate the need to assess their potential infectivity in mammals and the risk of spillover. These
findings suggest that raccoon dogs harbor endemic viruses within the canine population and may act
as potential vectors for viruses with unknown infectivity in mammals but with spillover risk.

Keywords Wild raccoon dog, Metatranscriptomic analysis, Fecal viruses, Invertebrate-related viruses,
Spillover risk potential

The raccoon dog (Nyctereutes procyonoides) is a medium-sized carnivore belonging to the order Carnivora,
family Canidae. Its native distribution includes East Russia, China, Mongolia, Vietnam, Korean Peninsula and
Japan'~3. In the middle of the twentieth century, this species was introduced as a fur-bearing animal and has
become widespread in northern and eastern Europe, causing problems in local ecosystems and public health®.
Globally, they are classified into six subspecies, including N. procyonoides ussuriensis (eastern China and south-
eastern Russia), N. procyonoides procyonoides (Indochina and China), N. procyonoides orestes (southwestern
China), N. procyonoides koreensis (Korean Peninsula), N. procyonoides viverrinus (Japan, except Hokkaido),
and N. procyonoides albus (Hokkaido, Japan)>~’. Recently, the Japanese raccoon dog, including the latter two
subspecies, has been speculated to be a different species from continental populations through chromosomal,
molecular, and morphological studies®='. This species is distributed throughout the country, except on the
Tokara, Amami, Okinawa, and Sakishima islands'“. Japanese raccoon dogs are opportunistic omnivores with
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various diets including fruits, vegetables, invertebrates, small vertebrates, carrions, and garbagels‘zz. This
feeding plasticity can also help Japanese raccoon dogs inhabit various habitats, from subalpine mountains'®? to
seashores?*2%, and from natural forest?”-?® to agricultural satoyama region®*” and urban area®2. They have a
unique defecation behavior using communal latrines, which may serve as olfactory communication to exchange
their individual, sexual, reproductive, dietary, and spatial information®*33-35,

Although metatranscriptome analysis has facilitated the discovery of RNA viruses, accurately estimating
their host range remains crucial for understanding their ecology, evolution, and pathogenicity. Traditional
bioinformatics approaches, such as similarity-based methods (e.g., BLAST) and phylogenetic analyses, rely on
the availability of genetically close reference sequences in databases. However, these methods often fall short
when dealing with novel or highly divergent viruses. To address this gap, sequence composition analysis offers
a practical and accessible approach to host prediction. Organisms and their viruses exhibit distinct codon usage
biases shaped by evolutionary pressures. For example, bacteriophages often adapt their codon usage to match that
of their bacterial hosts closely, likely to enhance replication efficiency within the host’s cellular environment¢-3,
In contrast, viruses infecting eukaryotic hosts may adapt their genome composition to evade immune responses,
reflecting a different evolutionary pressure3*. These host-specific adaptations are reflected in viral genomes
and provide a basis for using nucleotide composition in host prediction. Previous studies have demonstrated
nucleotide composition for predicting host range, successfully identifying host groups for the picorna-like
virus family*"2, This approach is intended as an initial screening step rather than a definitive classification,
and the adaptability of this approach depends on the virus. However, narrowing down potential host groups
enables researchers to prioritize subsequent analyses, such as phylogenetic inference or experimental validation,
facilitating a more efficient workflow for novel virus characterization.

Raccoon dogs harbor various potentially harmful pathogens that can affect animals, including humans.
Several viruses, such as rabies virus, Japanese encephalitis virus, influenza A virus, hepatitis E virus, canine
distemper virus, and canine parvovirus, have been identified in wild or farmed raccoon dogs43‘48. However,
detailed studies on the viruses carried by raccoon dogs in Japan remain limited, highlighting the need for
further research. In this study, we investigated the viruses present in the feces of raccoon dogs by performing
metatranscriptomic analyses using fecal samples collected from latrines located in two distinct environments in
Japan: a large green area surrounded by urban areas (Site 1) and a small island (Site 2).

Results

Identification of nearly complete viral genomes and confirmation of raccoon dog origin of
fecal samples

Because the viral composition in fecal samples may be influenced by the habitat of free-living raccoon dogs,
we selected two study areas: a large green space surrounded by urban regions (Site 1) and a small island off a
peninsula (Site 2), to investigate raccoon dog fecal viromes. Fecal samples were collected during winter, spring,
and fall to represent each season. When an insufficient quantity of fresh feces was obtained in a single survey,
additional collection efforts were conducted through repeated visits to latrine sites. Although fecal sampling was
also carried out in summer for dietary analysis, these samples were excluded from virome analysis due to the
empirically observed low success rate of nucleotide extraction from feces collected during this season. In total,
58 and 61 fecal samples were collected from the latrines of wild raccoon dogs in the large green area surrounded
by urban environments (Site 1; 35.562620, 139.490122) between April 9 and November 27, 2023, and from
Izushima, an isolated small island off the peninsula (Site 2; 38.456311, 141.524184) between May 5, 2023, and
May 2, 2024.

This study focused on vertebrate- and invertebrate-associated viruses recently detected in mammals, with
the aim of analyzing the identified viruses in detail. Using a metatranscriptomic approach, RT-PCR, and Sanger
sequencing, we identified nearly complete genome sequences of viruses belonging to the genus Kobuvirus and
an unclassified genus within the family Picornaviridae, the genus Mamastrovirus within the family Astroviridae,
hepe-astroviruses (Bastrovirus, unclassified family), and an unclassified genus within the family Dicistroviridae.
These identifications were made using the National Center for Biotechnology Information (NCBI) BLAST
program (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Nearly complete genomes of two canine sapeloviruses
(CaSaV), one astrovirus (Mamastrovirus canis, CaAstV), and three bastrovirus-like viruses (Bast-like Vs) were
identified exclusively in fecal samples from Site 1 raccoon dogs. In contrast, four canine kobuviruses (Kobuvirus
aichi, CaKoV) and 11 dicistroviruses (DiciV) were found in samples from both Site 1 and Site 2 (Table 1).

Since fecal samples were collected from latrines, PCR and sequencing of mtDNA were employed to confirm
that the samples containing these nearly complete viral genomes originated from raccoon dogs. Based on the
nucleotide (nt) sequences of the cytochrome b (Cytb) gene of mitochondrial DNA (mtDNA), all 19 specimens
analyzed (seven from Site 1 and 12 from Site 2) were identified as raccoon dogs (Nyctereutes procyonoides
viverrinus). Further analysis of partial sequences from the D-loop hypervariable regions of mtDNA revealed that
all seven samples from Site 1 belonged to the NproD11 haplotype, whereas the samples from Site 2 consisted of
the NproD21 (eight samples) and NproD41 (four samples) haplotypes. These haplotypes were phylogenetically
associated with the Japanese raccoon dog (Nyctereutes procyonoides viverrinus) rather than the continental
raccoon dog. The results confirmed that the haplotypes differed between samples from Site 1 and those from Site
2, indicating no epidemiological connection between two populations.

Detection of CaKoVs, including a recombinant strain

Two partial sequence contigs of the CaKoV genome were detected in raccoon dog samples from both Site 1
and Site 2. Complete genome sequences were determined using RT-PCR with primers designed for full-length
genome amplification (Supplementary Table 1) and Sanger sequencing. Initially, these raccoon dog CaKoVs
were compared with Japanese CaKoVs; however, only partial 3D sequences from Japanese CaKoVs, including
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Detected nealy complete viral genome Detected viruses using RT-PCR
Region (geographic coordinates) | Collection date | Samples | CaKoV | CaSaV | CaAstV | Bast-like V | DiciV | CaKoV | CaSaV | CaAstV | Bast-like V | DiciV
Site 1 (35.562620, 139.490122) 2023.4.9 38 1 2 2 1 4 12 19 7 13
Site 1 (35.562620, 139.490122) 2023.9.26 1
Site 1 (35.562620, 139.490122) 2023.10.8 9 1 1 4 2
Site 1 (35.562620, 139.490122) 2023.11.27 10 1 2 9 2
Site 2 (38.456311, 141.524184) 2023.5.5 1 1
Site 2 (38.456311, 141.524184) 2023.11.19/20 15 3 1
Site 2 (38.456311, 141.524184) 2024.2.24 20 2 10 4 16
Site 2 (38.456311, 141.524184) 2024.4.29 7 1 7
Site 2 (38.456311, 141.524184) 2024.4.30 10 8
Site 2 (38.456311, 141.524184) 2024.5.1 5 3
Site 2 (38.456311, 141.524184) 2024.5.2 3 2

Table 1. Information on detected viruses in the raccoon dog fecal samples.
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Fig. 1. Phylogenetic analyses based on partial nucleotide sequences of the 3D region (A) and complete
nucleotide sequences of the VP1 region (B) of Japanese raccoon dog CaKoV and kobuvirus strains obtained
from the GenBank/EMBL/DDB]J databases. Phylogenetic trees were constructed using the maximum
likelihood method in MEGA7 with best-fit models: HKY + G + I model for the 3D region and GTR + G model
for the VP1 region. Bootstrap values greater than 70 (1000 replicates) are shown. The scale bars represent
corrected genetic distances. CaKoV's from Japanese raccoon dogs and other Japanese CaKoVs, excluding
raccoon dog strains, are highlighted in red and green, respectively.

those from canine®® and sewage® samples, were available. A phylogenetic tree constructed using 390 nt of the
3D region revealed that CaKoVs from Site 1 and Site 2 raccoon dogs clustered separately. Site 1 CaKoV's formed
a cluster with CaKoVs from various countries, including China, Brazil, Thailand, South Korea, and Japan,
whereas Site 2 CaKoVs clustered with Japanese canine CaKoVs (Fig. 1A). Since the VP1 region is the most
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variable in picornaviruses and is commonly used for classification, we performed phylogenetic analysis and
pairwise sequence identity comparisons using the complete VP1 nt sequences. In the VP1 phylogenetic tree,
the Site 1 and Site 2 raccoon dog CaKoVs exhibited significant divergence. However, one of the Site 1 CaKoVs,
CaKoV/raccoon dog/Kodo2023-40/2023/JPN (CaKoV_Ko0do2023-40), clustered with Site 2 CaKoVs, forming
an independent cluster consisting exclusively of raccoon dog-derived CaKoVs. Another Site 1 CaKoV grouped
within clusters of CaKoVs from China, Thailand, and Vietnam (Fig. 1B).

Phylogenetic analyses of the 3D and VPI nt sequences demonstrated that CaKoV_Ko0do2023-40 branched
with another Site 1 strain, CaKoV/raccoon dog/2023-5/2023/JPN (CaKoV_Ko0d02023-5), in the 3D region,
but branched with the Site 2 CaKoVs in the VPI region. This finding suggests the occurrence of a possible
homologous recombination event. Recombination analyses were performed using the sequences of CaKoV_
Kodo02023-40, CaKoV_Ko0do2023-5, and the Site 2 strain CaKoV/Izus2024-3/2024/JPN (CaKoV_Izus2024-
3) with SimPlot v.3.5.1°! and the Recombination Detection Program (RDP) v.5.5%2. A similarity plot analysis
revealed that CaKoV_Kod02023-40 exhibited higher nt similarity to CaKoV_Kod02023-5 in the 5" UTR to VP3
and 2A to 3’ UTR regions, while showing lower similarity to CaKoV_Kod02023-5 than to CaKoV_Izus2024-
3 in the VP1 region. These results support the occurrence of a recombination event (Fig. 2A, B). Bootstrap
scanning analysis using RDP identified a possible recombination breakpoint near the VP1 region (Fig. 2A, C).
CaKoV_Kodo02023-40, CaKoV_Kodo02023-5, and CaKoV_Izus2024-3 were predicted to be the recombinant,
major parent, and minor parent, respectively. This recombination event was strongly supported by P-values
of 7.515x10722, 3.103x 1071%, 2.177 x 107'°, 5.842x 10718, 2.540 x 107!1, and 2.152x 1072! for RDP, BootScan,
MaxChi, Chimaera, SiScan, and 3Seq methods, respectively.

First identification of CaSaV in Japan

CaSaV has primarily been identified in the feces of dogs and red foxes in China, the United Arab Emirates
(UAE), and Australia, and more recently in municipal wastewater in the United States. However, CaSaV has not
been previously reported in Japan. In this study, two complete CaSaV genomes were detected in raccoon dogs
from Site 1. Since Faleye et al. conducted genotyping of CaSaV using the complete capsid region (VP4-VP1)>,
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Fig. 2. (A) Genome structure of CaKoV. (B) Similarity plots of LC849238_CaKoV/Raccoon dog/Kodo2023-
5/2023/JPN (red curve) and LC849235_CaKoV/Raccoon dog/Izus2024-3/2024/JPN (blue curve), using
LC849239_CaKoV/Raccoon dog/Kodo2023-40/2023/JPN as the query sequence. The analysis was performed
with a sliding window of 200 nucleotides and a step size of 20 nucleotides. (C) Recombination analysis of the
genome comparing Kodo2023-5/2023 vs Kodo2023-40/2023 (yellow curve), Kodo2023-5/2023 vs Izus2024-
3/2024 (blue-green curve), and Kodo2023-40/2023 vs 1zus2024-3/2024 (purple curve).
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a phylogenetic tree was constructed based on the capsid region. The analysis included viruses belonging to the
genera Anativirus, Boosepivirus, Diresapivirus, Enterovirus, Felipivirus, Parabovirus, Rabovirus, and Sapelovirus
within the subfamily Ensavirinae, as well as a recently reported raccoon dog picornavirus from China®*.
Phylogenetic analysis revealed that CaSaVs, Rhinolophus picornaviruses, and sapelo-like bat picornaviruses
formed a distant branch from other ensaviruses, including the raccoon dog picornavirus, which was more
closely related to a felipivirus from Chinese cats. The raccoon dog CaSaV identified in this study was closely
related to group C-II, which includes CaSaV strains detected in Chinese dogs and U.S. sewage. Additionally, it
formed an independent branch, sharing 79.27-80.17% nt sequence identity and 91.48-91.98% amino acid (aa)
sequence identity with the C-II strain (Fig. 3 and Supplementary Table 2).

Detection of CaAstV closely related to CaAstVs from Korean raccoon dog

Incomplete-length CaAstV sequences were obtained from a single sample collected at Site 1. Sequence-specific
primers were designed to amplify the 3’ end of the genome (Supplementary Table 3), and the complete coding
sequence (CDS) was determined by RT-PCR and Sanger sequencing. In Japan, only one complete genome
sequence for canine CaAstV (Mamastrovirus canis) has been reported®, along with five partial sequences of
the ORF1b region detected in sewage®®, which are available in the GenBank database. A phylogenetic tree
constructed using these short ORF1b sequences revealed that CaAstV/raccoon dog/Kodo2023-51/2023/JPN
(CaAstV Kodo2023-51) was distantly related to Japanese CaAstVs detected in sewage. However, it showed a
closer relationship to a CaAstV strain from a Japanese dog (LC845131 KU-D4-12) and clustered with European,
Chinese, and Korean raccoon dog CaAstVs (Fig. 4A). Since complete ORF2 sequences are required for
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Fig. 3. Phylogenetic analyses based on the complete nucleotide sequences of the P1 region of Japanese raccoon
dog CaSaVs and ensavirus strains obtained from the GenBank/EMBL/DDB] databases. The phylogenetic trees
were constructed using the maximum-likelihood method in MEGA7 with best fit models (GTR + G model).
Bootstrap values above 70 (1,000 replicates) are indicated. Bars represent corrected genetic distances. CaSaVs
from Japanese raccoon dog strains are indicated in red.
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Fig. 4. Phylogenetic analyses based on the complete nucleotide sequences of ORF2 (A) and partial ORF1b (B)
of Japanese raccoon dog CaAstV and CaAstV strains obtained from the GenBank/EMBL/DDB] databases. The
phylogenetic trees were constructed using the maximum-likelihood method in MEGA7 with best fit models
(GTR+G for ORF2 and T92 + G for ORF1b). Bootstrap values above 70 (1,000 replicates) are indicated. Bars
represent corrected genetic distances. CaAstVs from Japanese raccoon dog, raccoon dog CaAstVs from outside
Japan, and Japanese CaAstV from dog strains are indicated in red, blue, and green, respectively.

astrovirus species demarcation®’, a phylogenetic analysis based on ORF2 nt sequences was performed. CaAstV
Ko0do2023-51 was found to be closely related to Korean raccoon dog CaAstVs, exhibiting high sequence identity
(95.25-96.55% for nt and 95.85-96.37% for aa). In contrast, it was distantly related to LC845131 KU-D4-12, as
well as European and Chinese CaAstVs, with nt and aa sequence identities of 79.08-79.82% and 81.37-81.76%,
respectively (Fig. 4B, Table 2).

Closely relationship between raccoon dog Bast-like Vs and viruses from Chinese shrew
Through BLAST analysis, contigs showing sequence homology to Bast-like V were identified in the samples from
Site 1. This is the first report of Bast-like V detection in raccoon dogs. Initially, these contigs exhibited the highest
similarity to a bat Bast-like V (accession no. NC_032426), but the sequence identity was only approximately
50%. To obtain the complete sequence of the raccoon dog Bast-like V, primers were designed based on the
sequences of the identified Bast-like V contigs (Supplementary Table 4), and RT-PCR was performed. PCR
products covering the Bast-like V genome were successfully amplified from three samples, and full-length
CDSs were obtained from two of them through Sanger sequencing. Upon determining the complete raccoon
dog Bast-like V sequences, BLAST analysis revealed that their closest homologs were Chinese shrew viruses,
with nt sequence identities of 86.22-86.74% and 99-100% coverage. Due to differences in genome organization
between Bast-like V, hepeviruses, and astroviruses, as well as the low sequence identities outside the conserved
RNA-dependent RNA polymerase (RdRp; ~800 nt) and capsid protein (~2000 nt) regions, phylogenetic tree
analyses and pairwise sequence comparisons were conducted using these conserved regions. The phylogenetic
tree constructed using RdRp aa sequences showed that raccoon dog Bast-like Vs were closely related to viruses
identified in the lungs of Chinese shrews between 2018 and 2021°%, forming a well-supported cluster with 100%
bootstrap support. These viruses were also related to a virus found in a bird in New Zealand, and together they
formed a larger cluster with viruses primarily derived from environmental samples worldwide (Fig. 5A). In the
capsid phylogenetic tree, raccoon dog Bast-like Vs also clustered with Chinese shrew viruses; however, the New
Zealand bird virus was more distantly related to the raccoon dog and shrew Bast-like Vs (Fig. 5B). Raccoon
dog Bast-like Vs shared high nt and aa sequence identities with Chinese shrew strains in the RdRp region
(86.69-88.24% and 98.14-98.60%, respectively) and in the capsid region (88.16-90.18% and 92.11-95.53%,
respectively) (Table 3).
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Fig. 5. Phylogenetic analyses based on the amino acid sequences of the capsid (A) and RNA dependent

RNA polymerase (RdRp) (B) of Japanese raccoon dog Bast-like Vs and Bast-like V strains obtained from the
GenBank/EMBL/DDB]J databases. The phylogenetic trees were constructed using the maximum likelihood
method in MEGA7 with best-fit models (LG + G +F for the capsid and LG + G + I model for the RdRp).
Bootstrap values above 70 (1,000 replicates) are indicated. Bars represent the corrected genetic distances.
Bast-like Vs from Japanese raccoon dog and viruses detected from vertebrates are highlighted in red and green,
respectively.

Identification of DiciVs from raccoon dogs in both Site 1 and Site 2 areas

One and ten contigs representing nearly complete genome sequences, including full CDSs, of DiciVs, were
identified in raccoon dog samples from Site 1 and Site 2, respectively. Raccoon dog DiciVs were classified
into two genotypes, sharing 86.58-86.66% nt sequence identity in ORFI and 85.98-86.02% in ORF2. DiciV's
identified from Site 1 exhibited high similarity to those from Site 2, with 96.97-96.99% nt sequence identity
and 98.98-99.05% aa sequence identity (Table 4). Phylogenetic trees based on ORF1 and ORF2 aa sequences
revealed that raccoon dog DiciV's were most closely related to squirrel DiciV from the United Kingdom, as well
as to DiciVs from red pandas and bats in China. These DiciVs formed a larger cluster predominantly composed
of mammalian-host DiciVs (raccoon dogs, squirrels, red pandas, bats, and gorillas) (Fig. 6A, B). Raccoon dog
DiciVs shared 52.92-57.50% nt and 47.42-49.66% aa sequence identity in ORFI, and 51.59-52.71% nt and
44.77-45.22% aa sequence identity for ORF2 with squirrel, red panda, and bat DiciVs. In contrast, they exhibited
lower identity with insect-associated viruses in the genera Aparavirus, Cripavirus, and Triatovirus (Table 4), with
32.76-36.11% nt and 16.58-17.71% aa sequence identity in ORFI, and 29.04-33.51% nt and 14.18-20.27% aa
sequence identity in ORF2.

Frequency of CaKoV, CaSaV, CaAstV, Bast-like V, and DiciV in fecal samples

To determine the frequency of CaKoV, CaSaV, CaAstV, Bast-like V, and DiciV in raccoon dog fecal samples, RT-
PCR was performed using virus-specific primer pairs (Supplementary Table 5). RT-PCR analysis revealed that
12 (20.7%) and 15 (25.9%) out of 58 samples from Site 1 were positive for CaSaV and Bast-like V, respectively,
while no positive samples for these viruses were found at Site 2. CaKoV, CaAstV, and DiciV were detected in 5
(8.6%), 25 (43.1%), and 15 (25.9%) of 58 samples from Site 1, and in 9 (14.8%), 1 (1.6%), and 36 (59.0%) of 61
samples from Site 2, respectively (Table 1). It is important to note that, since these fecal samples were collected
from communal latrines, the results may not accurately reflect prevalence rates, as some samples may originate
from the same individuals. The potential for overlapping samples differs between Site 1 and Site 2. At Site 1, the
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bait marking method conducted at the site distinguished individuals into four groups (our unpublished data).
Assuming each group consisted of a pair of individuals, at least eight individuals were present. In contrast, at Site
2, analysis of individually identified fecal DNA by Kubo et al. estimated an average of 60 raccoon dogs (21.7-24.3
animals/km?) on the island®. Furthermore, the infection status of the same individuals may vary depending on
the sampling periods, and samples from the same individuals could be considered independent. To estimate
the proportion of overlapping samples, we conducted a simulation under the assumption that fecal samples
were randomly selected. For Site 1, we estimated overlap when one to 38 fecal samples were collected from 8
individuals, while for Site 2, we estimated overlap when 3 to 20 fecal samples were collected from 60 individuals.
Using 10,000 iterations of resampling, we calculated the proportion of unique samples and their confidence
intervals with the statistical software R. The results indicate that an estimated 79% of the samples from Site 1
and 14% of the samples from Site 2 were duplicates at most. Based on these estimates, the effective sample size,
adjusted for unique individual, was calculated to be 75.7 (n=119) (Supplementary Table 6).

In silico host range prediction

Given that the Bast-like Vs detected in raccoon dogs and shrews clustered with Bast-like Vs from various hosts
in the phylogenetic analysis, and considering that DiciVs are typically associated with arthropods, an in silico
host range prediction was conducted using established methods*"*. For this analysis, we utilized a sequence
dataset in which the infected hosts were reported by Orf et al.*2. The results showed that all Bast-like Vs from
raccoon dogs and Chinese shrews clustered within the invertebrate group (Fig. 7A). Similarly, raccoon dog
DiciVs, along with DiciVs from squirrels, red pandas, gorillas, bats, and birds, fell within the 90% confidence
ellipse for the invertebrate group (Fig. 7B).

Discussion

It has been proposed that the Japanese raccoon dog is genetically and morphologically distinct from the
continental raccoon dog'>!>. Japanese raccoon dogs have been geographically isolated from their continental
counterparts by the sea separating Japan from the mainland. In continental raccoon dogs, including farmed
animals, viruses that infect animals have been reported in countries such as China and South Korea. In Japan,
aside from Japanese encephalitis virus, distemper virus, and group A rotavirus®®**%0-62 virome data from
Japanese raccoon dogs are scarce. In this study, no viruses potentially harmful to humans or livestock were
detected. However, two picornaviruses and one astrovirus associated with dogs were identified. Picornaviruses
are non-enveloped, small icosahedral viruses with positive-sense RNA genomes. The family Picornaviridae
currently comprises 68 genera and 159 species (as of March 2024: https://www.picornaviridae.com); however,
many viruses remain unclassified. CaKoV belongs to the genus Kobuvirus, while CaSaV, though part of the
subfamily Ensavirinae, is not classified within any genus.

CaKoVs have been identified in domestic dogs across Europe, the Americas, and Asia, including Japan, and
are suspected to cause gastroenteritis in some dog populations®. Although no diarrheal samples were analyzed
in this study, CaKoV was detected in 8.6% and 14.8% of samples from Site 1 and Site 2, respectively. Phylogenetic
analysis based on partial sequences of the 3D region, a conserved region in RNA viruses, revealed that the CaKoV
strains from Sites 1 and 2 branched separately, although both were homologous to CaKoV's from Japanese dogs
and sewage. In contrast, in the VP1 tree, a highly variable region, one CaKoV from Site 1 and all strains from
Site 2 branched distinctly from other CaKoVs, forming a single cluster. This suggests that these strains may have
evolved within the Japanese raccoon dog population. Furthermore, the CaKoV Kod02023-40 strain from Site
1 appeared to be a recombinant strain, likely involving recombination between viruses from Sites 1 and Site 2
near the VP1 region. Given that these sites are approximately 400 km apart, direct contact between raccoon dogs
is unlikely. However, the presence of CaKoV strains at both sites suggests a potential for recombination. Mixed
infections in communal latrines or contaminated feeding sites might facilitate such recombination events.

Another picornavirus, CaSaV, has been detected in the feces, urine, and respiratory swabs of dogs and red
foxes in China®-%, the UAE®, and Australia®’, and more recently in U.S. wastewater>’. However, its association
with disease remains inconclusive®. This study reports the first detection of CaSaV in Japanese raccoon dogs.
The picornaviruses detected in raccoon dogs in China were distantly related to CaSaVs, branching separately
among ensaviruses, suggesting they could represent a new genus within the subfamily Ensavirinae. Japanese
CaSaV's were related to group C-II, which includes Chinese CaSaV's from dogs and U.S. sewage, but with P1 nt
sequence identities of 79.27-80.17%, they formed an independent branch. This suggests that CaSaV is evolving
in the raccoon dog population at Site 1.

Astroviruses are small, icosahedral, non-enveloped RNA viruses with a star-like surface structure,
transmitted primarily via the fecal-oral route>”%. The astrovirus identified in this study belongs to the species
Mamastrovirus canis (CaAstV), which is primarily found in dogs, although other astroviruses have also been
detected in canine specieség. In raccoons, as in dogs, CaAstV and other astroviruses, including neurotropic
astroviruses belonging to the HMO clade and unclassified astroviruses, have been identified’*72. The CaAstV
detected in this study was distantly related to CaAstVs found in Japanese sewage but closely related to CaAstVs
from dogs and Korean raccoon dogs. Phylogenetic analysis of a short sequence (216 nt) in the ORF1b region
limited further comparative analysis. However, the full ORF2 tree revealed that Japanese raccoon dog CaAstV
clustered with Korean raccoon dog CaAstVs, suggesting a shared common ancestor and parallel evolution in
both regions. The mechanism of virus introduction into these geographically distant regions remains unclear.
Given the limited data on canine fecal viruses in Japan, further investigations into virus prevalence in dogs and
other carnivores are needed. Since RNA viruses mutate rapidly, monitoring potential changes in infectivity and
virulence is essential, especially in the raccoon dog population.

Unclassified hepe-astrovirus-like RNA viruses, such as bastroviruses and Bast-like Vs, have been detected
in various host species and environmental samples. Bastroviruses have been detected in vertebrates, including

Scientific Reports |

(2025) 15:7100 | https://doi.org/10.1038/s41598-025-90474-6 nature portfolio


https://www.picornaviridae.com
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

humans’?, pigs’+7>, rats, and bats’®. Bast-like Vs have been found in both vertebrates and invertebrates, including

humans*?, shrews’®, bats, birds”’, insects’®”, shellfish®*8!, and sewage®?, as well as in other environmental
samples®*-8¢. In this study, Bast-like Vs from raccoon dogs were closely related to Bast-like Vs from Chinese
shrews>®, showing high aa identity in RARp region (98.14-98.60%) and capsid region (92.11-95.79%). The next
closest species, based on RdRp aa identity, was a bird Bast-like V from New Zealand”’, with 60.0% identity.
However, the capsid region showed extremely low homology (7.47-7.68%), suggesting that the bird Bast-like V
might be recombinant. Bast-like Vs have been detected in a variety of samples including insects. Since shrews are
insectivorous and raccoon dogs are known to consume insects?>%, it is possible that raccoon dogs acquired Bast-
like Vs by feeding on insects carrying these viruses or by consuming insectivorous animals such as birds, which
inhabit Site 1!70. Bast-like Vs have also been detected in the lungs of shrews, suggesting that the virus may
enter the respiratory tract through inhalation or be absorbed via the gastrointestinal tract before subsequently
reaching the lungs. However, whether the virus replicates in these organisms remains unclear. Orf et al. detected
Bast-like Vs in human sera in Africa using a metagenomic approach. Although virus isolation in cultured cell
lines was unsuccessful, in silico evaluation estimated the potential host range of the virus*2. Their analysis did
not classify the human Bast-like V as one that infects vertebrates. Similarly, in our analysis, Bast-like Vs from
raccoon dogs and shrews were also classified into the invertebrate group. Raccoon dog and shrew Bast-like Vs
were notably diverse compared to other Bast-like Vs, with aa identities of less than 46.51% (except for the New
Zealand bird Bast-like V) in the RdRp region and less than 33.72% in the capsid region. These findings indicate
that the raccoon dog and shrew Bast-like Vs form an independent clade. Even if invertebrates were the original
hosts of these viruses, the possibility of spillover into vertebrates raises concerns about potential cross-species
infection risk. Further investigations into the infectivity of these viruses in mammals and their host range are
warranted.

DiciVs are small, non-enveloped viruses with non-segmented RNA genomes approximately 8-10 kilobases
in length. All known members of this virus family infect arthropods®”. However, DiciVs have recently been
detected in human serum and stool samples®®-2, as well as in the blood and liver of bats?**4, and in fecal samples
from squirrels®®, wild gorillas®, red pandas®’, and bats*®%. The pathogenicity of DiciVs in mammals remains
unexplored. In this study, phylogenetic analysis revealed that DiciVs from raccoon dogs formed a distinct cluster
with DiciVs from other mammals, suggesting a shared common ancestor. Despite the geographical separation
of the two study sites, DiciV strains from raccoon dogs at Site 1 and Site 2 exhibited high sequence homology,
indicating that these strains may be widely distributed across mainland Japan. Although DiciVs are generally
considered arthropod-infecting viruses, it is hypothesized that raccoon dogs may acquire them through their
diet. However, the widespread detection of DiciVs in raccoon dogs and the high proportion of DiciV-specific
reads in individuals with nearly complete DiciV genome sequences (ranging from 0.18 to 23.72% of total reads;
Supplementary Table 7) suggest that direct infection may also be possible. While in silico host range evaluation
classified DiciVs from raccoon dogs and other mammals into the invertebrate group, the close phylogenetic
clustering with mammalian-associated DiciVs raises the possibility of direct mammalian infection. Orf et al.
performed an in silico analysis to estimate the zoonotic potential of DiciVs, suggesting that these viruses may
have the capacity to infect humans*2. These findings underscore the need for further research into the potential
infectivity of DiciVs in mammals. Even the most closely related DiciVs, such as those from squirrels, exhibit
low aa sequence homology with raccoon dog DiciVs in the ORF1 and ORF2 regions (49.34-49.66% and 44.77-
44.88%, respectively). This suggests that DiciVs from different hosts may vary significantly in key virological
properties, including host range, pathogenicity, antigenicity, and replication efficiency. Further studies are
required to fully understand the epidemiological and pathogenic potential of DiciV's in mammals.

The in silico analysis using nucleotide composition for host estimation has several limitations. This approach
is not universally applicable, as different viruses are subject to varying evolutionary pressures. Moreover, the
accuracy of this method relies on the availability of unbiased reference data to minimize false estimations. In this
study, Linear Discriminant Analysis (LDA) was employed as a preliminary screening tool rather than a definitive
classification method. Viruses plotted near the boundary of the discriminant space may be more challenging
to classify, resulting in reduced discriminability. Therefore, complementary approaches, such as phylogenetic
analysis or experimental validation, are essential for accurately estimating viral hosts.

In summary, this study revealed that raccoon dogs harbor dog-associated viruses, including CaKoV, CaSaV,
and CaAstV. Phylogenetic and pairwise identity analyses suggest that these viruses may be maintained and
evolving within the raccoon dog population. Additionally, Bast-like Vs and DiciVs, which have recently been
suspected of infecting mammals, were identified. Although these viruses were initially believed to be acquired
through dietary intake, their widespread presence in raccoon dogs and sequence homology to mammalian-
associated strains suggest the possibility of direct infection. This study represents the first metatranscriptomic
analysis of raccoon dog feces in Japan. However, further research is required to elucidate the role of raccoon dogs
in the ecology and transmission dynamics of these viruses.

Materials and methods

Sample collection

We collected raccoon dog fecal samples from two sites: Site 1 in the Kanto region and Site 2 in the Tohoku region.
Site 1 is a relatively large green area (1 km?) surrounded by urban areas spanning Yokohama City, Kanagawa
Prefecture, and Machida City, Tokyo, and is used as an amusement park. We collected 10 fecal samples in
September and October 2023, and 10 in November 2023 from 10 different latrines of raccoon dogs. Site 2 is a
small island (2.63 km?) off the peninsula of Onagawa Town, Miyagi Prefecture, where medium-sized carnivores
such as red foxes (Vulpes vulpes), Japanese martens (Martes melampus), Japanese weasels (Mustela itatsi), palm
civets (Paguma larvata), and feral cats (Felis catus), in addition to raccoon dogs have been confirmed??. From
this location, we collected 15, 20, 22, and 3 fecal samples from up to 16 raccoon dog latrine sites in November
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Fig. 6. Phylogenetic analyses based on the amino acid sequences of the ORF1 (A) and ORF2 (B) of Japanese
raccoon dog DiciVs and DiciV strains obtained from the GenBank/EMBL/DDBJ databases. The phylogenetic
trees were constructed using the maximum-likelihood method in MEGA7 with best fit models (LG + G +1).
Bootstrap values above 70 (1,000 replicates) are indicated. Bars represent corrected genetic distances. DiciV's
from Japanese raccoon dog and DiciV's detected from vertebrates are indicated in red and green, respectively.

2023 and February, April, and May 2024, respectively. The collected fecal samples were placed in plastic bags at
each site, transported to the laboratory, and frozen at—20 °C until analysis. For processing, the samples were
diluted 1:9 (w/v) with sterile phosphate-buffered saline (PBS) and centrifuged at 12,000x g for 10 min. The
resulting supernatants were stored at —20 °C until use for RNA extraction.

Determination of animal species

DNAwasextractedfromfecalsamplesusingISOFECAL (NipponGene, Tokyo,Japan)accordingtothemanufacturer’s
protocol. To identify the animal species, a primer pair (Fw: 5-TGAGGACAAATATCMTTYTGAGG-3' and
Rv: 5-GGGTGGAATGGRATTTTRTC-3") which amplified a part of Cytb gene was newly designed using
various known mammalian mt DNA Cytb gene sequences. PCR was carried out using TaKaRa Ex Taq® HS
DNA polymerase (TaKaRa Bio, Shiga, Japan) under the following conditions: initial denaturation at 95 °C for
3 min, 35 cycles of heat denaturation at 95 °C for 20 s, annealing at 50 °C for 20 s, and extension at 72 °C for
30 s, followed by a final extension at 72 °C for 3 min. The amplified product, with a target size of 263 bp, was
confirmed by electrophoresis, and sequenced directly using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Carlsbad, CA, USA) on the ABI PRISM 3130 Genetic Analyzer (Applied Biosystems).
The sequenced product (220 bp, excluding the primer regions) was analyzed using GENETYX-MAC 21.0.1
software (Nihon Server Corporation, Tokyo, Japan). Species identification was conducted by homology searches
against international DNA databases (GenBank/EMBL/DDBJ) using NCBI's BLAST program. In addition, a
new primer set (Npro tRNAproF19: 5-GCACCCAAAGCTGAAATTCTTC-3' and Npro DloopR469: 5-GGGC
TGATTAGTCATTAGTCCA-3') was designed to amplify the mtDNA D-loop hypervariable region. Step-down
PCR was performed using TaKaRa Ex Taq” HS DNA polymerase (TaKaRa Bio) under the following conditions:
initial denaturation at 95 °C for 3 min, two cycles of denaturation at 95 °C for 20 s, annealing at 59 °C for
20 s, and extension at 72 °C for 30 s, two cycles of denaturation at 95 °C for 20 s, annealing at 57 °C for 20 s,
and extension at 72 °C for 30 s, and then 30 cycles of denaturation at 95 °C for 20 s, annealing at 55 °C for
20 s, and extension at 72 °C for 30 s, followed by a final extension at 72 °C for 3 min. The amplified product,
with a target size of approximately 450 bp, was confirmed by electrophoresis, and sequenced directly using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on the ABI PRISM 3130 Genetic Analyzer.
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Figure. 7. Oba et al.

Fig. 7. Canonical score plot of discriminant analysis for Bast-like Vs (A) and DiciVs (B) used to classify viral
sequences into host groups by using 4 mononucleotide and 16 dinucleotide frequencies. The graph illustrates
the separation of groups using the two most influential factors. Viruses infecting invertebrates are represented
by purple circles, those infecting plants by green circles and those infecting vertebrates by red circles. The lines
indicate the 90% confidence interval.

The sequenced product (392 bp, excluding the primer regions), was analyzed using GENETYX-MAC 21.0.1
software. Haplotypes were determined by homology searches of the sequences against GenBank/EMBL/DDB]
(accession numbers AB607907-AB607934, Npro01-28) and undeposited haplotypes Npro29-41.

RNA extraction from fecal samples, cDNA libraries preparation, and deep sequencing

Total RNA was extracted from the samples using TRIzol LS (Life Technologies, Carlsbad, CA, USA), followed
by DNase I treatment (Takara Bio). cDNA libraries were constructed for deep sequencing using the NEBNext
Ultra IT RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) in accordance with
the manufacturer’s guidelines. Library quantities were assessed using a Qubit® 4.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA), and paired-end reads of 151 nucleotides were generated using a MiniSeq benchtop
sequencer (Illumina, San Diego, CA, USA), as previously described!.

RT-PCR

Total RNA was extracted from the supernatants of 10% fecal samples using TRIzol LS Reagent (Life Technologies)
to investigation the frequency of CaKoV, CaSaV, CaAstV, Bast-like V, and DiciV and to determine the complete
genomes of CaKoV, CaAstV, and Bast-like V using primers designed for each virus (Supplementary Tables 1
and 2). For both frequency investigation and complete genome determination, PrimeScript™ RT Master Mix
(Takara Bio) and TaKaRa Ex Premier” DNA Polymerase Dye plus (Takara Bio) were used for RT and PCR,
respectively. RT was performed at 42 °C for 15 min using the reverse primer, TX30SXN!°!. PCR conditions
generally consisted of an initial denaturation at 94 °C for 1 min, 35 cycles of denaturation at 98 °C for 10 s,
annealing at 55 °C 15 s, and extension at 68 °C for 30 s. The extension time was adjusted according to the size of
the amplification product. RT-PCR products were resolved by electrophoresis on a 2% agarose gel.

Genome analysis

The FASTQ-formatted sequence data were imported into CLC Genomics Workbench 24.0.2 (CLC bio, Aarhus,
Denmark). The sequences were trimmed, and low-quality sequences were omitted. The processed sequence data
were then assembled into contigs using the de novo assembly command with default setting in the CLC Genomics

Scientific Reports |

(2025) 15:7100 | https://doi.org/10.1038/s41598-025-90474-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Workbench. To identify vertebrate-associated virus sequences, the resulting contigs were analyzed using the
BLAST programme. Genome sequences of CaKoV, CaSaV, CaAstV, Bast-like V, and DiciV were aligned with
corresponding viral sequences obtained from the GenBank/EMBL/DDB]J database using ClustalW!*. Pairwise
sequence identity calculations for each gene segment were performed using the CLC Genomics Workbench.
Phylogenetic analyses were constructed using nt or aa sequences for all segments, employing the maximum-
likelihood method with the best-fit evolutionary models. The models used were as follows: HKY + G +1I for the
kobuvirus 3D region, HKY + G for the kobuvirus VP1 region, GTR+G+1 for the CaSaV P1 region, T92+G
for the CaAstV ORF2 region, GTR+G+I for the CaAstV ORF2 region, LG+ G+1I for the Bast-like V RdRp
and DiciV ORF1 and ORF2 regions, and LG+G+F for the Bast-like V capsid region. Phylogenetic trees
were constructed in MEGA7!%* and evaluated with 1000 bootstrap replicates'®’. Recombination analysis was
performed using SimPlot*? and RDP5%.

Host range prediction analysis

The nucleotide composition of viral genomes was analyzed, and LDA was applied to associate these compositions
with specific host groups using a Python script. The training dataset consisted of 945 full-length RefSeq-quality
viral genome sequences, primarily from + ssRNA viruses within the phylum Pisuviricota, including classes such
as Pisoniviricetes and Stelpaviricetes*?. The test dataset included newly identified viral genomes from Bast-like
V and DiciV. First, mononucleotide and dinucleotide frequencies were calculated using a custom nucleotide-
counting function for each dataset. The frequencies were then normalized to account for variations in sequence
length. Next, the normalized frequency data were used as input for LDA, implemented using scikit-learn’s
‘LinearDiscriminantAnalysis’ class!®. Using annotated host information from the training dataset, LDA was
employed to infer associations between nucleotide compositions and viral host ranges. The LDA results were
visualized using Matplotlib!?® and Plotly'”?, providing interactive plots that display the distribution of viruses
in the LDA space, colored according to their host ranges. Confidence ellipses, representing the 90% confidence
intervals for each host range group, were also included in the plots. The test dataset, consisting of Bast-like V
and DiciV genome sequences, was subsequently analyzed using the trained LDA model. The mononucleotide
and dinucleotide frequencies of these new viral genome sequences were projected onto the LDA space to
compare their nucleotide compositions with those of known viruses. This approach enabled potential host range
inference for these newly identified viruses. The script generated separate plots for the test data, allowing for
visual comparison with the training data.

Data availability

The GenBank/EMBL/DDBJ accession numbers for the sequences of the raccoon dog virus strains determined in
this study are LC849228 to LC849253. Other datasets generated or analyzed during the current study are availa-
ble from the corresponding author upon reasonable request.
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