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Background: Murine Kobuvirus (MuKV) is a novel picornavirus of the genus Kobuvirus,

and was first identified in the feces of murine rodents in the USA in 2011. There is limited

information on the transmission route of MuKV. Thus, we conducted a study to investigate

virus detection rates in fecal, serum, throat, and lung tissue samples frommurine rodents.

Results: A total of 413 fecal samples, 385 lung samples, 269 throat swab samples,

and 183 serum samples were collected from 413 murine rodents (Rattus norvegicus,

Rattus tanezumi, and Rattus rattus) captured in urban Shenzhen. Kobuviruses were

detected via RT-PCR. Only fecal samples were positive, with prevalence rates of 34.9%

in Rattus norvegicus and 29.4% in Rattus tanezumi. Phylogenetic analysis based on

partial 3D and complete VP1 sequence regions indicated that all of the MuKV sequences

obtained belonged to Aichivirus A, and were genetically closely related to other MuKVs

reported in China, Hungary, and the USA. Twenty-eight full-length MuKV sequences

were acquired. Phylogenetic analysis of two sequences randomly selected from the two

species (SZ59 and SZ171) indicated that they shared very high nucleotide and amino acid

identity with one another (94.0 and 99.3%, respectively), and comparison with human

Kobuvirus revealed amino acid identity values of ∼80%. Additionally, a sewage-derived

sequence shared high similarity with the rat-derived sequences identified in this study,

with respective nucleotide and amino acid identity values from 86.5 and 90.7% to 87.2

and 91.1%.

Conclusion: The results of the current study provide evidence that murine Kobuvirus is

transmitted via the fecal-oral route.

Keywords: genetic characteristic, Kobuvirus, murine rodent, phylogenetic analysis, prevalence, transmission

route

INTRODUCTION

Kobuviruses belong to the genus Kobuvirus, within the family Picornaviridae, and they are small
(27–30 nm diameter), spherical, non-enveloped, positive-sense, single-stranded RNA viruses (1).
They all share a common genome organization, with a length of 8.2–8.4 kb. The genome consists of
a 5

′

untranslated region (UTR), a single open reading frame (ORF) that encodes a large polyprotein
of 2,400–2,500 amino acids which is divided into a leader (L) protein, three structural proteins
(VP0, VP3, and VP1), seven non-structural proteins (2A−2C and 3A−3D), a 3

′

UTR, and a poly(A)
tail (2). Of these, the VP1 protein is the most variable, whereas the 3D gene is highly conserved (3).
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Kobuvirus was first isolated from a fecal sample from a patient
with acute gastroenteritis in Japan in 1989 (4). Kobuviruses are
widespread worldwide, and are associated with gastroenteritis,
respiratory infections, and other clinical symptoms (5). They
have been found in a wide range of hosts including humans (4),
cattle (6), sheep (7), pigs (8), dogs (9), cats (10), foxes (11), ferrets
(12), goats (13), rabbits (14), bats (15), mice (16), and rats (17).
They can also be detected in the environment, such as in sewage
(18). The International Committee on Taxonomy of Viruses has
classified the genus Kobuvirus into six species; Aichivirus A (AiV
A; formerly Aichi virus), Aichivirus B (AiV B; formerly bovine
Kobuvirus), Aichivirus C (AiV C; formerly porcine Kobuvirus),
Aichivirus D (AiV D; formerly Kagovirus 1), Aichivirus E (AiV
E; formerly rabbit Kobuvirus), and Aichivirus F (AiV F; formerly
bat Kobuvirus), and 20 genetic types (19). Human Kobuvirus,
canine Kobuvirus, murine Kobuvirus (MuKV), feline Kobuvirus,
and roller Kobuvirus belong to Aichivirus A (20).

Rodents are considered potential reservoirs of several novel
pathogens including Kobuvirus. MuKV was first detected in
Peromyscus crinitus and Peromyscus maniculatus feces in the
USA in 2011 (16). MuKVs were subsequently found in Vietnam
(17), Hungary (21, 22), and the USA (23, 24) in stool samples
from various murine species including Rattus norvegicus, Rattus
tanezumi, Rattus argentiventer, Rattus losea, Rattus exulans,Mus
musculus, and Bandicota indica. We recently conducted studies
using fecal samples to determine the circulation of MuKV from
Rattus norvegicus in Guangdong, China (25), and investigated
the prevalence and genetic characterization of MuKV in Rattus
losea, Rattus tanezumi, and Rattus norvegicus in several regions
in southern China (26). Related research was limited to fecal
samples, however, and detailed data pertaining to Kobuvirus in
different samples of several rodent species was lacking.

Multiple studies have shown that kobuviruses can cause
gastroenteritis in humans and other animal species, but there
is limited information on Kobuvirus transmission routes. In
humans Kobuvirus has been detected in feces and serum samples
(4, 27). Porcine Kobuvirus viraemia has been reported (28),
and a seroprevalence study in dogs and cats suggests that high
percentages of these animals contain IgG antibodies against
Aichivirus A (29). MuKV has been found in lung, brain, heart,
and liver samples from rodents (23, 24), and canine Kobuvirus
was identified in the brain, lungs, tonsils, and liver of the same
puppy (30), indicating that kobuviruses might have a broad
tissue tropism. To date the transmission route of MuKV in
murine rodents remains unknown. To expand knowledge of the
transmission route of kobuviruses, the current study investigated
detection rates of MuKV in fecal, serum, throat, and lung tissue
samples from murine rodents.

MATERIALS AND METHODS

Sample Collection
In total, 413 fecal samples, 385 lung samples, 269 throat samples,
and 183 serum samples were collected from 413 murine rodents
captured between October 2020 and October 2021 in Shenzhen,
Guangdong Province, China (Figure 1). Urban rats were trapped

FIGURE 1 | Location of the trapping site of the murine rodents in China. Map

source: https://image.so.com/view?q=%E4%B8%AD%E5%9B%BD%E5%9C

%B0%E5%9B%BE&src=srp&correct=%E4%B8%AD%E5%9B%BD%E5%9C

%B0%E5%9B%BE&ancestor=list&cmsid=

50712c46325496ee4c7fbfbded18f06e&cmras=0&cn=0&gn=0&kn=50&crn=

0&bxn=20&fsn=130&cuben=0&pornn=0&manun=50&adstar=0&clw=233#id=

812433445ba11b77cba553308beab1d9&currsn=0&ps=136&pc=136.

once a month, using live capture traps (also known as cage traps)
in residential areas, city parks, composite market, and bus station.

Sample collection was conducted in the sterile room. The
rodents were anesthetized via 3% diethyl ether inhalation, and the
dosage of diethyl ether was adjusted according to their heart rate,
respiratory frequency, corneal reflection, and extremity muscle
tension. Trained personnel wore filtering facepiece respirators,
chemical safety goggles, anti-static uniforms, and chemical
protective gloves to protect themselves from diethyl ether. Before
animals were killed by cervical dislocation, blood was drawn
via cardiac puncture and centrifuged to obtain serum samples.
Individual fresh fecal and throat samples were immediately
placed in RNase-free tubes with 1mL phosphate-buffered saline
(0.3% homogenate), and lung tissue samples were stored in
RNAlater (Invitrogen, CA, USA). All specimens were stored at
−80◦C prior to further processing. The species of the trapped
animals were determined by morphological identification and
cytochrome B gene sequencing (31).

Nucleic Acid Extraction and cDNA
Synthesis
All samples were centrifuged at 8,000 rpm for 10min at 4◦C
prior to collecting the supernatants. RNA and DNA were
extracted from 200 µL of each supernatant using the MiniBEST
Viral RNA/DNA Extraction Kit (TaKaRa, Kusatsu, Japan) in
accordance with the manufacturer’s instructions. The extracted
RNA was reverse transcribed into cDNA using a Transcriptor
First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland).
The cDNA was used directly as a template for polymerase
chain reaction (PCR) assays, or stored at −20◦C prior to
further analysis.
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Molecular Detection of Murine Kobuvirus
Kobuviruses were detected via RT-PCR based on a previously
described pair of consensus primers, UNIV-kobu-F/UNIV-kobu-
R which amplifies a 216-nucleotide fragment of the conserved
3D region of all Kobuvirus species, encoding the RNA-dependent
RNA polymerase (32). Among the 3D gene-positive samples, an
831-bp region of the VP1 gene was amplified via nested PCR
using the Kobuvirus-VP1-os/oa and Kobuvirus-VP1-is/ia primer
pair (17). The primer sequences are shown in Table 1. The PCR
conditions were 94◦C for 3min, 40 cycles of 94◦C for 30 s, 56◦C
for 1min, and 72◦C for 1min, followed by a final extension at
72◦C for 10min. The amplified products were analyzed using
1.5% agarose gels, and visualized under ultraviolet light. Positive
samples were sent to the Beijing Genomics Institute (Guangzhou,
China) for sequencing.

Genome Sequencing
Based on five murine Kobuvirus genome sequences from
GenBank (accession numbers MF352432, MN116647,
MN648600, MN648601, and MF175074), 13 pairs of primers
designed to amplify the full-length viral genomes were generated
(Supplementary Table 1). After sequencing, the nucleotide
sequences were edited, validated, and assembled using Lasergene
SeqMan software (DNASTAR, Inc. Madison, WI, USA).

Sequence and Phylogenetic Analyses
Sequences that were newly obtained in this study were aligned
with Kobuvirus reference sequences from the GenBank database
using the ClustalW multiple sequence alignment program in
MEGA (version 7.0; Oxford Molecular Ltd., UK). To analyze
evolutionary relationships, phylogenetic trees were generated
based on the gene sequences obtained and representative gene
sequences of murineKobuvirus, ratKobuvirus, mouseKobuvirus,
sewage Kobuvirus, canine Kobuvirus, feline Kobuvirus, human
Kobuvirus, ovine Kobuvirus, bovine Kobuvirus, porcine
Kobuvirus, bat Kobuvirus, and rabbit Kobuvirus, using the
neighbor-joining (NJ) method in MEGA, with 1,000 bootstrap

replicates. The single open reading frame (ORF) was identified
using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/),
and potential proteolytic cleavage sites were predicted primarily
based on the amino acid alignments of relevant sequences
of kobuviruses. The GC content and nucleotide/amino acid
identities among all sequences were calculated using the
Sequence Identity Matrix program in BioEdit (version 7.2.5).
Amino acid heterogeneity analysis was performed by aligning
amino acids using DNAMAN (version 9.0). Similarity plot
analysis of the almost full-length genome was conducted using
SimPlot 3.5.1 software.

Statistical Analysis
Differences in Kobuvirus detection rates in the different
species of animals, different seasons, and sexes were assessed
using chi-square tests via Statistical Product and Service
Solutions software (SPSS, version 25.0; IBM Corp., Armonk,
NY, USA), with associations considered statistically significant at
p < 0.05.

Ethics Statement
The study protocol was approved by the Animal Ethics
and Welfare Committee of the School of Public Health,
Southern Medical University, China, and adhered to the
Rules for the Implementation of Laboratory Animal Medicine
(1998) from the Ministry of Health, China. All surgical
procedures were performed under anesthesia to minimize
suffering. No endangered or protected species were involved in
the study.

RESULTS

Detection of Murine Kobuvirus
A total of 413 animals were trapped. Fecal, lung, throat swab,
and serum samples were collected from 395 Rattus norvegicus,
17 Rattus tanezumi, and 1 Rattus rattus (Table 1). According to
RT-PCR and nested PCR, 34.6% (143/413) of fecal specimens

TABLE 1 | Prevalence of Kobuvirus in fecal, lung, throat, and serum samples of rodents (n, %).

Sample Family Species Number of samples Prevalence p-value

Fecal Muridae Rattus norvegicus 395 (138) 34.9 0.687

Rattus tanezumi 17 (5) 29.4

Rattus rattus 1 0

Total 413 (143) 34.6

Lung Muridae Rattus norvegicus 369 0 –

Rattus tanezumi 15 0

Rattus rattus 1 0

Total 385 0

Throat Muridae Rattus norvegicus 258 0 –

Rattus tanezumi 11 0

Total 269 0

Serum Muridae Rattus norvegicus 173 0 –

Rattus tanezumi 10 0

Total 183 0
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were positive for Kobuvirus RNA. Among them, the prevalence
of Kobuvirus in different species of animals ranged from 0.0
to 34.9%, and there was no statistical difference in the positive
rates of fecal samples from different species (χ2

= 0.751, p =

0.687) and sexes (χ2
= 0.004, p = 0.948; Tables 1, 2). However,

the difference among seasons was significant (χ2
= 17.857, p <

0.001), and the prevalence in winter was significantly higher than
other seasons (Table 2).

Phylogenetic and Amino Acid
Heterogeneity Analyses of 3D and VP1
Region Sequences
Neighbor-joining phylogenetic analysis based on partial 3D
nucleotide sequences (634 nucleotides) was conducted using
representative sequences detected in the study and other
Kobuvirus reference sequences from GenBank (Figure 2).
Sequences isolated from two different rodent species were highly
similar, with respective nucleotide and amino acid identities
of 92.6–100.0% and 99.0–100.0%. This demonstrates that the
murine Kobuvirus strains from the same species were relatively
clustered together, and the sequences identified in the study
clustered with murine kobuviruses previously found in China
and Hungary, within the Aichivirus A group, which also includes
human Kobuvirus, canine Kobuvirus, feline Kobuvirus, and
sewage Kobuvirus.

Complete VP1 sequences were obtained from samples
positive for the partial 3D gene using nested PCR, and several
representative sequences were selected to generate a phylogenetic
tree (Figure 3) along with VP1 reference sequences from
Kobuvirus strains in GenBank. The VP1 sequences of murine
kobuviruses identified in the study shared respective nucleotide
and amino acid identities of 89.8–98.9% and 97.8–100.0%.
Phylogenetic analysis based on the VP1 nucleotide sequences
indicated that the sequences identified in the study were more
closely related to murine Kobuvirus strains and clustered within
a major group, but origin-specific lineages of species were not
apparent. Further analysis of amino acid heterogeneity and the

TABLE 2 | Characteristics of prevalence kobuviruses in fecal samples of rodents

(n, %).

Characteristic Number of

samples

Prevalence p-value

Season

Spring (March–May) 109 40 (36.7)

Summer (June–August) 63 16 (25.4) <0.001

Autumn (September–November) 188 56 (29.8)

Winter (December–February) 53 31 (58.5)

Total 413 143 (34.6)

Sex*

Male 206 73 (35.4)

Female 179 64 (35.8) 0.948

Total 385 137 (35.6)

*Only 385 rodents were recorded for sex.

DNAMAN output revealed that the sequences identified in the
study were highly similar in 3D and VP1 regions. Compared
with several reference sequences of other species, the VP1
region had more amino acid deletions and substitutions than
the 3D region, with respective identities of 77.4 and 92.0%
(Supplementary Figure 1).

Genomic and Phylogenetic Analyses of
Complete Sequences
Twenty-eight full-length murine Kobuvirus genomes were
successfully sequenced from Kobuvirus–positive samples,
including 25 from Rattus norvegicus and 3 from Rattus tanezumi
(Table 3). Multiple sequence alignments were performed with
these sequences, and they shared 93.1–99.0% nucleotide and
93.3–99.1% amino acid identities with each other. Two sequences
(SZ59 and SZ171) were then randomly selected from the two
species to further analyze the genomic structure of murine
Kobuvirus. The SZ59 Kobuvirus genome was 8,252 nucleotides in
length and contained a 725-nucleotide 5

′

-UTR, a 237-nucleotide
3
′

-UTR, and an ORF (7,290 nucleotides) encoding a potential
polyprotein of 2,429 amino acids, excluding the poly-(A) tail. The
complete genome of SZ171 had 8,250 nucleotides, and contained
a 724-nucleotide 5

′

-UTR and a 236-nucleotide 3
′

-UTR. We
predicted the genome organization and potential cleavage sites
for the complete polyprotein genes of SZ59 and SZ171, which
were identical to other previously described murine Kobuvirus
strains. The L protein was 492 nucleotides (164 amino acids) in
length, whereas the complete P1, P2, and P3 regions were 2625
nucleotides (875 amino acids), 1,833 nucleotides (611 amino
acids), and 2,340 nucleotides (779 amino acids) long, respectively.
The two sequences yielded GC content of 55.9–56.3% (19.5–
19.8% A, 21.1–21.3% G, 24.2–24.3% T, and 34.9–35.1% C), like
other kobuviruses (52–59%), which is characteristic of the family
Picornaviridae (11).

The predicted protease-cleavage sites of the sequences
identified in the current study and reference kobuviruses are
shown in Supplementary Table 2, including Q/G, P/Q, Q/H,
Q/S, Q/T, Q/A, Q/P, Y/V, Q/C, and A/T. The predicted protease
cleavage sites between L and VP0 (Q/G), 2A and 2B (Q/G),
2B and 2C (Q/G), and 3C and 3D (Q/S) are conserved among
kobuviruses isolated from different species. In comparison,
the protease-cleavage site between 2C and 3A is Q/G for all
the Kobuvirus sequences except for ovine Kobuvirus (A/T).
The protease cleavage sites of the sequences identified in the
current study are highly conserved, and are similar to those in
other species.

Phylogenetic analysis based on the complete nucleotide
sequences indicated that the sequences identified in the study
shared higher nucleotide (93.7–95.6%) and amino acid (94.6–
96.8%) identities with two other Chinese strains (MM33 and
GZ85) (25) compared to other murine Kobuvirus strains. All
murine Kobuvirus strains were clustered according to their
geographical regions, albeit with limited sequence support
(Figure 4). A sewage-derived Kobuvirus sequence (JQ898342)
detected in Nepal (33), which was identified as a novel Kobuvirus
in the Picornaviridae family and was named Kobuvirus sewage
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FIGURE 2 | Phylogenetic tree of Kobuvirus based on the partial 3D nucleotide sequences (634 bp, 7,311–7,938 nt). The tree was generated by the neighbor-joining

method with 1,000 bootstrap replicates, and the statistics values >70% are displayed above the tree branches. The sequences from samples collected in this study

have been labeled with color. SZ, Shenzhen city in Guangdong province.
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FIGURE 3 | Neighbor-joining tree for Kobuvirus nucleotide sequences based on the complete VP1 region nucleotide sequences (831 bp, 3,012–3,842 nt). Bootstrap

support for branches (1,000 replications) is indicated, and the statistics values >70% are displayed above the tree branches. Murine Kobuvirus (MuKV) sequences

obtained in this study are represented by color. SZ, Shenzhen city in Guangdong province.
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TABLE 3 | Full-length murine Kobuvirus (MuKV) strains identified in this study.

No. Virus

strain

GenBank

accession No.

Host species Sample Length (nt) ORF

Location (nt) Length

(nt/aa)

1 SZ-B13 OM049038 Rattus norvegicus Feces 8,239 720–8,012 7,293/2,430

2 SZ-CE7 OM049039 Rattus norvegicus Feces 8,351 728–8,020 7,293/2,430

3 SZ-CJ6 OM049040 Rattus norvegicus Feces 8,220 694–7,986 7,293/2,430

4 SZ-CL6 OM049041 Rattus norvegicus Feces 8,410 724–8,016 7,293/2,430

5 SZ-DD6 OM049042 Rattus tanezumi Feces 8,337 477–7,769 7,293/2,430

6 SZ-FI6 OM069763 Rattus norvegicus Feces 8,254 727–8,016 7,290/2,429

7 SZ22 OM069762 Rattus norvegicus Feces 8,192 666–7,955 7,290/2,429

8 SZ59 OM069761 Rattus tanezumi Feces 8,252 726–8,015 7,290/2,429

9 SZ70 OM069760 Rattus norvegicus Feces 8,251 725–8,014 7,290/2,429

10 SZ86 OM069759 Rattus norvegicus Feces 8,253 725–8,014 7,290/2,429

11 SZ132 OM069758 Rattus norvegicus Feces 8,251 725–8,014 7,290/2,429

12 SZ144 OM069757 Rattus norvegicus Feces 8,253 727–8,016 7,290/2,429

13 SZ155 OM069756 Rattus norvegicus Feces 8,250 725–8,014 7,290/2,429

14 SZ157 OM069755 Rattus norvegicus Feces 8,252 727–8,016 7,290/2,429

15 SZ158 OM069754 Rattus norvegicus Feces 8,213 687–7,976 7,290/2,429

16 SZ171 OM069753 Rattus norvegicus Feces 8,250 725–8,014 7,290/2,429

17 SZ172 OM069752 Rattus norvegicus Feces 8,316 726–8,015 7,290/2,429

18 SZ188 OM069751 Rattus norvegicus Feces 8,239 713–8,002 7,290/2,429

19 SZ190 OM069750 Rattus norvegicus Feces 8,250 725–8,014 7,290/2,429

20 SZ193 OM069749 Rattus norvegicus Feces 8,250 725–8,014 7,290/2,429

21 SZ202 OM069748 Rattus norvegicus Feces 8,335 729–8,018 7,290/2,429

22 SZ203 OM069747 Rattus norvegicus Feces 8,252 727–8,016 7,290/2,429

23 SZ208 OM069746 Rattus tanezumi Feces 8,251 726–8,015 7,290/2,429

24 SZ227 OM069745 Rattus norvegicus Feces 8,250 727–8,016 7,290/2,429

25 SZ249 OM069744 Rattus norvegicus Feces 8,250 725–8,014 7,290/2,429

26 SZ252 OM069743 Rattus norvegicus Feces 8,255 725–8,017 7,293/2,430

27 SZ262 OM069742 Rattus norvegicus Feces 8,251 726–8,015 7,290/2,429

28 SZ290 OM069741 Rattus norvegicus Feces 8,254 726–8,015 7,290/2,429

Kathmandu (KoV-SewKTM) after the location of its discovery,
was clustered together with the rat-derived sequences identified
in this study, with high respective nucleotide and amino acid
identity values of 86.5 and 87.9% to 87.4 and 89.1%. A new
Kobuvirus (34) closely related to canine Kobuvirus in sewage
samples that was found in Aichi Prefecture, Japan, clustered
within the Aichivirus A group. Comparisons between the full
polyprotein and L/P1/P2/P3 fragments of the two representative
sequences and reference Kobuvirus sequences from several
other species and the environment are shown in Table 4. SZ59
shared 94.0% nucleotide identity and 99.3% amino acid identity
with SZ171. Compared with other Kobuvirus reference strains,
SZ59 and SZ171 had 75.9–76.0% nucleotide identities and
80.7% amino acid identities with the human Kobuvirus strain
AB010145, and shared the highest sequence homologies with
the murine Kobuvirus strain MN648601 at the nucleotide (93.3–
93.6%) and amino acid (98.1–98.3%) levels. In the P1, P2, and P3
regions, SZ59 and SZ171 kobuviruses exhibited more than 74%

nucleotide and 77% amino acid identity with human, rat, feline,
canine, and untreated sewage-derived kobuviruses, which belong
to Aichivirus A.

Similarity Plot Analysis
To further analyze the genetic characteristics of the complete
polyprotein gene, similarity plot analysis was conducted using
SimPlot 3.5.1 which compared polyprotein nucleotide sequences
of SZ59, SZ171, and the human Kobuvirus sequence AB010145
(used as the out-group sequence) to murine Kobuvirus
reference strain Wencheng-Rt386-2/MF352432 (used as the
query sequence). SZ59 and SZ171 exhibited relatively high
similarity to the query sequence in the 5

′

-UTR, VP3, 2A-
2C, 3B-3D, and 3

′

-UTR regions, but less similarity in the
L, VP0, VP1, 3A regions as well as a region near the start
of the 3D gene (Supplementary Figure 2). A higher range of
genetic variability was observed in the P1 coding region, and
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FIGURE 4 | Phylogenetic tree of Kobuvirus based on the complete nucleotide sequences from different strains. The tree was generated by the neighbor-joining

method with 1,000 bootstrap replicates, and the statistics values >70% are displayed above the tree branches. Murine Kobuvirus (MuKV) sequences identified in the

present study are indicated by color. SZ, Shenzhen city in Guangdong province.
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TABLE 4 | Nucleotide and putative amino acid sequence identities of the murine kobuviruses (SZ59 and SZ171) with reference Kobuvirus strains from several species

and the environment.

Gene region Rat Human Feline Canine Ovine Porcine Bovine Untreated sewage

SZ59 SZ171 MN648601 AB010145 KJ958930 MH747478 MW296158 KC204684 MN336260 JQ898342

SZ59

L – 93.4/97.5 92.6/95.7 64.9/63.3 56.8/44.5 57.6/50.5 35.6/21.1 39.0/20.8 42.0/26.9 –

P1 – 93.2/99.3 93.8/99.3 74.1/77.3 74.2/79.0 74.5/79.7 53.4/46.0 55.5/51.9 55.0/49.8 81.1/81.8

P2 – 95.1/99.8 95.4/100.0 77.6/82.8 78.6/84.9 80.0/85.5 52.6/45.4 57.1/58.7 63.3/62.9 87.7/94.1

P3 – 94.3/99.4 92.3/95.7 79.7/87.4 79.5/85.6 81.5/86.6 58.0/52.8 63.4/64.0 64.1/63.2 87.2/90.7

Polyprotein – 94.0/99.3 93.6/98.1 75.9/80.7 75.7/80.2 76.8/81.4 51.9/46.1 56.6/54.9 57.2/55.2 79.3/82.2

SZ171

L 93.4/97.5 – 91.8/96.9 64.5/62.2 58.4/44.5 57.2/50.0 36.5/21.1 40.2/21.8 42.0/26.4 –

P1 93.2/99.3 – 93.9/99.5 74.0/77.5 74.2/79.0 74.4/79.7 54.4/45.9 55.4/52.0 54.9/49.7 80.9/81.8

P2 95.1/99.8 – 95.1/99.8 78.5/82.8 79.1/85.1 80.1/85.7 51.9/45.4 57.6/58.7 63.5/62.9 87.9/94,2

P3 94.3/99.4 – 91.7/96.0 79.7/87.3 79.4/85.6 81.2/86,3 58.2/52.7 63.2/63.7 63.9/63.4 87.6/91.0

Polyprotein 94.0/99.3 – 93.3/98.3 76.0/80.7 76.0/80.2 76.7/81.4 52.1/46.1 56.7/54.8 57.1/55.2 79.4/82.3

Values were described as nucleotide identity (%)/amino acid identity (%).

intergenotype recombination was not observed in the Kobuvirus
coding regions.

DISCUSSION

To the best of our knowledge, this is the first study to investigate
the prevalence and genomes of kobuviruses in multiple samples
(fecal, lung, throat swab, and serum) from different murine
rodent species (Rattus norvegicus, Rattus tanezumi, and Rattus
rattus). We investigated 413 fecal samples, of which 143 (34.6%)
were positive for Kobuvirus, with detection rates of 34.9% in
Rattus norvegicus, 29.4% in Rattus tanezumi, and 0% in Rattus
rattus. In our previous study, detection rates were 23.7% in
Rattus tanezumi, 10.2% in Rattus losea, and 28.1% in Rattus
norvegicus in southern China (26), and the prevalence in
Rattus norvegicus was 12.6% in Guangzhou (25). MuKVs were
detected in 50% of Rattus norvegicus fecal samples in New York
in 2014 (24), and were present in 55.5% of free-living and
laboratory rats (Rattus norvegicus) in Hungary (22). In New
York (Manhattan and Queens sites) in 2018, MuKV was detected
in 17.5% of Mus musculus samples (23), and in Vietnam the
prevalence rate of MuKV in rats was 17% (17). These findings
reveal that kobuviruses are prevalent among different species
of murine rodents. In this report, although the prevalence of
kobuviruses in fecal samples did not differ significantly between
the species, the difference among seasons was significant, with the
highest prevalence in winter, suggesting that murine Kobuvirus
is prevalent throughout the year, but more attention should be
paid to disease prevention and control in winter. Furthermore,
both female and male rats can carry Kobuvirus, and there was no
statistical difference between the sexes.

Previous studies suggest that kobuviruses may play a role
as causative agents in gastroenteritis diseases (5), and are often
found in gastrointestinal tract samples from humans and other
animals (5, 9–20), suggesting that Kobuvirus is transmitted via
the fecal-oral route or consumption of contaminated food or

water. The detection of kobuviruses in sewage samples in South
Africa (18) and Tunisia (35), in surface waters in Venezuela
(36), in sewage and surface waters in the Netherlands (37), and
in sewage and river waters in Japan (38), and a new Kobuvirus
closely related to canine Kobuvirus detected in sewage samples
in Japan (34) supports this contention. In the current study,
only MuKV was found in rodents feces, and in phylogenetic
analyses all sequences obtained clustered together with the
sewage-derived Kobuvirus found in Nepal (33), and shared
more than 86% nucleotide and 87% amino acid identities,
confirming that MuKV is mainly transmitted via the fecal-oral
route through contaminated water and raw and treated sewage,
which is concordant with previous Tunisian, Japanese, andDutch
studies (35, 37, 38). Furthermore, we recently conducted two
initial epidemiological studies investigating MuKV in murine
rodent stool samples (25, 26) which also provide evidence that
is congruent with this finding.

Seroepidemiologic studies in Japan, Germany, France,
Spain, and Tunisia (27, 39–42) indicate general circulation of
kobuviruses in human populations, suggesting an important
role of Kobuvirus infection in gastroenteritis. However,
a report of porcine viremia suggests that Kobuvirus can
escape the gastrointestinal tract into the circulatory system
in immunocompetent virus-infected hosts (28), and its
high prevalence in dog and cat serum samples indicates the
importance of Kobuvirus detection in animal serum specimens
(29). Further investigations are required to confirm whether
the digestive tract is the main location of Kobuvirus replication.
Notably, kobuviruses have also been identified in other sample
types. MuKV was found in feces and liver samples from Mus
musculus (23), and in fecal, lung, brain, and heart specimens
from an infected Rattus norvegicus (24). Interestingly, canine
Kobuvirus was detected in brain, lung, tonsil, and liver samples
from a puppy, but feces and gastrointestinal tract samples from
that same puppy were negative (30). These findings confirm
widespread viral dissemination in multiple tissues of animals,
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but also expand the potential tissue tropisms and transmission
routes of kobuviruses.

In neighbor-joining phylogenetic analysis based on partial
3D or VP1 regions, the MuKV sequences isolated from Rattus
norvegicus and Rattus tanezumi in the current study clustered
with other rat-derived Kobuvirus sequences identified in China,
Hungary, and the USA. In phylogenetic tree analysis based
on partial 3D regions, the sequences obtained clustered tightly
together in a clade according to the species, confirming that
the 3D gene is conserved. Notably, however, phylogenetic
analysis based on the VP1 regions indicated that such origin-
specific lineages of species were not clear. Although the above
results suggest that MuKV has distinctive characteristics that
differ from other Aichivirus A viruses, the possibility of cross-
species transmission in Kobuvirus cannot be ignored. Historical
transmissions between rabbits and bats, between rodents and
bats, and between cows and pigs have been reported (17, 43, 44),
raising the possibility of cross-species transmission in the future;
which could result in a sustained threat to public health due to
increased contact between humans and animals. More evidence
is required to prove cross-species transmission of Kobuvirus, and
assess the pathogenicity posed to human health.

Amino acid mutations cause changes in protein phenotype,
and are considered most deleterious. Both the 3D and VP1
regions investigated in the current study are important in the
stability of the Kobuvirus genome, and its replication. In amino
acid heterogeneity analysis, the sequences identified in the study
were highly similar, and the 3D region was relatively conserved
whereas the VP1 region had more amino acid deletions and
substitutions. These results are concordant with a previous
review indicating that VP1 is the most variable structural protein
and the 3D gene is highly conserved among kobuviruses (3).
Estimation of these changes in genomic regions would be helpful
with respect to the characteristics of kobuviruses.

In total, 28 complete gene sequences of MuKV were
successfully acquired in this study. The polyproteins of the
sequences were all cleaved into 11 viral proteins, including L,
P1 (VP0, VP3, and VP1), P2 (2A−2C), and P3 (3A−3D), and
the predicted cleavage sites were Q/G, P/Q, Q/H, Q/S, Q/T,
Q/A, Q/P, Y/V, Q/C, and A/T, according to alignment with
known Kobuvirus cleavage sites. Comparisons of the protease
cleavage sites in Kobuvirus sequences isolated from humans
and animals indicated that the protease cleavage site sequences
are highly conserved, supporting a previous review suggesting
that the predicted cleavage sites are similar to those in other
picornaviruses (3). As representatives of two species, SZ59 shared
relatively high nucleotide and amino acid identity with SZ171
(94.0 and 99.3%, respectively), and with other full reference
sequences. SZ59 and SZ171 had the highest similarity to the
MuKV sequences (93.3–93.6% nucleotide and 98.1–98.3% amino
acid identities), with identity values <60% similar to ovine,
porcine, and bovine sequences. In similarity plot analysis, SZ59
and SZ171 had lower similarities at the L, VP0, VP1, and 3A
regions, and the region at the start of the 3D gene, indicating
possible changes in these regions.

In the current study, all the lung, throat swab, and serum
samples were negative for Kobuvirus. This may be related to an

insufficient sample size, lack of representation in rat species, and
geographic distribution. We also screened Kobuvirus-positive
samples for Rosavirus, Bocavirus, andHunnivirus, and 52, 43, and
6 samples, respectively, were co-infected with these viruses. These
results are consistent with previous studies demonstrating that
kobuviruses are frequently present in mixed infections with other
pathogens (45, 46).

CONCLUSION

The present study provides evidence of fecal-oral transmission of
MuKV, and increases the knowledge of molecular characteristics
and evolution of MuKV. Further epidemiological and
laboratory studies are needed to verify fecal-oral transmission
of MuKV.
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