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Identification of multiple inter-

and intra-genotype reassortment
mammalian orthoreoviruses

from Japanese black cattle in a beef
cattle farm
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Mammalian orthoreoviruses (MRVs), belonging to the genus Orthoreovirus in the family
Spinareoviridae, possess a double-stranded RNA segmented genome. Due to the segmented nature
of their genome, MRVs are prone to gene reassortment, which allows for evolutionary diversification.
Recently, a genotyping system for each MRV gene segment was proposed based on nucleotide
differences. In the present study, MRVs were isolated from the fecal samples of Japanese Black cattle
kept on a farm in Japan. Complete genome sequencing and analysis of 41 MRV isolates revealed that
these MRVs shared almost identical sequences inthe L1, L2, L3, S3, and S4 gene segments, while two
different sequences were found in the S1, M1, M2, M3, and S2 gene segments. By plaque cloning, at
least six genetic constellation patterns were identified, indicating the occurrence of multiple inter-
(S1 and M2) and intra- (M1, M3, and S2) reassortment events. This paper represents the first report
describing multiple reassortant MRVs on a single cattle farm. These MRV gene segments exhibited
sequence similarity to those of MRVs isolated from cattle in the U.S. and China, rather than to MRVs
previously isolated in Japan. Genotypes consisting solely of bovine MRVs were observed in the L1, M1,
and M2 segments, suggesting that they might have evolved within the cattle population.
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Mammalian orthoreoviruses (MRVs) are members of the genus Orthoreovirus, along with Avian orthoreovi-
rus, Nelson Bay orthoreovirus, Baboon orthoreovirus, Reptilian orthoreovirus, Mahlapitsi orthoreovirus, Piscine
orthoreovirus, Broome orthoreovirus, Neoavian orthoreovirus, and Testudine orthoreovirus within the family Spin-
areoviridae, order Reovirales (https://ictv.global/report/chapter/spinareoviridae/spinareoviridae/orthoreovirus as
of June 2024). MRV is an icosahedral, non-enveloped, double-stranded RNA virus. Their virions have a diameter
of 60-80 nm and contain ten gene segments consisting of three large (L1, L2, and L3), three medium (M1, M2,
and M3), and four small (S1, S2, S3, and S4) genes. These ten gene segments encode eight structural proteins
(M1,A2,73, ul, u2, o1, 62, and 63) and four nonstructural proteins (uUNS, uNSC, oNS, and o1s)". The o1 protein
is a cell attachment protein and a serotype-specific antigen of MRV, recognized by neutralizing antibodies**.
Based on antigenicity in neutralization, hemagglutination inhibition tests, and the genetic relationship of the
S1 gene, MRVs are currently classified into four serotypes: MRV 1-4, whose representative prototype strains are
Lang (T1L), Jones (T2J), Dearing (T3D), Abney (T3A), and Ndelle (T4N)*". Due to their discrete segmented
genes, MRV genomes have the capacity for genetic reassortment during co-infection with different MRV strains®.
Recently, a genotyping system for each MRV gene segment was proposed based on phylogenetic relationships
and nucleotide sequence conservation’.

ICenter for Infectious Disease Epidemiology and Prevention Research, Tokyo University of Agriculture and
Technology, Fuchu, Tokyo 183-8509, Japan. 2School of Veterinary Medicine, Azabu University, Sagamihara,
Kanagawa 252-5201, Japan. 3Department of Microbiology and Infection Control, Faculty of Medicine, Osaka
Medical and Pharmaceutical University, Takatsuki, Osaka 569-8686, Japan. *’email: m-nagai@azabu-u.ac.jp

Scientific Reports |  (2024) 14:19887 | https://doi.org/10.1038/s41598-024-70863-z nature portfolio


http://orcid.org/0000-0001-5884-620X
https://ictv.global/report/chapter/spinareoviridae/spinareoviridae/orthoreovirus
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-70863-z&domain=pdf

www.nature.com/scientificreports/

MRV spread mainly by respiratory or fecal-oral routes and are widely distributed throughout the world.
MRV infect a broad range of animal species, such as humans®?, pigs'®'8, horses'®, deer?”, chamois?', dogs**?*,
cats**?, bats®*-%, rodents*"*?, minks®***, shrews*, and masked palm civets®®. MRV have also been found in
wastewater®”8, Most cases of MRV infection appear to be asymptomatic; however, sporadic cases with respira-
tory disorders and gastroenteritis have been reported in humans and pigs>'®!>-172?, Recently, more severe cases
showing respiratory and neurological diseases have been reported in humans In cattle, although the clinical
signs of MRV infection are unclear, several bovine MRV strains have been isolated from fecal samples*$. However,
at present, only three complete genome sequences of bovine MRV strains are available®. In the present study,
while investigating enteric viruses in Japanese Black cattle on a farm, we isolated MRV's from fecal samples of
cattle. These MRVs were found to be one of the most dominant strains of bovine MRV's and prevalent in specific
areas. Furthermore, multiple inter- and intra-reassortment events were identified in these viruses.

39-43

Results

Isolation and complete genome sequencing of MRVs from fecal samples of cattle

Forty-one fecal samples were collected from four diarrheal and 37 non-diarrheal Japanese Black cattle (including
three calves with fever) kept on a farm located on the main island of Japan. These samples were tested by reverse
transcription-polymerase chain reaction (RT-PCR) for rotavirus A, bovine coronavirus, bovine torovirus, and
bovine viral diarrhea virus, resulting in 10, 1, 1, and 1 positive samples, respectively (Supplementary Table 1).
All samples were subjected to virus isolation using a monkey kidney epithelial cell line (MA104). After two or
three blind passages, cytopathic effects (CPE) were observed in MA104 cells two to four days after inoculation
from all 41 samples. Supernatants of cell cultures exhibiting CPE were subjected to deep sequencing, and the
nearly complete genome sequences of the 10 MRV segments from 41 strains [MRV/Cattle/HH-xx/2021/JPN (HH
strain)] were determined. Twelve isolates had a single near-complete gene sequence in each of the 10 MRV gene
segments, while the remaining 29 isolates were found to possess two different near-complete or partial sequences
in any of the S1, M1, M2, M3, and S2 gene segments, indicating co-infection of multiple MRV strains (Table 1).
The nucleotide sequences of these MRV strains obtained in this study were deposited in the GenBank/EMBL/
DDBJ under accession numbers LC818341-LC818808 (Supplementary Table 2).

Phylogenetic analysis
Phylogenetic analysis was performed using nearly complete S1 gene sequences of HH strains and MRV S1 gene
sequences obtained from the GenBank/EMBL/DDB] databases. The S1 gene sequences of HH strains were
divided into T1 (25 samples) and T3 (35 samples) genotypes, and 19 strains were found to possess both T1 and
T3 sequences. The sequence of the HH strain classified as T1 showed 94.84-94.18% nucleotide identity to that of
human and bat MRV’ and Chinese bovine MRV YNSZ/V207/2016, forming a cluster within T1(1). On the other
hand, all T3 sequences of the HH strain branched in close relation to the Chinese bovine MRV GXLZ2301/2023,
showing 92.55% nucleotide identity and forming T3(2) clusters with human and bat MRV's (Fig. 1A, Table 2).
Phylogenetic analysis of the M2 gene showed that HH strains were also divided into two groups. Twenty-eight
M2 gene sequences of HH strains branched together with US bovine MRV 00304/2014, showing 94.67-94.71%
nucleotide identity, forming a cluster of bovine-only genotype 4. On the other hand, 25 HH strain M2 gene
sequences formed a cluster with Chinese bovine MRV GXLZ2301/2023, showing 91.52-92.61% nucleotide
identity within genotype 2. This genotype 2 bovine MRV cluster was supported by a bootstrap value of 100% and
shared 81.29-82.52% nucleotide sequence identities with a group of human and porcine MRV genotype 2 strains.
Thus, these clades were thought to be sub-genotype clades, 2a and 2b (Fig. 1B, Table 2, Supplementary Table 2).

In the S2, M1, and M3 phylogenetic trees, the HH strains were divided into two groups within the same
genotype. The 38 S2 genes of the HH strain formed a cluster sharing 99.77-100% nucleotide sequence identity
with each other (named lineage 1), and the 6 S2 genes of the HH strain formed a group with 100% nucleotide
identity (named lineage 2). These groups exhibited 93.7-93.86% nucleotide identities to each other and formed a
cluster with US bovine MRV 00304/2014 within genotype 1 (Fig. 1C, Supplementary Table 3). M1 gene segments
of HH strains formed a cluster of genotype 5 with US bovine MRV 00304/2014. Thirty-six and 12 HH strains
grouped with 91.76-91.99% nucleotide sequence identities to lineage 1 and lineage 2, respectively (Fig. 1D,
Supplementary Table 3). In the M3 phylogenetic tree, thirty-six and twenty-one HH strains formed lineage 1
and lineage 2, respectively. These two groups showed 91.73-91.77% nucleotide sequence identities and, together
with the US bovine MRV 00304/2014, formed a cluster within genotype 1 (Fig. 1E, Supplementary Table 3).

For the L1 phylogenetic tree, HH strains sharing 99.32-100% nucleotide sequence identities with each other
branched into one cluster and formed a bovine-only clade with MRV 00304/2014 and MRV GXLZ2301/2023
that fall into genotype 5 (Fig. 1F, Supplementary Table 3).

In the L2, L3, S3, and S4 phylogenetic trees, HH strains shared high nucleotide identities with each other
(298.93%) and branched closely related to MRV 00304 within large clades (genotype 1 of L2, S3, and S4, and
genotype 1c of L3) (Table 1, Supplementary Fig. 1A-D, Supplementary Table 3).

Detection of genome constellation patterns

Recently, Diller et al. proposed an MRV genome-based classification system based on sequence differences in each
gene segment, in which the genotype of S1 is described first, followed by the genotypes of the remaining segments
in order from largest to smallest’. According to this classification system, the 12 HH strains, each having one
nucleotide sequence in each gene segment, were classified into three constellation patterns: T3(2)-5-1-1c-5;,,-
2b-11;-1y51-1-1 (HH-1, 5, 7, 8ko, 10ko, 13, 14, and 30), T1(1)-5-1-1¢-5;,;-4- 111~ Lsi-1-1 (HH-26 and 28), and
T1(1)-5-1-1¢-5145-4-1-11505-11in5-1-1 (HH-27 and 100ko) for denoting the S1-L1-1L2-L3-M1-M2-M3-S2-S3-54
genes, respectively. The remaining 29 strains contained two different near-complete or partial sequences of the
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Strain S1 S2 S3 |S4 | M1 M2 M3 L1 |12 |L3
MRV-1/Bovine/HH-1/2021/JPN T3 Tiim 1|1 |54, 2b Liint 5 |1 |lc
MRV-1-3/Bovine/HH-2/2021/JPN TUT3 | 1y 1|1 | 5um/5ume | 2b/4 | 1gn/lye |5 |1 | 1c
MRV-3/Bovine/HH-3/2021/JPN T3/(T1) | 1g/(Qme) |1 |1 | Spm/(Grme) | 2b/4 L/l |5 |1 | 1c
MRV-3/Bovine/HH-4/2021/JPN TUT3 | lgn/(li) |1 |1 | 5pi/Sume | 4/2D) | L/l |5 |1 | 1c
MRV-3/Bovine/HH-5/2021/JPN T3 Tiim 1 |1 |54 2b Liint 5 |1 |lc
MRV-1-3/Bovine/HH-6/2021/JPN TUT3 | 1y 1|1 | 550/Grm) | 4/2b) | 1/l |5 |1 | 1c
MRV-3/Bovine/HH-7/2021/JPN T3 Liint 1|1 |55, 2b Liint 5 |1 |lc
MRV-3/Bovine/HH-8ko/2021/JPN T3 Tiim 1 |1 |54m 2b Liint 5 |1 |lc
MRV-1-3/Bovine/HH-80ya/2021/JPN TUT3 | 1y 1 |1 |54, 2b/4 | 1y, 5 |1 |lc
MRV-1-3/Bovine/HH-9ko/2021/JPN TUT3 | Ipn/(lim) |1 |1 | 5pn/Grne) | 4/2D) | I/l |5 |1 | 1c
MRV-1-3/Bovine/HH-90ya/2021/JPN TUT3 | lpn/Uum) |1 |1 | Sp/5ume | 4/2D) | lym/lue |5 |1 | lc
MRV-3/Bovine/HH-10ko/2021/JPN T3 Tiim 1 |1 |54 2b Liint 5 |1 |lc
MRV-1-3/Bovine/HH-100ya/2021/JPN TUT3 | 1y 1|1 | 5/Gum) | 26/4 | g/l |5 |1 | 1c
MRV-1-3/Bovine/HH-11ko/2021/JPN TUT3 | Ip/(lm) |1 |1 | 5p/Sume | 26/4 | L/l |5 |1 | 1c
MRV-1-3/Bovine/HH-110ya/2021/JPN TUT3 | lym/lune |1 |1 | 5um/Sume | 4 L/l |5 |1 | 1c
MRV-1/Bovine/HH-12/2021/JPN TU(T3) | 1y 1|1 | 5um 4 Liins 5 |1 |lc
MRV-3/Bovine/HH-13/2021/JPN T3 Liint 1|1 |55, 2b Liint 5 |1 |lc
MRV-3/Bovine/HH-14/2021/JPN T3 Tiim 1|1 |55, 2b Liint 5 |1 |lc
MRV-3/Bovine/HH-15/2021/JPN T3/(T1) | 1y, 1 |1 |54 2b Lin/(ywa) |5 |1 | 1c
MRV-1-3/Bovine/HH-16/2021/JPN TUT3 | 1y 1 |1 |5um 2b/4 | Ly/(ung) |5 |1 | 1c
MRV-1-3/Bovine/HH-17/2021/JPN TUT3 | 1y 1|1 | 50/Gum) | 4/2D) | lym/lue |5 |1 | lc
MRV-1-3/Bovine/HH-18/2021/JPN TUT3 | 1g/(lun) |1 |1 | B5um/Sume | 4/2D) | 1/l |5 |1 | 1c
MRV-1/Bovine/HH-19/2021/JPN Tl i/l |1 |1 | 5um 4 Lino/(Ip) |5 |1 | 1c
MRV-1-3/Bovine/HH-20/2021/JPN TUT3 | 1y 1|1 |55, 2b/4 | 1y 5 |1 |l
MRV-3/Bovine/HH-21/2021/JPN T3/(T1) | 1y 1|1 | 55m/Gum) | 2b/4 | 1un/lye |5 |1 | 1c
MRV-1-3/Bovine/HH-22/2021/JPN TUT3 | 1y 1|1 | 5m/Gum) | 4/2b) | 1yn/lye |5 |1 | 1c
MRV-3/Bovine/HH-23/2021/JPN T3 Liint 1 |1 | 5um 2b/(4) | Ly/(lun) |5 |1 | 1c
MRV-1-3/Bovine/HH-24/2021/JPN TUT3 | 1y 1|1 |55, 2b/4 | 1y, 5 |1 |lc
MRV-1-3/Bovine/HH-25/2021/JPN TUT3 | 1y 1|1 | 55m/Gum) | 4/2b) | 1yn/lye |5 |1 | 1c
MRV-1/Bovine/HH-26/2021/JPN Tl i 1|1 |54m 4 Liint 5 |1 |lc
MRV-1/Bovine/HH-27/2021/JPN Tl Liins 1|1 | 50m 4 Liin 5 |1 |lc
MRV-1/Bovine/HH-28/2021/JPN T1 i 1 |1 |54, 4 Tiint 5 |1 |lc
MRV-1-3/Bovine/HH-29/2021/JPN TUT3 | 1y 1 |1 |54, 2b/4 | 1/ |5 |1 | 1c
MRV-3/Bovine/HH-30/2021/JPN T3 Liint 1|1 |55, 2b Liint 5 |1 |lc
MRV-1-3/Bovine/HH-31/2021/JPN TUT3 | 1y 1|1 | 5um/5um | 42D) | lym/lue |5 |1 | lc
MRV-3/Bovine/HH-32ko/2021/JPN T3 i 1 |1 |54, 2b/4 | 1/ |5 |1 | 1c
MRV-3/Bovine/HH-320ya/2021/JPN T3 Liint 1 |1 | 54m 2b/(4) | I/ |5 |1 | 1c
MRV-1/Bovine/HH-100ko/2021/JPN T1 iz 1|1 |50, 4 Liin 5 |1 |lc
MRV-1-3/Bovine/HH-1000ya/2021/JPN | TUT3 | lyn/lym |1 |1 | Sum/5ume | 4/2D) | lym/lue |5 |1 | lc
MRV-3/Bovine/HH-101ko/2021/JPN T3 Iin/(um) |1 |1 | 5un/Gun) | 26/4) | 1/l |5 |1 | 1c
MRV-3/Bovine/HH-102/2021/JPN T3 I/ (Qwd) |1 |1 | St/ | 4/(2b) | 1pno/(Qp) |5 |1 | L

Table 1. Genotypes of sequences of each 10-gene segment of the HH strain. Genotypes are based on those
reported by Diller et al. Those for which only a partial sequence has been obtained are shown in parentheses.

S1, M1, M2, M3, and S2 genes. To obtain strains with a single gene constellation pattern from these strains that
contained two nucleotide sequences in one gene segment, plaque cloning was performed (Supplementary Fig. 2).
Strains cloned by plaque assay were typed for gene constellation pattern by PCR using primers discriminating S1,
M1, M2, M3, and S2 segments (Supplementary Table 4). Four more genome constellations (T1(1)-5-1-1c-5;,,-
4-1,,0-11n1-1-1, T3(2)-5-1-1¢-5p 1y -4-1 1m0~ Lsng-1-1, T3(2)-5-1-1¢-5p 1 -4- 1131~ 11y~ 1- 1, and T3(2)-5-1-1¢-5,,-
4-1y,-1140,-1-1) were obtained from 21 clones of HH-2, HH-6, HH-90ya, and HH-11ko (Fig. 2).

Discussion

In the present study, MRVs were isolated using MA104 cells from 41 Japanese Black cattle on one farm. We
extracted RNA directly from fecal samples and performed deep sequencing using an Illumina MiSeq platform
as described previously*é; however, only a few MRV reads were obtained (data not shown). Thus, virus isolation
using MA104 cells is thought to be a useful tool for MRV detection and characterization. The farm is a fattening
and breeding operation that often introduces cattle from other farms. The MRVs isolated in this study might have
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Fig. 1. Phylogenetic analyses based on the nearly complete S1 (A), M2 (B), S2 (C), M1 (D), M3 (E), and L1 (F)
gene nucleotide sequences of HH MRVs and MRV strains obtained from the GenBank/EMBL/DDB]J databases.
The phylogenetic trees were constructed using the maximum-likelihood method in MEGA?7 with best fit models
(the GTR + G model for the S1, the TN93 + G + I model for the M2, the T92 + G + I model for the S2, and the
GTR + G + I model for the M1, M3, and L1 phylogenetic trees). Bootstrap values above 70 (1000 replicates) are
indicated. The bars represent the corrected genetic distances. HH MRV, bovine MRV, and Japanese MRV's are
indicated in red, purple, and green, respectively.

resulted from two or more strains invading this farm or MRV that have invaded the farm in the past and are
now causing recurrent outbreaks. The detection of multiple virus strains within a single farm has been frequently
reported for rotavirus*’~*°, but not for MRV in cattle farms.

Phylogenetic analyses and genomic comparison using HH strain nucleotide sequences obtained in this study
and MRV sequences from the GenBank/EMBL/DDB] databases revealed that the HH strains exhibit the T1(1)/
T3-5-1-1¢-5-2b/4-1-1-1-1 genome constellation. The HH strains were closely related to the US bovine MRV
00,304/2014 (T1(2)-5-1-1c-5-4-1-1-1-1) in all gene segments except the S1 gene. The HH strains were also closely
related to the Chinese bovine MRV GXLZ2301/2023 (T3(2)-5-2-2-2-2b-2-1-1-4) in the S1, L1, and M2 genes.
Furthermore, the S1 gene of the Chinese bovine MRV strain YNSZ/V207/2016 (T1(1)-1-1-1c-1-1a-1-1-1-1) was
closely related to T1(1) HH strains. None of the gene segments of the HH strain had high similarity to those of
Japanese MRV from humans, swine, wild boar, zoo lions, and sewage. These findings suggest that the gene seg-
ments of the HH strains might be derived from bovine MRVs in the United States and China. However, imports
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Nucleotide Amino acid
Segment (genotype) Strains Similarity (%) | Strains Similarity (%)
AY862126_MRV-1/Human/Netherlands/1/1984/USA 94.76-94.84 MG457104_MRV-1/Bat/SI-MRV04/2009/SVN 95.09
S1(T1(1)) MG457104_MRV-1/Bat/SI-MRV04/2009/SVN 94.47-94.55 AY862135_MRV-1/Human/Netherlands/1/1985/USA 94.84
MW198710_MRV-1/Bovine/ YNSZ/V207/2016/CHN 94.18-94.25 AY862126_MRV-1/Human/Netherlands/1/1984/USA 94.59
0Q627746_MRV-3/Bovine/GXLZ2301/2023/CHN 92.55 0Q627746_MRV-3/Bovine/GXLZ2301/2023/CHN 94.73
S1(T3(2)) JQ979271_MRV-3/Bat/130,366/2011/ITA 86.83 MG457084_MRV-3/Bat/SI-MRV02/2010/SVN 91.65
JQ412761_MRV-3/Bat/342/2008/DEU 86.69 KF154730_MRV-3/Human/SI-MRVO1/XXXX/SVN 91.43
KJ676386_MRV-1/Bovine/MRV00304/2014/USA 94.71-95.1 KJ676386_MRV-1/Bovine/MRV00304/2014/USA 98.09-98.56
S2 (l—lineage—l) M25780_MRV-3/Human/Dearing/1955/USA 90.59-90.75 M25780_MRV-3/Human/Dearing/1955/USA 98.33-98.8
JN799420_MRV-2/Pig/729/1998/AUS 87.56-87.71 OP057391_MRV-2/Bat/809/Nebraska/2017/USA 98.08-98.33
KJ676386_MRV-1/Bovine/ MRV00304/2014/USA 94.71 M25780_MRV-3/Human/Dearing/1955/USA 98.56
S2 (1-lineage-2) M25780_MRV-3/Human/Dearing/1955/USA 90.12 KJ676386_MRV-1/Bovine/MRV00304/2014/USA 98.33
MG457115_MRV-2/Bat/SI-MRV05/2008/SVN 87.09 OP057391_MRV-2/Bat/809/Nebraska/2017/USA 98.09
KJ676387_MRV-1/Bovine/MRV00304/2014/USA 94.98-95.6 K)676387_MRV-1/Bovine/ MRV 00304/2014/USA 97.82-98.64
S3(1) X01627_MRV-3/Human/Dearing/1955/USA 93.05-93.49 X01627_MRV-3/Human/Dearing/1955/USA 97.0-97.82
GU589585_MRV-3/Human/Abney/1955/USA 92.61-93.05 U35354_MRV-3/Human/Wash.D.C/clone84/1957/USA 96.73-97.55
KJ676387_MRV-1/Bovine/ MRV00304/2014/USA 93.12-93.54 KJ676387_MRV-1/Bovine/MRV00304/2014/USA 27:53-97.81
M14325_MRV-1/Human/Lang/1953/USA 96.44 -94.71
LC579758_MRV-3/Wild_boar/TY-14/2018/JPN 96.44 -94.71
S4 (1) X01627_MRV-3/Human/Dearing/1955/USA 20.99-91.67 LC476903_MRV-2/Human/Osaka/1994/JPN 96.44 -94.71
LC476913_MRV-2/Human/Osaka/2005/JPN 96.44 -94.71
GU589585_MRV-3/Human/Abney/1955/USA 90.91-91.59 LC752181_MRV-2/Bat/Kj22-33/2022/]JPN 96.44 -94.71
LC613217_MRV-1/Sewage/ THK0617/2020/JPN 96.44 -94.71
KJ676382_MRV-1/Bovine/MRV00304/2014/USA 93.45-94.08 KJ676382_MRV-1/Bovine/ MRV00304/2014/USA 92.84-93.87
M1 (5-lineage-1) LC482241_MRV-2/Pig/sR1590/2015/TWN 71.45-71.76 KX343203_MRV-3/Pig/224,660-4/2015/ITA 79.19-79.97
MG999579_MRV-2/Human/SI-MRV07/2017/SVN 70.95-91.27 0Q789610_MRV-2/Bat/SNU1/2021/KOR 79.05-79.84
MG451074_MRV3/Tree_shrew/2012/CHN 79.05-79.84
KJ676382_MRV-1/Bovine/MRV00304/2014/USA 90.62-90.66 KJ676382_MRV-1/Bovine/MRV00304/2014/USA 92.92-93.05
M1 (5-lineage-2) MG999579_MRV-2/Human/SI-MRV07/2017/SVN 71.99-72.03 0Q789610_MRV-2/Bat/SNU1/2021/KOR 80.11-80.25
LC482241_MRV-2/Pig/sR1590/2015/TWN 71.72-71.76 KX343203_MRV-3/Pig/224,660-4/2015/ITA 79.97-80.11
0Q627754_MRV-3/Bovine/GXLZ2301/2023/CHN 91.52-92.61 0Q627754_MRV-3/Bovine/GXLZ2301/2023/CHN 98.31-98.45
M2 (2b) MT518188_MRV-2/Human/SI-MRV08/2011/SVN 82.38-82.52 MT518188_MRV-2/Human/SI-MRV08/2011/SVN 95.76-95.9
M19355_MRV-2/Human/Jones/1955/USA 82.34-82.38 M19355_MRV-2/Human/Jones/1955/USA 95.62-95.76
KJ676383_MRV-1/Bovine/Indiana/MRV00304/2014/USA | 94.67-94.71 K)676383 MRV-1/Bovine/Indiana/MRVO00304/2014/USA | 98.31-95.45
LC7052_MRV-3/Pig/Kana-Ebina9/2021/JPN 91.95-92.09
LC7052_MRV-3/Pig/Kana-Ebinal1/2021/JPN 91.95-92.09
M2 (4) MG451065_MRV-1/Tree_shrew/2011/CHN 77.38-77.47 LC476899_MRV-2/Human/Osakal1994/1994/JPN 91.95-92.09
LC613213_MRV-2/Sewage/ THK0325/2020/JPN 91.95-92.09
0Q789611_MRV-2/Bat/SNU1/2021/KOR 91.95-92.09
KM820748_MRV-3/Pig/BM-100/2014/USA 77.33-77.42 MN788298_MRV-x/Pig/HL]YC2017/2017/CHN 91.95-92.09
OP057395_MRV-2/Bat/809/Nebraska/2017/USA 91.95-92.09
KJ676384_MRV-1/Bovine/ MRV00304/2014/USA 93.81-93.96 KJ676384_MRV-1/Bovine/MRV00304/2014/USA 97.5-97.65
M3 (1-lineage-1) GU589582_MRV-3/Human/Abney/1955/USA 90.77-90.81 AF174384_MRV-3/Human/Dearing/1955/USA 95.56
AF174384_MRV-3/Human/Dearing/1955/USA 90.72-90.77 GU589582_MRV-3/Human/Abney/1955/USA 95.56
KJ676384_MRV-1/Bovine/MRV00304/2014/USA 91.41 KJ676384_MRV-1/Bovine/MRV00304/2014/USA 96.53
. GU589582_MRV-3/Human/Abney/1955/USA 90.3 GU589582_MRV-3/Human/Abney/1955/USA 95.28
M3 (1-lineage-2) AF174384_MRV-3/Human/Dearing/1955/USA 90.21 AF174384_MRV-3/Human/Dearing/1955/USA 95.15
JX415474_MRV-1/Pig/SHR-A/2011/CHN 95.15
KJ676379_MRV-1/Bovine/MRV00304/2014/USA 93.26-93.44 KJ676380_MRV-1/Bovine/MRV00304/2014/USA 97.9-97.98
L1(5) 0Q627750_MRV-3/Bovine/GXLZ2301/2023/CHN 87.75-87.91 AF378007_MRV-3/Murina/1961/FRA 96.43-96.51
MG457108MRV-2/Bat/SI-MRV05/2008/SVN 85.31-85.52 AF378003_MRV-1/Human/Lang/1953/USA 95.96-96.08
KJ676380_MRV-1/Bovine/ MRV00304/2014/USA 94.07-94.15 KJ676380_MRV-1/Bovine/MRV00304/2014/USA 97.9-97.98
L2 (1) AF378003_MRV-1/Human/Lang/1953/USA 87.49-87.6 AF378007_MRV-3/Murina/1961/FRA 96.43-96.51
AF378007_MRV-3/Murina/1961/FRA 87.39-87.47 AF378003_MRV-1/Human/Lang/1953/USA 95.96-96.04
Continued
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Nucleotide Amino acid
Segment (genotype) Strains Similarity (%) | Strains Similarity (%)
KJ676381_MRV-1/Bovine/MRV00304/2014/USA 98.9-99.14
KJ676381_MRV-1/Bovine/MRV00304/2014/USA 93.99-94.1
LC613221.1_MRV-1/Sewage/THK0617/JPN 98.43-98.75
L3 (1) LC121918_MRV-2/Lion//Yamaguchi/2011/JPN 98.35-98.67
OP057387_MRV-1/Bat/Nebraska/466/2017/USA 91.75-91.88
LC476897_MRV-2/Human/Osaka/1994/JPN 98.35-98.67
OP037834_MRV-2/Bat/Nebraska/115/2017/USA 91.75-91.88 MG457110_MRV-2/Bat/SI-MRV05/2008/SVN 98.35-98.67
Table 2. Pairwise nucleotide and amino acid sequence identities between Japanese bovine MRV, HH strains,
and the most three MRV strains from GenBank database. Bold, italics, and bolditalics show indicate >95%,
95-90%, and 90-85% identities, respectively.
S1 L1 L2 L3 M1 M2 M3 S2 S3 S4 strains plaque strain (number)
HH-1, HH-5, HH-7, HH-
T3 (2) 5 1 1c 2b |1 (Lint) 1 1 8ko, HH-10ko, HH-13,  §HH-11 (1)
HH-14. HH-30
TR D
T1 (1) 5 1 1ic |5 (Lin2) 4 1 (Lin2) | 1 (Lin2) 1 1 HH-27, 1000ya HH-6 (5)
T1 (1) 5 1 1c - 4 1 (Lin2) - 1 1 HH-6 (1)
. HH-2 (2), HH-6 (2), HH-9oya
TR B B
T3 (2) 5 1 1ic |5 (Lin2) 4 1 (Lint) - 1 1 HH-2 (1)
T1(2) 5 1 1c 5 4 1 1 1 1 KJ676383_MRV-1/Bov ine/Indiana/MRV00304/2014/USA
T3 (2) 5 2 2 2 2b 2 1 1 4 0Q627754_MRV-3/Bovine/GXLZ2301/2023/CHN
T1 (1) 1 1 1c 1 1a 1 1 1 1 MW198708_MRV-1/Bovine/Y NSZ/V207/2016/CHN

Fig. 2. Segment-based genome constellation of HH strains including U.S. and Chinese bovine MRV strains.

of live cattle to Japan are conducted under an import quarantine system based on the Livestock Infectious Disease
Prevention Act, and are available from Australia and New Zealand, which are currently free of foot-and-mouth
disease and have concluded livestock health conditions with Japan. In the past 10 years, approximately 15,000
head of cattle for both breeding and fattening have been imported exclusively from Australia®. Although the
status of MRV infection in cattle in Australia is unknown, the gene segments of the HH strains, particularly L1,
M1, and M2, which have not been reported from other than cattle MRV, suggest that MRV may have evolved in
the cattle population. Since only three complete genome sequences of bovine MRV strains apart from the HH
strains have been reported, further investigation of bovine MRV is warranted.

As reoviruses possess segmented genomes, reoviruses, including MRVs, exhibit a high propensity for genetic
reassortment, contributing to major evolutionary diversification of circulating viruses®. In this study, there were
two gene sequences in the S1, S2, M1, M2, and M3 genes of the HH strains, and seven different genome con-
stellation patterns were identified, suggesting the occurrence of multiple reassortment events. Reassortment of
gene segments occurs when two or more reovirus strains co-infect the same cell. In the present case, at least two
or more genotypes of MRV were thought to have invaded the farm and repeatedly infected the cattle popula-
tion. Among the HH strains, the number of strains with near-complete S2 genotype 1 lineage 2 sequences was
smaller than that of strains with genotype 1 lineage 1 sequences. This suggests that strains carrying the lineage
2 sequence were less prevalent than strains carrying the lineage 1 sequence, and there was only one pattern of
genome constellation. S1 genotypes T1(1) and T3(2) and M2 genotypes 2b and 4 were found in approximately
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equal numbers in the HH strains (with T3(2) slightly more than T1(1)); however, no T1(1)-2b combinations
were detected in strains having one sequence in each gene segment and plaque-cloned strains, suggesting that the
T3(2) strain that invaded the farm may have carried the M2-2b gene. It is unclear whether the lack of detected
reassortment strains was due to segment incompatibility or other reasons. Pairwise sequence identities between
lineage 1 and lineage 2 of the HH strains in the S2, M1, and M3 genes were 93.7-93.86%, 91.76-91.99%, and
91.73-91.77%, respectively, which is high similarity compared to that between genotypes. In the present study,
complete sequencing of 41 HH strains revealed that they were divided into two groups and that intra-genotype
reassortment can occur frequently. On the other hand, no recombination event was found in any of the segments
(data not shown). Since genetic reassortment can occur under artificial conditions®!, the reassortant viruses
detected in this study may have been generated during cell culture. However, since almost all the gene segments
of the HH strains are closely related to bovine-derived MRV's and may have a replication advantage in cattle, it
is possible that genetic reassortment could have occurred easily and persisted in cattle. Although HH strains,
the US bovine MRV 00304/2014, and Chinese bovine MRV GXLZ2301/2023 formed bovine-only genotypes
in the M1, M2, and L1 genes, the Chinese bovine MRV YNSZ/V207/2016 did not branch into a bovine-only
genotype and all gene segments were classified into genotype 1, which includes MRVs from many host species.
Furthermore, the L2, L3, M1, M3, and S4 gene segments of GXLZ2301/2023 were classified as rare genotypes
with few strains. Since only three whole genome sequences of bovine MRV have been sequenced apart from the
HH strain, the characteristics of bovine MRV genes and reassortment biases are still unknown; thus, additional
complete bovine MRV genome sequencing is needed.

In summary, we identified multiple inter- (S1 and M2) and intra- (M1, M3, and S2) reassortant events in HH
strains from Japanese Black cattle on one farm, and 7 genome constellation patterns of MRV strains were found.
These bovine MRV in this study shared sequence similarity to U.S. and Chinese MRV, not to Japanese MRVs
from other animal species, and formed genotypes consisting only of bovine MRV in the L1, M1, and M2 genes,
suggesting that they might have evolved in the cattle population. These results suggest that the bovine MRV in
the present study have evolved mainly through reassortment among bovine MRV, increasing genetic diversity.
These findings shed light on the enhanced genetic diversity and evolution of MRV from not only bovine but
also other animal species.

Materials and methods

Sample collection, virus isolation, and plaque assay

The present study was carried out according to the Fundamental Guidelines for Proper Conduct of Animal
Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry
of Education, Culture, Sports, Science and Technology of Japan. Forty-one fecal samples were collected from
Japanese Black cattle (four diarrheal calves and 37 healthy cattle) kept on a beef farm located on the main island
of Japan for enteric virus isolation (Supplementary Table 1). Samples were directly collected from the rectum,
transported to the laboratory under refrigeration, and stored at — 80 °C until use for virus isolation. The samples
were diluted 1:9 (w/v) with Eagle’s minimal essential medium (EMEM) (Nissui, Tokyo, Japan) and centrifuged
at 12,000 x g for 10 min. The supernatant was activated by adding an equal volume of 20 pg/mL trypsin (Sigma-
Aldrich, Cat. No. 0303; MO, USA) and incubated for 1 h at 37 °C. The activated samples were inoculated into
MA104 cells (RCB0994). The cells were purchased from RIKEN BioResource Research Center (RCB0994).
Confluent monolayers of MA104 cells in 48-well plates were washed three times with EMEM and inoculated
with 0.1 mL supernatant of the activated fecal sample. After adsorption for 60 min at 37 °C, the cells were washed
three times with replacement EMEM containing 1 ug/mL trypsin and incubated for 7 days at 37 °C and 5% CO,.
If a CPE was not observed after 7 days of incubation, the cells and supernatant were frozen and thawed three
times and harvested; subsequent passages were performed in the same manner. For the plaque assay, MRV HH
strain stocks were tenfold serial diluted with EMEM. Confluent MA104 cells were inoculated with the diluted
samples and incubated for 60 min at 37 °C. After incubation, the inoculated media were replaced with EMEM
containing 3% fetal bovine serum and 3% agarose (SeaPlaque™ Agarose, LONZA, Basel, Switzerland). After
5 days, well-separated plaques were picked through the agar overlay into the plaque area under a microscope.
The picked plaque viruses were inoculated into MA104 cells, and when CPE appeared, these were collected and
stored at — 80 °C until use for genotype discrimination.

RNA extraction, cDNA libraries construction, and deep sequencing

Total RNA was extracted from the supernatants of cell cultures exhibiting CPE using the MagDEA Dx SV car-
tridge (Precision System Science Co., Ltd., Chiba, Japan) and magLEAD6gC (Precision System Science Co., Ltd.),
followed by DNase I treatment (Takara Bio, Otsu, Japan). cDNA libraries were constructed for deep sequencing
using the NEBNext Ultra IT RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA),
according to the manufacturer’s instructions. After assessing the library quantity on a Qubit 4.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA), deep sequencing using paired-end reads of 151 nucleotides was conducted on
a MiSeq 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 Technolo-
gies) and subjected to the detection of Group A rotavirus, bovine coronavirus, bovine torovirus, and bovine viral
diarrhea virus by qRT-PCR*? using the One Step PrimeScript™ RT-PCR Kit (Perfect Real Time) (Takara Bio).
For MRV genotyping RT-PCR, RNA was extracted from the supernatant of cell culture using TRIzol LS Reagent
(Life Technologies) and reverse transcription was performed using the PrimeScript™ Reverse Transcriptase
(Takara Bio) with random primers. PCR with MRV genotype discrimination primers designed in this study
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(Supplementary Table 4) was performed using TaKaRa Ex Premier DNA Polymerase Dye plus (TaKaRa bio).
The RT-PCR products were resolved via electrophoresis on a 2% agarose gel.

Genome analysis

Deep sequencing data were analyzed using MiSeq Reporter v2.5 (Illumina) to generate FASTQ-formatted
sequence data and imported into CLC Genomics Workbench 7.5.5 (CLC bio, Aarhus, Denmark). The resulting
sequence data were trimmed, and low-quality sequences were omitted. The processed sequence data were then
assembled into contigs using the de novo assembly command in the CLC Genomics Workbench. Near-complete
genome sequences of the MRV segments were aligned with MRV sequences obtained from the GenBank/EMBL/
DDB]J database using Clustal W**. Phylogenetic analyses were constructed using nucleotide sequences of all
segments using the maximum-likelihood method with the best-fit model (the GTR + G model for the S1, the
TN93 + G + I model for the M1 and S3, the T92 + G + I model for the S2, the GTR + G + I model for the M1, M3,
L1, L2, L3, and the K2 + G + I model for S4 phylogenetic trees) in MEGA7>*. The phylogenetic trees were evalu-
ated using 1000 replicates in the bootstrap analysis®. Pairwise sequence identity calculations were performed
for each gene segment using the CLC Genomics Workbench. Recombination analysis was performed using
SimPlot® and RDP5%.

Ethical statement

The present study was carried out according to the Fundamental Guidelines for Proper Conduct of Animal
Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of
Education, Culture, Sports, Science and Technology of Japan. This study is reported in accordance with ARRIVE
guidelines (https://arriveguidelines.org).

Data availability

The GenBank/EMBL/DDBJ accession numbers for the sequences of the HH strains determined in this study are
LC818341 to LC818808. Other datasets generated or analyzed during the current study are available from the
corresponding authors upon reasonable request.
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