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Abstract

During a surveillance study to monitor porcine epidemic diarrohoea virus and transmissible gastroenteritis virus in India,
a total of 1043 swine samples including faeces (n = 264) and clotted blood (n = 779) were collected and tested. Five sam-
ples (four faecal and one serum) showed cytopathic effects in Vero cells. Transmission electron microscopy of infectious
cell supernatant revealed the presence of two types of virions. Next-generation sequencing (de novo) allowed the complete
genome sequence of mammalian orthorubulavirus 5 (MRuVS5; 15246 bp) and that of all 10 gene segments of mammalian
orthoreovirus to be determined. Genetic analysis of MRuV5 revealed grouping of the Indian MRuV5 with isolates from
various mammalian species in South Korea and China, sharing more than 99% nucleotide sequence identity. The deduced
amino acid sequences of the HN, NP, and F genes of MRuV5 isolates showed three (92L, 111R, 447H), two (86S, 121S),
and two (139T, 246T) amino acid substitutions, respectively, compared to previously reported virus strains. Phylogenic
analysis based on S1 gene sequences showed the Indian MRV isolates to be clustered in lineage IV of MRV type 3, with the
highest nucleotide sequence identity (97.73%) to MRV3 strain ZJ2013, isolated from pigs in China. The protein encoded
by the MRV3 S1 gene was found to contain the amino acid residues 198-204NLAIRLP, 2491, 340D, and 419E, which are
known to be involved in sialic acid binding and neurotropism. This is the first report of co-isolation and whole-genomic
characterisation of MRuV35 and MRV3 in domestic pigs in India. The present study lays a foundation for further surveillance
studies and continuous monitoring of the emergence and spread of evolving viruses that might have pathogenic potential in
animal and human hosts.

Introduction

The continuous threat of emerging pathogens that cause
infectious diseases in humans and animals is a major chal-
lenge to the global health care system. A number of novel
viruses have emerged in the last few decades, and some
of them are able to infect multiple host species, including
humans [1, 2]. RNA viruses, which undergo frequent genetic
changes, contribute substantially to the occurrence of emerg-
ing infectious diseases, sometimes overcoming species bar-
riers to adapt to a new host or ecological niche [3].
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Mammalian orthorubulavirus 5 (MRuV5), previously
called parainfluenza virus 5 (PIVS5), belongs to the genus
Orthorubulavirus of the family Paramyxoviridae. Its
genome is a 15,246-nt single-stranded RNA molecule that
is packaged in spherical or polymorphous virions that are
50-200 nm in diameter [4]. The MRuV5 genome contains
a 3' leader region, a 5’ trailer region, and seven non-over-
lapping genes (NP, V/P, M, F, SH, HN, and L) [5]. Due to a
specific RNA editing mechanism, the V/P gene encodes two
distinct structural proteins, V and P, and thus seven genes
of the MRuV5 genome encode a total of eight proteins [6].
MRuV5 has been isolated from various host species, includ-
ing humans, pigs, dogs, cattle, cats, hamsters, guinea pigs,
and lesser pandas [6-9]. It has often been reported to cause
asymptomatic respiratory infections in many mammalian
species [8]. Moreover, MRuVS5 strains have been isolated
from intestinal tissues of diarrhea-affected piglets and may
contribute to enteric disease in pigs [10].

@ Springer


http://orcid.org/0000-0001-6653-7570
http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-022-05459-x&domain=pdf

1530

F.Singh et al.

Mammalian orthoreovirus (MRV), a member of the
genus Orthoreovirus of the family Spinareoviridae, is a
non-enveloped double-stranded RNA virus with a double-
capsid structure containing 10 genomic RNA segments
[11]. These viral RNA segments include three large (L),
three medium (M), and four small (S) segments, based
on electrophoretic mobility [12]. Due to its segmented
genome, genetic recombination among segments of reo-
viruses is possible, and reassortant strains are detected
frequently [13, 14].

The inner capsid of the MRV virion is formed by the
proteins A-1 and o-2, while the outer capsid is made up of
the proteins A-2, p-1, 6-3, and o-1 [15]. The o-1 protein,
which is located in the outer capsid of the virion [16, 17], is
encoded by gene segment S1 [18]. The o-1 protein facilitates
haemagglutination [19], attachment of the virus to cellu-
lar receptors [20, 21], and serotype-specific neutralisation
[22]. There are four known serotypes of MRV based on their
sequence and the antigenicity of the o-1 protein. These sero-
types include prototype strain type 1 (Lang, T1L), type 2
(Jones, T2J), type 3 (Dearing, T3D), and type 4 (Ndelle,
T4N) [23]. Based on S1 gene phylogeny, MRV type 3 strains
can be classified into four lineages, and most of the Asian
MRV3 strains cluster into lineage IV [24].

Like MRuV5, MRV has a wide host range and infects
multiple mammalian species, including pigs, dogs, cattle,
sheep, horses, cats, mice, humans, and non-human primates
[25]. Previously, MRV was thought to cause only asymp-
tomatic or mild respiratory and enteric infections [25].
However, recently, MRV has been found to cause several
clinical infections in humans and other mammalian species.
Clinical cases of enteritis, acute respiratory infections, and
encephalitis in humans due to reassortant MRV strains have
increased worldwide, and the causative MRV strains have
animal reservoirs [26, 27]. MRV2 and 3 are known to cause
respiratory infections, encephalitis, and diarrhoea in humans
[26, 27], while MRV 3, alone or with other pathogens, has
been reported in association with enteric disease in pigs
from Asia, North America, and Europe [24, 28-31]. Owing
to the confluence of environmental, socio-economic, and
demographic factors, tropical regions such as India are vul-
nerable ‘hotspots’ for the emergence of infectious diseases
[32, 33]. Due to a lack of species barriers, the prime concern
is zoonotic transmission and spread of MRuV5 and MRV in
humans and animals. Surveillance studies targeting swine
populations might be an important strategy to detect emerg-
ing and novel viral pathogens, as pigs act as reservoirs of a
diverse range of viruses. Identification of emerging or exotic
viruses provides valuable information on upcoming potential
threats and can aid in providing disease alerts for necessary
preparedness. In this paper, we report the co-isolation and
whole-genomic characterisation of MRuV5 and MRV type
3 recorded for the first time in domestic pigs in India.
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Materials and methods
Samples

During a surveillance study to monitor emerging and
exotic swine enteric viruses such as porcine epidemic diar-
rhoea virus (PEDV) and transmissible gastroenteritis virus
(TGEV), a total of 1043 samples, including faeces (n = 264)
and clotted blood (n = 779), were randomly collected from
pigs, irrespective of age and any clinical enteric disease,
from backyard and commercial farms located in different
states in India during the period from 2017 to 2019. The
sampling details are shown in Table 1. Faecal samples in
the form of rectal swabs were collected in 1 ml of sterile
phosphate-buffered saline (PBS) containing 2X antibiotics
and anti-mycotic solution (Sigma-Aldrich, USA). All sam-
ples were transported under refrigerated conditions to the
biosafety level 3 (BSL-3) laboratory at ICAR-National Insti-
tute of High Security Animal Diseases, Bhopal, for testing.

Sample processing

Serum was separated from the clotted blood by centrifuga-
tion at 1200 g for 15 min. Faecal swab samples were sus-
pended in sterile PBS to make a 20% (w/v) homogenate.
Supernatants of faecal homogenates were collected after
centrifugation at 8000 g for 15 min. The serum and faecal
supernatants were kept in two sets: one set to extract the viral

Table 1 Details about the samples included in the present study

State District Faecal swabs Clotted blood
Mizoram Champhai 88t 1778
Aizawl 40 428 + 115
Serchhip 13" 4+ 128 13" + 528
Assam Kamrup 20" + 56° 20" + 53%
Chbhattisgarh Rajnandgaon 248 248
Madhya Pradesh ~ Jabalpur 11" 11"
Indore - 20¥
Dhar - 44¥
Bhopal - 10¥
Gwalior - 10¥
Shivpuri - 10¥
Narsinghpur - 08¥
West Bengal Darjeeling - 88¥
Jalpaiguri - 62¥
Maharashtra Pune - 20¥
Total 264 779

$Samples collected from backyard pigs; “Samples collected from
commercial pig farms;

¥Samples received at the laboratory for disease diagnosis
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RNA and the other for virus isolation. For virus isolation,
the faecal supernatants were filtered through 0.22-pm-pore-
sized syringe filters for decontamination.

Screening of samples by reverse transcription PCR
(RT-PCR)

RNA was extracted from faecal supernatants and serum sam-
ples using a QIAamp Viral RNA Extraction Kit (QIAGEN,
Hilden, Germany). One-step RT-PCR was carried out for the
detection of the genomes of PEDV and TGEV as described
previously, using virus-specific primers [34] (Table 2) and
an Access RT-PCR System (Promega Corporation, Madi-
son, USA). RT-PCR products were analysed by agarose gel
electrophoresis.

Virus isolation

For virus isolation, dilutions (1:5 and 1:10) of the faecal
supernatants and clarified serum samples were inoculated in

Table 2 Primers used for screening and specific detection of swine viruses

duplicate into sub-confluent monolayers of Vero cells grown
in Eagle's minimum essential medium (EMEM) in 96-well
cell culture plates. Briefly, 10 pl of faecal supernatant or 5 pl
of clarified serum was inoculated onto the cells of each well
of a cell culture plate containing 40 pl and 45 pl, respec-
tively, of plain EMEM containing trypsin at a concentration
of 10 pg/ml, after which the plate was incubated at 37 °C
for 1 h for virus adsorption. After virus adsorption, 50 pl
of plain EMEM containing trypsin at a concentration of 10
pg/ml was added to adjust the final volume in each well to
100 pl. The uninoculated wells containing only plain EMEM
served as negative controls. The plates were incubated at
37 °C for 5-6 days in an incubator with 5% CO,. The cells
were observed daily using an inverted microscope for the
development of a cytopathic effect (CPE). Subsequently, two
more serial passages were done using 1:5-diluted frozen and
thawed cell culture supernatants from the previous passage.
At the end of the third passage, the cell supernatants were
tested for the presence of PEDV and TGEV genomic RNA
by RT-PCR.

Virus/ gene Primers Amplicon size Annealing temp Reference
(bp) O

Primers used for screening

PEDV M gene 5’-GGGCGCCTGTATAGAGTTTA-3’ 412 55 [34]
5’-AGACCACCAAGAATGTGTCC-3’

TGEV N gene 5’-GATGGCGACCAGATAGAAGT-3’ 612 55 [34]
5’-GCAATAGGGTTGCTTGTACC-3’

PRV VP4 F-5-TGGCTTCGCCATTTTATAGACA-3’ 876 50 [35]
R-5’-ATTTCGGACCATTTATAACC-3’

Enterovirus F-5’-GTACCYTTGTRCGCCTGTT-3’ 536 52 [36]
R-5’-ATTGTCACCATAAGCAGCCA-3’

Sapelovirus (PEV8) F-5’-CTTAAGGTGGTTGTATCCCCTAC-3’ 413 52 [37]
F-5-TTCAACTGACTATACTAGTTACAGG-3’

PPV F-5-ACACGCATCAAGACTCATAC-3’ 531 56 [38]
R-5’-TCACTGTGTAGTCCTGTTTG-3’

Primers used for specific detection of MRuV5 and MRV

MRuV5-NP F- 5’-ATGTCATCCGTGCTTAAAGC-3’ 1530 50 [6]
R- 5’-CTAGATGTCAAGATCACCCA-3’

MRuV5-P F- 5’-ATGGATCCCACTGATCTGAG-3’ 1177 50 [6]
R- 5’-TCAAATTGCACTGCGGATGA-3’

MRuV5-F F1- 5’-AAATCATATTAAGACTAT-3’ 1749 50 [10]
R1- 5’-GTCCTATCGTTTTTTTCTTA-3’

MRuV5-M F- 5’-ATGCCATCCATCAGCATCCC-3’ 1134 50 [6]
R- 5’-TCATTCCAGCTCCGTCAGGT-3’

MRV L1 F1-5’-GCATCCATTGTAAATGACGAGTCTG-3’ 416 50 [40]
R1-5’-CTTGAGATTAGCTCTAGCATCTTCTG-3’

MRV L1 F2 5’-GCTAGGCCGATATCGGGAATGCAG-3’ 344 50 [40]
R2 5’-GTCTCACTATTCACCTTACCAGCAG-3’

MRV L3 F1 5°-CAGGATGAAGCGGATTCCAA-3’ 696 50 [41]

R1 5’-GGATGATTCTGCCATGAGCT-3’

PEDYV, porcine epidemic diarrhoea virus; TGEV, transmissible gastroenteritis virus; PRV, porcine rotavirus; PEV, porcine enterovirus; PPV, por-

cine parvovirus; MRuV5, mammalian orthorubulavirus 5; MRV, mammalian orthoreovirus
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Screening of cell culture supernatants by RT-PCR/
PCR

Cells exhibiting CPE that tested negative for PEDV and
TGEV were further investigated for the presence of other
swine enteric viruses, including porcine rotavirus (PRV)
[35], porcine enterovirus (PEV) [36], porcine sapelovirus
(PSV) [37], and porcine parvovirus (PPV) [38].

Viral RNA and DNA were extracted from the CPE-
positive as well as uninfected control cell culture superna-
tants using a QIAamp Viral RNA Extraction Kit (QIAGEN,
Hilden, Germany) and a QIAamp Viral DNA Extraction Kit
(QIAGEN, Hilden, Germany), respectively. The nucleic acid
was used as a template for RT-PCR or PCR, as appropriate,
using virus-specific primers and methods described previ-
ously (Table 2).

Haemagglutination test

Cell culture supernatants from CPE-positive wells were also
tested for haemagglutination (HA) activity using pig, guinea

pig, and chicken red blood cells (RBCs) as per the standard
protocol [39].

Ultracentrifugation

The CPE-positive cell culture supernatants were processed
for ultracentrifugation to concentrate the virus particles. The
cell suspensions after three freeze-thaw cycles were clarified
by centrifugation at 8000 g for 15 min at 4 °C. The super-
natants were overlaid on one-third volume of 20% sucrose
(w/v, prepared in TNE buffer) in ultracentrifuge tubes. Ultra-
centrifugation was carried out at 150,000 g and 4 °C for 2 h
in a Sorvall WX 90 ultracentrifuge with a swinging bucket
rotor (Thermo Fisher Scientific, Waltham, MA, USA). After
ultracentrifugation, the supernatants were discarded and the
sediment at the bottom of the tube was resuspended in 200
pl of autoclaved distilled water.

Mizoram state

Fig. 1 Geographical locations where sampling was carried out and MRuV5- and MRV3-positive areas. Locations are shown at the district level.
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Fig.2 Cytopathic effect (CPE) (a)
in Vero cells infected with

MRuV5 and MRV3. (a) Uni-

noculated cells. (b) Rounding

and clumping of cells (48 hpi).

(c) Moderate CPE with cell

detachment (72 hpi). (d) Severe

CPE with more cell detachment

(96 hpi)

()

Transmission electron microscopy

For electron microscopy, a drop of the ultracentrifuged sus-
pension was allowed to adsorb onto a formvar-carbon—coated
copper grid for 3-5 min, and the adsorbed material was nega-
tively stained with 2% phosphotungstic acid for 45 s. The
stained grids were air-dried and viewed in a transmission
electron microscope (Talos, FEI, Hillsboro, OR, USA).

Next-generation sequencing

RNA was extracted from the ultracentrifuged cell cul-
ture supernatant of one faecal sample (3013814) and one
serum sample (3013789) and subjected to next-generation
sequencing (de novo) using a NextSeq500 platform (Illu-
mina) commercially at Eurofins Genomics India Pvt. Ltd.,
Bengaluru. Raw sequence data were processed to obtain
high-quality clean reads using Trimmomatic v0.38. The
resulting reads were aligned to the hg 19 human reference
genome sequence using BWA MEM (0.7.17). Unmapped
reads were identified using Samtools, and de novo assembly
of unmapped reads was performed using CLC Workbench
9.0. A BLASTn search was performed using the longest con-
tigs to identify viral sequences. Two contigs with similarity
to viral sequences were subjected to gene prediction using

(b)

(d)

the GeneMarkS tool, and the predicted genes were annotated
using the Diamond tool (BLASTX).

Phylogenetic analysis

The sequence data were assembled and analysed with
respect to the reference sequences available in the NCBI
GenBank database. The whole genome sequence of MRuV5
and the segment sequences of MRV were used to perform
phylogenetic analysis. The MRV serotype was determined
based on genetic analysis of the S1 segment sequence. The
evolutionary history of the virus was inferred using the max-
imum-likelihood method and the Tamura-Nei model avail-
able in MEGA X software (https://www.megasoftware.net/).

Detection of specific genes of MRuV5 and MRV

MRuVS5 and MRV were also identified by one-step RT-PCR
and sequencing. Previously published primers specific for
the nucleoprotein (NP), fusion (F) protein, phosphoprotein
(P), and membrane (M) protein genes were used to verify
the presence of MRuVS5, while primers specific for the L1
and L3 segments were used to detect the MRV in Vero cell
supernatants of the four faecal samples and the one serum
sample that produced CPE. RT-PCR amplification was per-
formed by adding 4 pl of AMV/ Tfl 5X reaction buffer, 0.2
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Fig.3 Transmission electron
micrograph of the superna-
tants of the infected Vero cells
using negative staining with
2% sodium phosphotungstate.
The micrograph shows a round
enveloped paramyxovirus
(MRuV5) virion (A), an icosa-
hedral nonenveloped reovirus
virion (MRV3) (B), and the
ultrastructure (nucleocapsid
core) of MRuVS5 (C). (Scale bar
= 100 nm).

mM dNTPs, 0.75 mM MgSO,, AMYV reverse transcriptase
(2 U), and Tfl DNA polymerase (2 U), using an Access RT-
PCR System (Promega Corporation, Madison, USA), with
10 picomoles of each primer and 2 pl of RNA template for
20-pl amplification reactions. One-step RT-PCR conditions
included reverse transcription of RNA at 45 °C for 30 min
followed by initial denaturation at 95 °C for 3 min and 35
cycles of denaturation at 95 °C for 20 s, annealing at 50 °C
for 45 s, and extension at 72 °C for 30 s to 1.5 min (30 s
for the L1 and L3 segments of MRV, 1 min for the M and
P genes of MRuVS5, and 1.5 min for the NP and F genes
of MRuV5), and a final extension at 72 °C for 5 min. PCR
products were analysed by agarose gel electrophoresis. The
primer details [6, 10, 40, 41] are provided in Table 2.

The PCR products were gel-purified using a QIAquick
Gel Extraction Kit (QIAGEN, Hilden, Germany) following
the manufacturer’s instructions and subjected to nucleotide
sequencing by the Sanger method for confirmation.

@ Springer

Results

All of the samples were negative for PEDV and TGEV
genomic RNA by RT-PCR. Five samples, including one fae-
cal swab (lab accession no. 3013772) collected from a com-
mercial pig farm located in the Aizawl district of the state
of Mizoram, one serum sample (lab accession no. 3013789)
collected from a backyard pig in the town of Champhai of
the Champhai district of the state of Mizoram, and three
faecal swabs (lab accession no. 3013814, 3013820, and
3013823) collected from backyard pigs in the village of
Zokhawthar located in the India-Myanmar border area of
Champhai district (Fig. 1), showed CPE in Vero cells by
the third passage. The CPE, characterised by rounding and
detachment of cells, started at 48 h postinfection (hpi), and
by 72 hpi, more than 50% of the cells were detached (Fig. 2).
About 80% of the cells were detached by 96-120 hpi, after
which the cells were frozen.
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Fig.4 Phylogenetic analysis
of MRuVS5 based on the whole
genome sequence. The phylo-
genetic tree was constructed
using MEGA X software, by
the Construct/Test maximum-
likelihood method with the
Tamura-Nei model and 1000
bootstrap replications. Bootstrap
values >60% are shown. The
dark triangles indicate isolates
from the present study.

MG921602.1 PIV5-GD18 Pangolin China
MH370862.1 HMZ Tiger Lung China
KY685075.1 PIV5-SR Tiger Blood China
MK028670.1 SH/2015/1202 Pig Intestine China
MT890696.1 HLJ2015/DP1-1/PIV5 Pig Intestine China
KX100034.1 ZJQ-221 Lesser Panda Liver Lung Kidney China
A MW273368.1 IND/MZ/3013789
A MW273369.1 IND/MZ/3013814
KC237064.1 1168-1 Canine Lung South Korea
JQ743323.1 H221 Dog United Kingdom
MK423233.1 T263 Pig South Korea
MN735204.1 CH19-MMH Cattle Brain Switzerland
MT604001.1 CU-D20804 Dog Nasal swab Thailand
KC237063.1 08-1990 Canine Lung South Korea
MK423232.1 T220 Pig South Korea
KC237065.1 D277 Canine Lung South Korea
KY114804.1 CPIV-HeNO0718 Canine Lung China
MK423237.1 T434 Pig Organ South Korea
JQ743321.1 CPI+ Dog CSF USA
o | JQ743328.1 SER Pig Lung Germany
bo i -‘— MK423240.1 M197 Pig South Korea
100 | KP893891.1 CC-14 Canine China
100 | KM067467.1 PV5-BC14 Cattle Lung China

78

99

100

100

95

100
100

MK423239.1 M129 Pig South Korea

1 KC852177.1 KNU-11 Pig South Korea
66 — MT124463.1 China/HB01/2019 Snake China

MF170889.1 Rigel Pig South Korea
MK423241.1 M293 Pig Lung South Korea

— JQ743318.1 W3A Rhesus Macaque Kidney Cells USA

100 | JQ743322.1 DEN Human Bone marrow United Kingdom

JQ743327.1 RQ Human Bone marrow United Kingdom

74 MN604146.1 XJO33 Horse Faeces China

KX060176.1 AGS Human Gastric adenocarcinoma USA
MT160087.1 L Human B lymphocytes China

MK593539.1 RUS/Moskva/2015 Russia

60 { MK423238.1 M32 Pig South Korea

100

0.020

The CPE-positive cell culture supernatants were found
to be negative for PEDV, TGEV, PRV, PEV, PSV, and PPV
when tested by RT-PCR/ PCR. The cell culture supernatants
of CPE-producing samples showed the ability to cause hae-
magglutination (HA) of pig and guinea pig RBCs. No HA
activity was observed with chicken RBCs.

TEM analysis showed the presence of two types of
viruses: The first type had pleomorphic enveloped virions
with a diameter ranging from 99 nm to 261 nm (typical
diameter range, 150-200 nm) resembling a paramyxovirus
(Fig. 3). A characteristic ‘herringbone-like’ nucleocapsid of
about 17 nm in diameter could be seen outside the disrupted
virus particles. The second type appeared to be icosahedral,
non-enveloped virus particles ranging from 68 to 89 nm in

diameter (typical diameter range, 78-85 nm), resembling a
reovirus (Fig. 3).

Next-generation sequencing generated 828 mb and 476
mb of data for sample number 3013789 and sample num-
ber 3013814, respectively. BLASTn analysis of the long-
est scaffolds showed the top hits for both the samples to be
mammalian orthorubulavirus 5 (MRuV5) and mammalian
orthoreovirus (MRV). Sequence analysis showed the pres-
ence of seven genes encoding a nucleocapsid protein (NP)
(1530 nucleotides, 509 amino acids), a V protein (669 nucle-
otides, 222 amino acids), a membrane (M) protein (1134
nucleotides, 377 amino acids), a fusion (F) protein (1656
nucleotides, 551 amino acids), a small hydrophobic (SH)
protein (135 nucleotides, 44 amino acids), a haemagglutinin-
neuraminidase (HN) (1698 nucleotides, 565 amino acids),
and a large (L) protein (6735 nucleotides, 2244 amino acids)
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Table 3 Comparison of MRuV5
strains IND/MZ/3013789 and
IND/MZ/3013814 with reported
strains

in the MRuV5 genome. The whole genome size of MRuV5
was estimated to be 15,246 nt. The whole genome sequences
of MRuV5 obtained in this study have been submitted to the
NCBI GenBank database (accession numbers: MW273368.1

@ Springer

Gene MRuVS5 strain GenBank Nucleotide Amino acid Host Country
accession sequence sequence
number identity identity

NP  PIV5-GDI8 MG921602.1 99.74 99.61 Pangolin China
SH/2015/1202 MKO028670.1 99.67 99.41 Pig China
M32 MK423238.1 98.37 97.45 Pig South Korea
T263 MK423233.1 97.71 97.25 Pig South Korea
T434 MK423237.1 96.41 97.45 Pig South Korea
RUS/Moskva/2015 MKS593539.1  87.52 93.91 Vero cells*  Russia

v PIV5-GD18 MG921602.1  99.85 99.55 Pangolin China
CU-D399 MT604025.1  99.7 99.55 Dog Thailand
Rigel MF170889.1 98.51 97.75 Pig South Korea
CH19-MMH MN735204.1 9791 98.65 Cattle Switzerland
T434 MK423237.1 96.86 96.4 Pig South Korea
RUS/Moskva/2015 MKS593539.1  87.89 96.4 Vero cells*  Russia

M 1168-1 KC237064.1 99.82 99.73 Canine South Korea
71Q-221 KX100034.1  99.65 99.47 Lesser panda China
SH/2015/1202 MKO028670.1 99.56 99.2 Pig China
XJ033 MNG604146.1 97.27 97.35 Horse China
T434 MK423237.1 96.12 97.08 Pig South Korea
RUS/Moskva/2015 MKS593539.1  86.95 95.38 Vero cells*  Russia

F 1168-1 KC237064.1  99.76 99.46 Canine South Korea
CU-D399 MT604022.1  99.7 99.64 Dog Thailand
SH/2015/1202 MKO028670.1 99.64 99.09 Pig China
T263 MK423233.1 97.52 97.28 Pig South Korea
T434 MK423237.1  95.89 95.28 Pig South Korea
RUS/Moskva/2015 MKS593539.1  85.27 94.01 Vero cells*  Russia

SH  SH/2015/1202 MKO028670.1 100 100 Pig China
PIV5-GD18 MG921602.1 100 100 Pangolin China
T263 MK423233.1 97.04 95.45 Pig South Korea
CH19-MMH MN735204.1 92.42 88.64 Cattle Switzerland
Rigel MF170889.1 85.38 72.09 Pig South Korea
M32 MK423238.1 84.62 72.09 Pig South Korea

HN CU-D399 MT604023.1  99.59 99.29 Dog Thailand
PIV5-GD18 MG921602.1  99.29 98.58 Pangolin China
M32 MK423238.1 98.65 97.35 Pig South Korea
CH19-MMH MN735204.1 97.59 97.35 Cattle Switzerland
T434 MK423237.1  97.35 97.17 Pig South Korea
RUS/Moskva/2015 MKS593539.1  85.51 92.57 Vero cells*  Russia

L 1168-1 KC237064.1  99.87 99.82 Canine South Korea
PIV5-GD18 MG921602.1  99.85 99.82 Pangolin China
HMZ MH370862.1 99.82 99.73 Tiger China
XJ033 MN604146.1  98.07 98.4 Horse China
T434 MK423237.1 97.83 98.4 Pig South Korea
RUS/Moskva/2015 MK593539.1  88.15 97.64 Vero cells*  Russia

“Vero cells exhibited a cytopathic effect and were hypothesised to have been contaminated by a researcher

with respiratory symptoms

[IND/MZ/3013789] and MW273369.1 [IND/MZ/3013814]).
A gene prediction analysis also showed the presence of
MRV with a segmented genome consisting of three large
(L1, L2, L3), three medium (M1, M2, M3), and four small
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Fig.5 Phylogenetic analysis of
the MRV3 S1 gene. The phy-
logenetic tree was constructed
using MEGA X software, by
the Construct/Test maximum-
likelihood method, using the
Tamura-Nei model and 1000
bootstrap replications. Bootstrap
values >60% are shown. The
dark triangles indicate isolates
from the present study.

100

72

(S1, S2, S3, S4) segments, and genome lengths of 22,219 bp
and 20,512 bp were determined for the IND/MZ/3013789/
reo and IND/MZ/3013814/reo isolate, respectively. The
difference in genome length of the MRV isolates was due
to incomplete sequencing of the L2 segment of the IND/
MZ/3013814/reo isolate. The nucleotide sequences of the
genome segments of the MRV (IND/MZ/3013789/reo and
IND/MZ/3013814/reo) isolates from this study have been
submitted to the NCBI GenBank database under accession
numbers MZ516371.1 to MZ516381.1 and MZ541850.1 to
MZ541858.1.

Whole-genome-based sequence and phylogenetic analy-
sis of the MRuVS5 isolate from pigs from the present study
showed grouping of the Indian MRuV5 isolate with isolates
from various mammalian species in South Korea and China,
with more than 99% nucleotide sequence identity (Fig. 4).
Nucleotide and deduced amino acid sequence analysis of
all seven individual ORFs (NP, V/P, M, F, SH, HN and L)
showed > 99% identity to several strains of MRuVS5 reported
in China, South Korea, and Thailand (Table 3).

The deduced amino acid sequences of the HN, NP, and
F gene coding regions showed the presence of three (92L,
111R, 447H), two (86S, 121S), and two (139T, 246T)
unique amino acid substitutions, respectively, as compared

100 L,— KM820760.1 FS-03 Pig faeces USA

_: AY302467.1 T3/Human/Colorado/1996 Human USA ] Lineage 1
74 A
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921 JF829213.1 KPR 110 Pig faeces South Korea

%[ JF829215.1 KPR143 Pig faeces South Korea

JF829216.1 KPR146 Pig faeces South Korea

! JF829218.1 KPR 155 Pig faeces South Korea

DQ911244.1 SC-A China

KY419126.1 ZJ2013 Pig China

98{00 |y M M2Z541851.1 IND/MZ/3013789/re0

100! A MZ541852.1 IND/MZ/3013814/re0

KT224510.1 SD-14 Mink China

[JX48606341 GD-1 Pig China

724 KT444558.1 WIV7 Hipposideros sp. faeces China

E HQ642775.1 MRV-HLJ/2007 Pig China

E GQ468272.1 MPC/04 Masked Palm Civet China
KP185124.1 T3/T28/KM/2013 Tupaia sp. faeces China |

751 GU589583.1 Abney Canada

U74293.1 T3C43-MA Cattle USA

100 || KP208810.1 T3D-S Canada

EF133509.1 TA CA46 Canada

EF494441.1 T3D USA

KX343206.1 MRV3/Swine/ taly/224660-4/2015 Pig Italy

KF154730.1 SI-MRV01 Human Slovenia

JQ412761.1 T3/Bat/Germany/342/08 Bat Germany

JQ979271.1 T3/Pipistrellus khulii kaly/130366/2011 Bat kaly

Lineage IV

Serotype 3

LineageII

Lineage III
s [ JQ979273.1 T3/Pipistrellus Khulii/taly/5515-14/2012 Bat ltaly
100 || JQO79277.1 T3/Tadarida teniotis/ltaly/206645-51/2011 Bats ltaly
%' JQ979283.1 T3/Pipistrellus khulii/ltaly/206645-60/2011 Bats ltaly

F368035.1 Ndelle virus Mus musculoides Cameroon ] Serotype 4

Serotype 1

EU049606.1 BYL China

100 — LC613215.1 THK0325 Waste water Japan
99 |: LC476901.1 Osaka1994 Human Faeces Japan

JX204737.1 TRALAU2004 Myodes glareolus Germany | Serotype 2

100 LE LC482234.1 sR1521 Pig Taiwan

100 MK092970.1 OV204 sigma-1 Florida white-tailed deer USA

to previously reported strains of the virus. The predicted
amino acid sequence of the HN protein contained the
motif QDHVS (186-190) at the receptor-binding site and
the residues E390 and Y523 at the cleavage site. The pre-
dicted amino acid residues in the HN stalk region included
S60, Y77, L90, E91, and Q102, similar to other strains of
MRuVS5 reported previously. Amino acid residues predicted
to be involved in the induction of neutralizing antibodies
included as E37, Q342, T437, and F457. Amino acid resi-
dues predicted to be involved in host preference were 122,
A49,R57, T254,N318, and K460 in the HN protein and T3,
S19, T438, L498, S530, and R536 in the fusion protein. The
membrane protein showed the presence of one unique amino
acid (184L) substitution compared to previously reported
strains of the virus.

Phylogenetic analysis based on the S1 gene resulted in
clustering of the present MRV isolates in lineage IV of the
MRV type 3 serotype (Dearing, T3D), showing the highest
nucleotide sequence identity (97.73%) and deduced amino
acid sequence identity (96.7%) to MRV3 strain ZJ2013
(KY419126.1), which was isolated from pigs in China
(Fig. 5). The nucleotide and deduced amino acid sequence
identity values for all gene segments of MRV with respect
to some previously reported strains are shown in Table 4.
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Table 4 Comparison of MRV strains IND/MZ/3013789/reo and IND/MZ/3013814/reo with reported strains

Gene MRV strain Serotype GenBank acces- Nucleotide Amino acid Host Country
sion number sequence identity ~ sequence identity

L1 WIVS 1 KT444562.1 98.29 99.17 Bat China
712013 3 KY419120.1 95.87 98.82 Pig China
SI-MRV02 3 MG457078.1 90.9 98.23 Bat Slovenia
BYDI1 2 DQ664184.1 88.94 98.1 Human China
SI-MRV03 1 MG457088.1 81.52 95.53 Bat Slovenia

L2 WIV7 3 KT444553.1 97.38 99.32 Bat China
HB-A 1 KC462150.1 93.88 99.1 Mink China
BYD1 2 DQ664185.1 81.12 96.2 Human China
SI-MRV02 3 MG457079.1 76.7 92.84 Bat Slovenia
SI-MRV03 1 MG457089.1 74.77 914 Bat Slovenia

L3 Osakal994 2 LC476897.1 97.13 99.29 Human Japan
THKO0617 1 LC613221.1 96.55 99.41 Wastewater Japan
WIV7 3 KT444554.1 94.91 99.17 Bat China
BYD1 2 DQ664186.1 83.58 97.3 Human China
SI-MRV03 1 MG457090.1 79.85 96.13 Bat Slovenia

Ml 712013 3 KY419123.1 96.92 97.33 Pig China
HB-A 1 KC462152.1 95.21 95.3 Mink China
BYD1 2 DQ664187.1 89.15 92.06 Human China
SI-MRV02 3 MG457081.1 86.89 93.48 Bat Slovenia
SI-MRV03 1 MG457091.1 79.82 87.88 Bat Slovenia

M2 Osakal994 2 LC476899.1 97.6 99.16 Human Japan
HB-A 1 KC462153.1 95.02 99.17 Mink China
732013 3 KY419124.1 94.69 99.16 Pig China
BYD1 2 DQ664188.1 89.05 98.12 Human China
96 2 LC533918.1 83.38 96.67 Pig Zambia

M3 B/03 1 KX263312.1 96.35 98.09 Fruit bat China
712013 3 KY419125.1 95.61 97.88 Pig China
SI-MRV02 3 MG457083.1 90.35 96.62 Bat Slovenia
BYDI1 2 DQ664189.1 83.94 91.39 Human China
MRV2/Swine/ 2 MT151669.1 82.2 90.4 Pig Italy

Italy/90178-
3/2018_M3

S1 712013 3 KY419126.1 97.73 95.16 Pig China
KPR146 3 JF829216.1 94.89 93.27 Pig South Korea
WIV7 3 KT444558.1 92.99 89.1 Bat China
SI-MRV02 3 MG457084.1 80.22 83.55 Bat Slovenia
BM-100 3 KM820750.1 78.41 78.34 Pig USA

S2 WIV7 3 KT444559.1 98.73 97.84 Bat China
Osaka2005 2 LC476912.1 98.57 98.2 Human Japan
BM-100 3 KM820751.1 91.96 96.43 Pig USA
BYDI1 2 DQ664190.1 84.73 96.11 Human China
SI-MRV03 1 MG457095.1 80.40 93.62 Bat Slovenia

S3 Osaka2014 2 LC476923.1 97.09 98.81 Human Japan
HB-A 1 KC462157.1 95.73 96.44 Mink China
SI-MRV02 3 MG457086.1 89.46 97.24 Bat Slovenia
BYDI1 2 DQ664191.1 82.53 92.58 Human China
SI-MRV08 2 MT518192.1 74.67 79.15 Human Slovenia
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Table 4 (continued)

Gene MRV strain Serotype GenBank acces- Nucleotide Amino acid Host Country

sion number sequence identity ~ sequence identity

S4 7J2013 3 KY419129.1 97.63 98.84 Pig China
HB-A 1 KC462158.1 96.81 98.08 Mink China
Osakal994 2 LC476904.1 93.99 97.68 Human Japan
BYD1 2 DQ318037.2 85.06 94.59 Human China
MRV3/Pig/4476/ 3 MN233067.1 76.47 83.72 Pig USA

USA/2014

Phylogenetic trees based on the segments L1, L2, L3, M1,
M2, M3, S2, S3, and S4 of MRV3 are shown in Figure 6.

The deduced amino acid sequence of the -1 protein,
encoded by the S1 segment, showed changes in 15 amino
acids compared to MRV3 strain ZJ2013. The MRYV strains
reported in the present study showed three unique amino
acid changes (V49, H65, and 1186), which are distinct
from most of the strains reported so far. Further analysis
of the deduced amino acid sequence of the -1 protein
revealed that the amino acid residues NLAIRLP (198-
204) are predicted to be associated with sialic acid bind-
ing. The present strains have the amino acid isoleucine
(I) at position 249 in the o-1 protein, which affects the
susceptibility of the type 3 6-1 protein to cleavage by pro-
teases in the host intestine. The present strains also have
the amino acid residues 340D and 419E, which have been
linked with the affinity of MRV for the central nervous
system (Fig. 7).

MRuV5 and MRV were also detected in all five CPE-
positive Vero cell supernatants by one-step RT-PCR, using
specific primers targeting the NP, F, M, and P genes of
MRuVS5 and the L1 and L3 genes of MRV. The PCR prod-
ucts were confirmed by nucleotide sequencing using the
Sanger method. The sequences of the RT-PCR products
were identical to the NGS sequences of MRuV5 and MRV.
The uninfected cell culture supernatants were negative for
MRuVS5 and MRV by RT-PCR.

Discussion

Recently, pigs have been recognised as important reservoir
hosts for numerous emerging viruses that can cross species
barriers to infect multiple mammalian species, including
humans [42, 43]. In this study, we co-isolated MRuV5 and
MRV3 from domestic pigs incidentally during a surveil-
lance study for PEDV and TGEYV, but none of the samples
in the present study were positive for PEDV or TGEV.
MRuVS5 and MRV3 were characterised by sequencing
their complete genomes. MRuV5 and MRV3 were both

found to be cytopathogenic in Vero cells, causing CPE
by 48 hpi. However, their individual cytopathogenicity
could not be assessed due to the presence of both viruses
in same samples. Similarly, the haemagglutination activity
of MRuV5- and MRV 3-containing Vero cell supernatants
with swine RBCs could not be evaluated individually. Pre-
vious reports have shown isolation of MRuV5 strains from
the respiratory system of several mammalian species [6,
8,9, 44], including a human patient with multiple sclero-
sis [45]. However, there have been only a few reports of
MRuVS5 isolation from intestinal tissues or faecal samples
[10]. Isolation of a cytopathogenic MRuV5 strain (SER)
from a pig concurrently infected with porcine reproduc-
tive and respiratory syndrome virus in Germany has been
reported [46]. The MRuVS5 strains IND/MZ/3013789 and
IND/MZ/3013814 isolated in the present study showed a
high level of sequence similarity to several MRuV5 strains
from China and South Korea. They did not have changes in
the predicted receptor-binding site of the HN protein, the
cleavage site, or the HN stalk region. The host-specificity-
related amino acid residues 122, A49, R57, T254, N318,
K460, and M536 observed in the HN protein of the Indian
isolates differed from those (122, S49, G57, A254, S318,
T460, and T536) of MRuV5 strains from humans [47].
Similarly, host specificity variations were also observed
in the fusion protein, which had the amino acid residues
T3, S19, T438, L498, S530, and R536 instead of 13, G19,
S438, F498, Q530, and Q536, which were reported in
human strains of MRuV5 [7, 47]. Thus, the results show
that the present MRuVS5 strains of porcine origin are dif-
ferent from MRuV5 strains of human origin.

MRV strains have previously been isolated from cases of
enteric infections and diarrhoea in pigs [28, 29, 31]. Moreo-
ver, MRV3 strains have been described to be mildly patho-
genic to piglets, without causing diarrhoea and vomiting
[31]. They have also been associated with respiratory signs
in pigs, indicating their pathogenic potential at extraintesti-
nal sites [28, 31].

The establishment of a reovirus infection in the intes-
tine depends on proteolysis of outer-capsid proteins to yield
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Fig.6 Phylogenetic analysis based on different genes of MRV3. a,
L1; b, L2; c, L3; d, M1; e, M2; f, M3; g, S2; h, S3; i, S4. The phy-
logenetic trees were constructed using MEGA X software, by the

infectious subviral particles (ISVPs). The amino acid residue
threonine at position 249 determines the susceptibility of
the -1 protein to proteolytic cleavage [48]. The presence of
isoleucine (I) at position 249 in the -1 protein of the Indian
MRV3 isolates indicates its resistance to cleavage by trypsin.
The amino acid sequence NLAIRLP (positions 198-204),
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Construct/Test maximum-likelihood method, using the Tamura-Nei
model and 1000 bootstrap replications. The dark triangles indicate
isolates from the present study.

which are part of the sialic acid binding site, was present in
both MRV3 isolates from the present study [49]. Moreover,
two amino acids residues (340D and 419E) present in the
o-1 protein of MRV3 in the present study have been reported
to be associated with the neurotropism of orthoreoviruses
[22]. MRV type 3 strains with protease-resistant 6-1 protein
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Fig.6 (continued)

are able to migrate and replicate in other organ systems,
including the central nervous system [48]. Thus, the pres-
ence of isoleucine (I) instead of threonine at position 249,
along with 340D and 419E in the o-1 protein, indicates that
the Indian MRV strains may have potentially neurotropic
features similar to those of other strains reported earlier [49,
50].

Phylogenetically, the Indian MRV3 strains in the present
study clustered in lineage IV [24]. All of the segments of
MRV3 strains IND/MZ/3013789/reo and IND/MZ/3013814/
reo have the highest nucleotide sequence similarity to iso-
lates from pigs and bats in China, pigs in South Korea,
and humans in Japan, indicating the circulation of MRVs
with common genetic signature in Asian countries. The

| A IND/MZ/3013814/re0

nucleotide sequences of all of the segments except S1
showed similarity to the corresponding sequences of each
of the three MRV serotypes, indicating that these segments
are more conserved in MRV across serotypes. Reoviruses
have a segmented genome that can undergo genetic reas-
sortment due to intra- and interspecies transmission, result-
ing in increased genetic diversity [14, 51]. Reassortment of
genome segments among different MRV serotypes play an
important role in the emergence of new variants of MRV,
and reassortment between MRV strains have been reported
earlier [13, 14, 30, 31].

This is the first report of co-isolation and whole-genomic
characterisation of MRuV5 and MRV3 from domestic pigs
in India, confirming the role of pigs as animal reservoir
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Fig.7 Alignment and comparison of the deduced amino acid underlined, amino acid involved in resistance to cleavage by intestinal
sequences of the -1 proteins of the IND/MZ/3013789/reo and IND/ proteases is indicated by a downward arrow, and the amino acids pre-
MZ/3013814/reo strains of MRV3 with those of Asian MRV3 strains. dicted to be involved in neurotropism are indicated by upward arrows.
Amino acids predicted to be part of the sialic acid-binding site are
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hosts. However, the origin and prevalence of these viruses
and their pathogenic role in swine were not elucidated. Nev-
ertheless, mild subclinical symptoms or sporadic severe
infections caused by these viruses cannot be ruled out,
because comprehensive data were not available for the back-
yard pigs. The observation of faecal shedding of MRuV5
and MRV3 indicates the likely role of environmental con-
tamination in the spread of these viruses, possibly through
fomites. In addition, close human-animal interactions can
promote the spread of emerging viruses [2, 33]. Since there
are no species barriers in the transmission of MRuVS5 and
MRYV3, they may spread from animals to humans and vice
versa, facilitating the emergence of novel virus strains across
different geographical areas.

In conclusion, new information about the circulation of
MRuV5 and MRV3 in pigs in India has been gained for the
first time. The results of the present study are of interest for
systematic studies of the epidemiology, genetic evolution,
host adaptability, and pathogenic potential of these viruses
in mammalian reservoirs and their possible spread or trans-
mission to domestic animals and humans.
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