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The group A rotavirus (RVA) P[19] is a rare P-genotype of the RVA VP4 gene, reported so far in humans
and pigs. Whole genomic analyses of P{19] strains are essential to study their origin and evolutionary pat-
terns. To date, all the 11 genes of only two P[19] strains, RVA/Human-wt/IND/RM(C321/1990/G9P[19] and
RVA/Human-wt/IND/mani-97/2006/G9P[19], have been analyzed, providing evidence for their porcine
origin. In the present study, the whole genomes of the first reported human P[19] strains, RVA/
Human-tc/THA/Mc323/1989/G9P[19] and RVA/Human-tc/THA/Mc345/1989/GOP[19], were analyzed.
Strains Mc323 and Mc345 exhibited a G9-P[19]-15-R1-C1-M1-A8-N1-T1-E1-H1 genotype constella-
tion. With the exception of the NSP5 gene, both the strains were closely related to each other. Most of
the genes of Mc323 (VP2-4, VP6-7, NSP1-4 genes) and Mc345 (VP2-4, VP6-7 and NSP1-5 genes)
appeared to be of porcine origin, whilst the exact origin of VP1 and NSP5 genes of Mc323 and VP1 gene
of Mc345 could not be ascertained. Therefore, strains Mc323 and Mc345 were found to have a porcine
RVA genetic backbone, and are likely of porcine origin. Taken together, our observations corroborated
the hypothesis that P[19] strains might be derived from porcine RVAs, providing important insights into

Keywords:

Group A rotavirus
Human P[19] strains
Whole genomic analysis
Porcine origin

the origin of P[19] strains, and on interspecies transmission of RVAs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Group A rotavirus (RVA) is a major cause of acute diarrhea in the
young of humans and animals (Estes and Kapikian, 2007). P[19] is a
rare P-genotype of the RVA VP4 gene, reported so far in humans and
pigs (Burke et al,, 1994; Krishnan et al., 1994; Maneekarn et al,,
2006; Mukherjee et al., 2010; Nguyen et al., 2008; Urasawa et al,,
1992; Varghese et al,, 2004; Wu et al,, 2011; Zade et al,, 2009).
P[19] was first identified in a porcine strain, RVA/Pig-tc/CHN/4F/
1986/G3P[19] (Burke et al., 1994). In humans, the P[19] genotype
was first detected in strains RVA/Human-tc/THA/Mc323/1989/
GOP[19] (Mc323) and RVA/Human-tc/THA/Mc345/1989/G9P[19]
(Mc345) (Okada et al., 2000). Thereafter, only a few human P[19]
strains have been reported in combination with G1, G3, G5 and G9
VP7 genes from India (Krishnan et al, 1994; Mukherjee et al.,
2010; Varghese et al., 2004; Zade et al., 2009), Taiwan (Wu et al,,
2011) and Vietnam (Nguyen et al., 2008). G3P[19] strains have been
also detected in pigs in Thailand (Maneekarn et al., 2006).

Abbreviations: RVA, group A rotavirus; bp, base pair; ORF, open reading frame.
* Corresponding author. Address: Department of Hygiene, Sapporo Medical
University School of Medicine, S 1, W 17, Chuo-Ku, Sapporo, Hokkaido 060-8556,
Japan. Tel.: +81 11 611 2111x2733; fax: +81 11 612 1660.
E-mail addresses: souvikrota@gmail.com, souvik8@rediffmail.com (S. Ghosh).

1567-1348/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.meegid.2011.12.012

Whole genomic analyses of RVA strains are essential to obtain
conclusive data on the true origin of a strain, and trace its
evolutionary pattern (Ghosh and Kobayashi, 2011; Matthijnssens
et al., 2008, 2011). To date, all the 11 gene segments of only two
human P[19] strains, RVA/Human-wt/IND/RM(C321/1990/G9P[19]
(RMC321) and RVA/Human-wt/IND/mani-97/2006/GSP[19] (mani-
97) have been analyzed, providing evidence for their porcine origin
(Mukherjee et al., 2010, 2011; Varghese et al., 2004, 2006). How-
ever, only short-length nucleotide sequences of the VP1-3 genes
(653 bp, 651 bp and 662 bp, respectively) of strain RMC321 and
VP1-4 genes (651 bp, 622 bp, 623 bp and 839 bp, respectively) of
strain mani-97 have been determined, and analysis of strain
RMC321 was based on deduced amino acid sequences (Mukherjee
et al, 2010, 2011; Varghese et al., 2004, 2006). Partial genomic
analyses of the other human P[19] strains have also revealed the
presence of porcine-like gene segments (Chitambar et al., 2009;
Kojima et al., 1996; Nguyen et al., 2008; Okada et al., 2000; Wu
et al,, 2011). However, the overall genetic makeup and evolution-
ary patterns of these strains remain to be elucidated. Moreover,
as strains RMC321 and mani-97 were detected in the same geo-
graphical region (state of Manipur, India) (Mukherjee et al., 2010;
Krishnan et al, 1994; Varghese et al, 2004), whole genomic
analyses of P[19] strains from other countries might be useful to
gain a proper understanding of the little-known evolutionary
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Table 1

Genotype nature of the 11 gene segments of group A rotavirus (RVA) GOP[19] strains Mc323 and Mc345 with those of selected human and animal RVA strains with known

genomic constellations.

Strain Genotypes

VP7 VP4 VP6

RVA/Human-tc/THA/Mc323/1989/G9P[19]
RVA/Human-tc/THA/Mc345/1989/G9P[19]
RVA/Human-tc/USA/Wa/1974/G1P1A[8]
RVA/Human-tc/IND/NIV929893/1992/G1P[19]
RVA/Human-wt/TWN/03-985185/xxxx/G3P[19]*
RVA/Human-wt/TWN/07-94s126/xxxx/G3P[19]*
RVA/Human-wt/TWN/07-97s684/xxxx/G3P[19]*
RVA/Pig-tc/CHN/4F/1986/G3P[19]
RVA/Human-wt/IND/mani-253/2007/G4P[4]
RVA/Human-wt/IND/mani-362/2007/G4P[6]
RVA/Pig-tc/USA/Gottfried[1975/G4P|6]
RVA/Pig-wt/THA/CMP90/01/2001/G4P]6]
RVA/Human-wt/TWN/04-97s51/xxxx/G5P[19]*
RVA/Pig-wt/IND/HP113/2002/G6P[13]
RVA/Pig-wt/IND/HP140/2002/G6P[13]
RVA/Human-wt/IND/mcs-13/2007/G9P|6]
RVA/Pig-xx/KOR/PRG9121/2006/G9P[7}
RVA/Human-wt/BEL/B3458/2003/G9P[8]
RVA/Human-wt/IND/RMC321/1990/GOP[19]
RVA/Human-wt/IND/RMC/G7/1991/G9P[19]
RVA/Human-wt/IND/RMC/G60/1992/G9P[19]
RVA/Human-wt/IND/mani-97/2006/G9P[19]
RVA/Human-wt/TWN/07-9651118/xxxx/GOP[19]*
RVA/Human-wt/VNM/VN375/2003/G9P[19]
RVA/Pig-xx/KOR/PRG942/2006/GIP[23]

RVA/Pig-xx/KOR/PRG9235/2006/GIP[23] P[23]
RVA/Pig-wt/THA/CMP45/08/2008/G9P[23] P[23]
RVA/Human-wt/ECU/EC2184/2005/G11P[6] G11 pl6]
RVA/Pig-tc/MEX/YM/1983/G11P9[7] G11 P[7]
RVA/Pig-wt/IND/RU172/2002/G12P[7] G2 P7]

VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

Dark gray indicates the gene segments with a genotype identical to that of strain Mc323.

“w_n

indicates that no sequence data were available in the GenBank database.

*Genotype assignment based on those reported by Wu et al. (2011). To our knowledge, to date, the nucleotide sequence accession numbers for the VP4, VP6-7 and NSP4 genes
of strains 03-98s185, 07-94s126, 07-97s684, 04-97s51 and 07-96s1118 are not available in the GenBank database.

patterns of P[19] RVAs. Therefore, in the present study, we ana-
lyzed the whole genomes of the first reported human P[19] strains,
Mc323 and Mc345.

2. Materials and methods
2.1. Virus strains

Strains Mc323 and Mc345 were detected in stool samples col-
lected from patients with acute diarrhea in the city of Chiang
Mai, Thailand, in 1989 (Urasawa et al., 1992). Both strains were
successfully isolated by tissue culture in MA-104 cells, and stored
at —80 °C till further analysis.

2.2. RT-PCR, nucleotide sequencing and sequence analyses

RT-PCR, nucleotide sequencing and sequence analyses were car-
ried out as reported previously (Ghosh et al., 2010a,b, 2011; Wang
et al,, 2010).

2.3. Nucleotide sequence accession numbers

The GenBank accession numbers for the nucleotide sequences
of the VP1-3, VP6 and NSP1-5/6 genes of strains Mc323 and
Mc345 are JN104611-JN104618, JN872347, [N104619-JN104626
and JN872348, respectively.

3. Results and discussion

By RNA-RNA hybridization studies and nucleotide sequencing
of the VP4, VP7 and NSP5 genes, strains Mc323 and Mc345 were
shown to be more related to porcine RVAs than to human strains
(Kojima et al., 1996; Maneekarn et al., 2006; Matthijnssens et al.,
2010; Urasawa et al., 1992). Although these preliminary observa-
tions hinted towards a porcine origin of Mc323 and Mc345, they
were not sufficient to ascertain the overall genetic makeup or evo-
lutionary patterns of these RVAs. Therefore, in the present study,
the nearly full-length nucleotide sequences (full-length sequences
excluding the 5- and 3'- end primer binding regions) of the
remaining gene segments of Mc323 and Mc345 were analyzed.
Moreover, the available nucleotide sequence for the NSP5/6 gene
of strain Mc323 (GenBank accession No. U54772) was found to lack
the putative NSP6 ORF (Supplementary Fig. S1). To confirm this
observation, we repeated nucleotide sequencing of the NSP5/6
genes of Mc323 and Mc345.

The VP1-3, VP6 and NSP1-5 genes of strains Mc323 and
Mc345 were assigned to the R1, C1, M1, I5, A8, N1, T1, E1 and
H1 genotypes, respectively (Table 1, Fig. 1A-I, Supplementary
Table S1). Comparisons of the complete genotype constellations
of strains Mc323 and Mc345 with those of other P[19] and
non-P[19] RVA strains are shown in Table 1. All the 11 gene seg-
ments of strain Mc323 exhibited high nucleotide sequence
identities to those of Mc345 (Supplementary Table S1) (Okada
et al., 2000). By phylogenetic analyses, with the exception of
the NSP5 gene, both strains were closely related to each other,
(Fig. 1A-I).



S. Ghosh et al. / Infection, Genetics and Evolution 12 (2012) 471-477 473

Upon comparison with the genomes of other RVAs, the VP2-3
and NSP3 genes of strains Mc323 and Mc345 were closely related
to those of porcine strain RVA/Pig-wt/IND/RU172/2002/G12P]7]
(Ghosh et al,, 2006, 2010b) (Fig. 1B, C and G; Supplementary
Table S1). The VP6 and NSP4 genes of Mc323 and Mc345 were clo-
sely related to those of several porcine strains (strains with “CMP”
in their common names, such as CMP90/01, CMP45/08) from
Chiang Mai, Thailand (Fig. 1D and H; Supplementary Table S1).
The NSP1 genes of strains Mc323 and Mc345 exhibited maximum
nucleotide sequence identities (but low) of 90.5% and 90.2%,
respectively, to that of porcine strain RVA/Pig-tc/USA/Gottfried/
1975/G4P[6] (Supplementary Table S1), and by phylogenetic anal-
ysis, clustered near those of Gottfried and the porcine-like human

(A) VP1 gene

R1 subcluster-1

RVA/Human-tc/BRAIAL28/1992/G5PI8]
RVAHuman-wtUSAIDC23/1978/G3P{8)
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Human-wt/IND/mani-253/2007/G4P[4] and RVA/Human-wt/IND/
mani-362/2007/G4P[6] (Mukherjee et al., 2009, 2011) within the
porcine-like A8 genotype (Fig. 1E). The NSP2 gene of strain
Mc345 was closely related to that of porcine strain RVA/Pig-tc/
MEX/YM/1983/G11P9(7] (Fig. 1F). On the other hand, phylogenet-
ically, the NSP2 gene of strain Mc323 was closely related to that of
a human G9P[8] strain, RVA/Human-wt/BEL/B3458/2003/G9P{8]
(Fig. 1F). However, the NSP2 genes of Mc323 and B3458 were also
closely related to those of porcine strains YM and RVA/Pig-xx/KOR/
PRG942/2006/G9P[23] and porcine-human reassortant strain RVA/
Human-wt/ECU/EC2184/2005/G11P[6] (Banyai et al., 2009) and
clustered separately from the NSP2 genes of the common human
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Fig. 1. A-L Phylogenetic trees constructed from the nucleotide sequences of VP1-3, VP6 and NSP1-5 genes of rotavirus strains RVA/Human-tc/THA/Mc323/1989/G9P[19] and
RVA/Human-tc/THA/Mc345/1989/GIP[19] with those of other RVA strains. Although strains representing all the RVA genotypes were included in the phylogenetic analyses to
prepare the dendograms, only those relevant to the present analysis are shown in Fig. 1A-1. Within the R1, C1, M1, I1, A1, N1, T1, E1 and H1 genotypes, clade/s consisting of
strains that are not directly related to the present study, but were included for unbiased analysis, have been compressed and labeled as subcluster/s. Only short-length
nucleotide sequences are available for the VP1-3 genes of strains RVA/Human-wt/IND/RMC321/1990/G9P[19] and RVA/Human-wt/IND/mani-97/2006/G9P[19], and
therefore, these were not included in the above analysis. In all trees, positions of strains Mc323 and Mc345 are shown by dark circles, whilst dark triangles indicate those of
the other G9P[19] strains. Bootstrap values less than 85% are not shown. Scale bar, 0.05 substitutions per nucleotide.
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Fig. 1 (continued)

strains, such as G1 strains, suggesting a common origin with por-
cine strains (Fig. 1F). The VP1 genes of Mc323 and Mc345 shared

the other genes (VP4 and VP7) reported previously exhibited abso-
lute nucleotide sequence identities to those sequenced in the pres-

low nucleotide sequence identities (<89%) with other RVAs
(Supplementary Table S1), and by phylogenetic analysis, formed
a separate cluster within the R1 genotype (Fig. 1A).

The nucleotide sequence of the NSP5/6 gene of strain Mc323
obtained in the present study contained the putative NSP6 ORF
(Supplementary Fig. S1). The absence of the putative NSP6 ORF in
the previously reported NSP5/6 nucleotide sequence of Mc323
might have resulted from an error in the sequencing process, as

ent study (data not shown). Moreover, isolates analyzed in this
study were subjected to only five passages in MA-104 cells, and
thereafter, stored at —80 °C till the present study. In the previous
study, the NSP5 gene of Mc323 was shown to be of porcine origin
(Kojima et al., 1996). However, in the present study, the Mc323
NSP5 appeared to cluster between a cluster consisting of distinct
human and porcine subclusters within genotype H1 (Fig. 11) and
shared comparable nucleotide sequence identities with those of
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Fig. 1 (continued)

several RVA strains from either host species (Supplementary
Table S1), making it difficult to establish its exact origin. On the
other hand, phylogenetically, the NSP5 gene of strain Mc345 ap-
peared to be closely related to those of porcine strains RVA/Pig-
wt/IND/HP113/2002/G6P[13] and RVA/Pig-wt/IND/HP140/2002/
G6P[13] (Ghosh et al., 2007) and the porcine-derived NSP5 genes
of human G4P[4] and other G9P[19]strains (Mukherjee et al,
2011; Varghese et al., 2004) (Fig. 11).

Taken together, most of the genes of strains Mc323 (VP2-4,
VP6-7, NSP1-4 genes) and Mc345 (VP2-4, VP6-7 and NSP1-5
genes) were found to be closely related to porcine RVA genes.
Therefore, both the strains have a porcine genetic backbone, and
are likely of porcine origin. This was corroborated by the close rela-

tionships observed in the VP4 (VP8*), VP6-7 and NSP4 genes be-
tween these strains and the locally circulating porcine strains
(Maneekarn et al., 2006; Matthijnssens et al., 2010) (Fig. 1D and
H; Supplementary Table S1). On the other hand, the origin of the
VP1 and NSP5 genes of Mc323 and VP1 gene of Mc345 could not
be ascertained. It may be possible that these genes were acquired
through human-porcine reassortment events, following transmis-
sion of strains Mc323 and Mc345 from pigs to humans, or they
may be of porcine origin.

In conclusion, whole genomic analyses of the first reported hu-
man P[19] strains, Mc323 and Mc345, corroborated the hypothesis
that P[19] strains might be derived from porcine RVAs. With the
exception of the NSP5 gene, both the strains exhibited similar
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evolutionary patterns. The porcine origin of strains Mc323 and
Mc345 also revealed the increased risk of interspecies transmission
events under poor hygienic conditions and close proximity of hu-
mans to livestock, especially in developing nations, such as Thai-
land, necessitating the adoption of hygienic preventive measures
in these countries. Although whole genomic analyses of strains
Mc323, Mc345, RMC321 and mani-97 provided important insights
into the origin of P[19] strains, and on interspecies transmission of

RVAs, except for mani-97, these are old strains. On the other hand, -

to date, only a few porcine P[19] strains have been detected, and
none of these have been analyzed for the whole genome. Therefore,

detection and analyses of the whole genomes of porcine and recent -

human P[19] strains might be of significance in context to studies
on evolution of P[19] RVAs.
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Group A rotavirus (RVA) strain K8 (RVA/Human-tc/JPN/K8/1977/G1P[9]) was found to have
Woa-like VP7 and NSP1 genes and AU-1-like VP4 and NSP5 genes. To determine the exact
origin and overall genetic makeup of this unusual RVA strain, the remaining genes (VP1-VP3,
VP6 and NSP2-NSP4) of K8 were analysed in this study. Strain K8 exhibited a G1-P[9]-11-R3-
C3-M3-A1-N1-T3-E3-H3 genotype constellation, not reported previously. The VP6 and NSP2
genes of strain K8 were related closely to those of common human Wa-like G1P[8] and/or
G3P[8] strains, whilst its VP1-VP3, NSP3 and NSP4 genes were related more closely to those
of AU-1-like RVAs and/or AU-1-like genes of multi-reassortant strains than to those of other
RVAs. Therefore, strain K8 might have originated from intergenogroup-reassortment events
involving acquisition of four Wa-like genes, possibly from G1P[8] RVAs, by an AU-1-like P[9]
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strain. Whole-genomic analysis of strain K8 has provided important insights into the complex

Group A rotaviruses (RVAs) are a major cause of severe
childhood diarrhoea (Cashman et al, 2012; Estes &
Kapikian, 2007). To date, RVAs are classified into at least
27 G and 35 P genotypes on the basis of differences in the
nucleotide sequences of their outer-capsid VP7- and VP4-
encoding genes, respectively (Matthijnssens et al, 2011a).
In humans, G1, G2, G3, G4 or G9 strains in conjunction
with P[4], P[6] or P[8] have been reported widely, whilst
G12 is emerging as an important VP7 genotype (Matthijnssens
et al., 2009, 2010a; Santos & Hoshino, 2005).

By RNA-RNA hybridization, human RVAs have pre-
viously been classified into at least two major genogroups,
represented by reference strains RVA/Human-tc/USA/
Wa/1974/G1P1A[8] and RVA/Human-tc/USA/DS-1/1976/
G2P1B[4], and one minor genogroup, represented by strain
RVA/Human-tc/JPN/AU-1/1982/G3P3[9] (Nakagomi et al.,
1989). Recently, a whole genome-based genotyping system
has been accepted as the standard method for classification
of RVAs by researchers worldwide (Matthijnssens et al.,
2008a, b, 2011a). Applying this classification system, the

The GenBank/EMBL/DDBJ accession numbers for the nucleotide
sequences of the VP1-VP3, VP6 and NSP2-NSP4 genes of rotavirus
strain  RVA/Human-tc/JPN/K8/1977/G1P[Q] are JQ713645—
JQ713651, respectively.

Two supplementary figures are available with the online version of this
paper.

VP1-VP3, VP6 and NSP1-NSP5 genes of most human RVA
strains with different G and P genotypes were found to
exhibit an RVA strain Wa-like (designated genotypes R1,
C1,M1,11, A1, N1, T1, E1 and H1) or DS-1-like (designated
genotypes R2, C2, M2, 12, A2, N2, T2, E2 and H2) genotype,
whilst a limited number of strains possessed genes of the
AU-1-like (designated genotypes R3, C3, M3, I3, A3, N3, T3,
E3 and H3) genotype (Ghosh & Kobayashi, 2011; Heiman
et al., 2008; Matthijnssens, et al., 2008a, b, 2011a). Results
obtained using this genotyping system concurred with
the previous classification of human RVA strains into the
three RVA genogroups (Wa, DS-1 and AU-1) (Ghosh &
Kobayashi, 2011; Matthijnssens et al., 2008a, b). Human
RVA strains possessing mixed genotype constellations have
been also reported (Ghosh & Kobayashi, 2011).

RVA GIP[9] is an uncommon VP7-VP4 genotype com-
bination, reported in RVA strains from humans and
environmental samples (Matthijnssens et al, 2009; Villena
et al., 2003). The first G1P[9] RVA strain, RVA/Human-tc/
JPN/K8/1977/G1P[9], was detected in a diarrhoeal stool
sample collected from a 14-year-old child in the city of
Kitami, Hokkaido prefecture, Japan, in 1977 (Urasawa et al.,
1984). Since then, only a few human G1P[9] RVA strains
have been reported, from Brazil, Burkina Faso, China, Italy,
South Korea and Spain (Bonkoungou et al., 2011; Fang et al.,
2002; Grassi et al, 2012; Le et al., 2008; Leite et al., 1996;
Santos et al., 2003; Villena et al., 2003).
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Whole-genomic analyses of atypical RVA strains are
essential to obtain conclusive data on their true origin
and evolution (Ghosh & Kobayashi, 2011; Matthijnssens
et al., 2008a, b). However, to date there are no reports on
the whole-genomic analysis of the unusual GIP[9] RVA
strains. RNA-RNA hybridization studies involving a single
GI1P[9] strain, K8, pointed towards possible intergenogroup-
reassortment events (Nakagomi et al, 1992). By partial
genomic analysis, strain K8 was found to possess Wa-like
VP7 and NSP1 genes and AU-1-like VP4 and NSP5 genes
(Kojima et al., 1996; Matthijnssens et al., 2008b; Taniguchi et
al., 1989; Wu et al., 1998). Therefore, to gain insights into
the exact origin and overall genetic makeup of a GIP[9] RVA
strain, the remaining seven genes (VP1-VP3, VP6 and NSP2-
NSP4) of strain K8 were analysed in the present study.
Moreover, only a few RVA gene sequences were available
during analyses of the NSP1 and NSP5 genes of strain K8 in
previous studies (Kojima ef al, 1996; Wu et al, 1998),
prompting us to repeat phylogenetic analyses of these genes
with a larger number of RVA strains.

Human G1P[9] strain K8 was isolated successfully by tissue
culture in MA-104 cells in our laboratory (Urasawa et al.,
1984) and stored at —80 °C until further analysis. Primers
used for the amplification of the VP1-3, VP6 and NSP2—4
genes of strain K8 have been described previously (Ghosh
et al., 2010a, b, 2011; Wang et al,, 2010). RT-PCR, nucleo-
tide sequencing and sequence analysis were carried out as
described previously (Ghosh et al., 2011). Phylogenetic trees
were constructed by the neighbour-joining method (Saitou
& Nei, 1987) using MEGA (v5.01) software (Tamura et al,

2011). The trees were statistically supported by boot-
strapping with 1000 replicates, and phylogenetic distances
were measured by the Kimura two-parameter model.

The VP4, VP7, NSP1 and NSP5 genes of RVA strain K8
were shown previously to belong to the P[9], G1, Al and
H3 genotypes, respectively (Matthijnssens et al, 2008b). In
the present study, based on nucleotide sequence identities
and phylogenetic analyses of the nearly full-length
nucleotide sequences (minus the 5'- and 3’-end primer
sequences), the VP1-VP3, VP6 and NSP2-NSP4 genes of
strain K8 were assigned to the R3, C3, M3, I1, N1, T3 and
E3 genotypes, respectively (Table 1; Fig. 1). Therefore,
strain K8 exhibited a G1-P[9]-I1-R3-C3-M3-A1-N1-T3-E3-
H3 genotype constellation, not reported previously. Four
of the 11 genotypes (G1, I1, Al and N1) of K8 were closely
related genomically to those of the Wa-like RV As, whilst its
remaining seven genotypes were AU-1-like, revealing a
mixed genotype constellation (Table 1). The Wa-, DS-1- or
AU-1-like genogroup is assigned to a human RVA strain if
at least seven gene segments belong to the respective Wa-,
DS-1-, or AU-1-like genotype (Matthijnssens et al., 2008a).
Therefore, strain K8 was assigned to the AU-1 genogroup.

The VP1 gene of strain K8 shared low nucleotide sequence
identities (maximum nucleotide sequence identity of
89.9% with strain RVA/Human-tc/THA/T152/1998/
G12P[9], followed by 89.5 % with strain AU-1) with those
of other RVAs, and phylogenetically, it clustered separately,
near strain AU-1, AU-1-like G12 strain T152 (Matthijnssens
et al., 2008a, b; Rahman et al, 2007) and strain RVA/

Table 1. Genotype nature of the 11 gene segments of RVA strain K8 compared with those of selected RVA strains with known

genomic constellations

Bold type indicates gene segments with a genotype identical to that of strain K8; — indicates that no sequence data were available in GenBank.

Strains K8, Wa and AU-1 are underlined.

Strain VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
RVA/Human-tc/JPN/K8/1977/G1P[9] Gl P9 11 R3 C3 M3 Al N1 T3 E3 H3
RVA/Human-tc/USA/Wa/1974/G1P1A[8] Gl P[8] I1 R1 C1 Ml Al N1 T1 E1 Hl
RVA/Human-wt/BEL/BE00097/2009/G1P[8] Gl P[8] 8 R1 C1 M1 Al N1 T1 El H1
RVA/Human-wt/USA/DC1505/1976/G3P[8] G3 P[8] n R1 Cl M1 Al N1 T1 El Hi
RVA/Human-tc/JPN/AU-1/1982/G3P3[9] G3 P[9] I3 R3 C3 M3 A3 N3 T3 E3 H3
RVA/Cat-wt/JPN/FRV1/1985/G3P[9] G3 P[9] - - - - - - - E3 -
RVA/Human-tc/ITA/PA260-97/1997/G3P[3]  G3 P[3] I3 R3 C3 M3  Al5 N2 T3 E3 Heé
RVA/Human-tc/USA/HCR3A/1984/G3P[3] G3 P[3] 13 R3 Cc2 M3 A9 N2 T3 E3 Hé6
RVA/Cat-tc/AUS/Cat97/1984/G3P[3] G3 P[3] 13 R3 C2 M3 A9 N2 T3 E3 Hé6
RVA/Dog-tc/AUS/K9/1981/G3P[3] G3 P[3] 13 R3 Cc2 M3 A9 N2 T3 E3 Hé
RVA/Simian-tc/USA/RRV/1975/G3P[3] G3 P[3] 12 R2 C3 M3 A9 N2 T3 E3 Hé
RVA/Cat-wt/ITA/BA222/2005/G3P[9] G3 P[9] 12 R2 C2 M2 A3 N1 T3 E2 H3
RVA/Cat-tc/AUS/Cat2/1984/G3P[9] G3 P[9] I3 R3 c2 M3 A3 N1 T6 E3 H3
RVA/Human-wt/THA/CMH120/2004/G3P[9]  G3 P[9] I3 - - - - - - E3 -
RVA/Human-wt/THA/CMH134/2004/G3P[9]  G3 P[9] I3 - - - = - - E3 -
RVA/Rhesus-tc/USA/TUCH/2002/G3P[24] G3 P[24] 19 R3 C3 M3 A9 N1 T3 E3 Heé
RVA/Human-wt/JPN/KF17/2010/G6P[9] G6 P[9] 12 R2 C2 M2 A3 N2 T3 E3 H3
RVA/Human-tc/THA/T152/1998/G12P[9] G12 P[9] 13 R3 C3 M3 Al2 N3 T3 E3 H3
http://virsgmjournals.org 1701



S. Ghosh and others

(@) VP1 (b) VP2

RVA/Cat-tc/AUS/Cat97/1984/G3P[3] ™y 100 ~—RVA/Human-tc/THA/T162/1998/Gi12P[9]
RVA/Human-tc/ISR/Ro1845/1985/G3P([3] 100 RVA/Human-tc/ITA/PA260-97/1997/G3P[3]
RVA/Cat-tc/AUS/Cat2/1 984/G3P[9] RVA/Human-tc/JPN/AU-1/1982/G3P3(9] ca
RVA/Dog-tc/ITA/RV198-95/1995/G3P[3] ©® RVA/Human-tc/JPN/K8/1977/G1P[9]
RVA/Dog-tc/ITA/RVE2-96/1995/G3P{3] 100 RVA/Simian-tc/USA/RRV/1975/G3P[3]

RVA/Dog-tc/USA/CU-1/1982/G3P[3] RVA/Rhesus-tc/USA/TUCH/2002/G3P[24]
RVA/Human-tc/USA/HCR3A/1984/G3P[3)

;7R3 0.08
RVA/Dog-tc/IUSA/A79-10/1979/G3P[3] -
RVA/Dog-tc/IAUS/K9/1981/G3P[3] N
RVA/Rhesus-tc/USA/TUCH/2002/G8P[24] ) vPe
" RVA/Human-tc/JPN/K8/1977/G1P[9] 100 11 subcluster-1(G1, GO and Gi12 RVAS)
RVA/Human-tc/JPN/AU-1/1982/G3P3(9]

RVA/Human-tc/THA/T152/1998/G1 2P[9] —
99 RVA/Human-tc/ITA/PA260-97/1997/G3P[3] _)j

RVA/Pig-tc/USA/Gottfried/1 975/G4P[6]
RVA/Human-tc/USA/Wa/1974/G1P1Al8]
RVA/Human-tc/JPN/KU/ 978/G1P1A[8] > »
93 [ RVA/Human-wt/AUS/E210/199x/G2P[4]
RVA/Human-to/KOR/CAU 219/2006/G1P[8]
RVA/Human-tc/JPN/YO/1977/G3P1A[8]
@ RVA/Human-to/JPN/K8/1977/GP[g]
100 RVA/Human-tc/ITA/PA260-07/1997/GaPla] "\ F:{\\/,AA//:“'"“’W'/USNDC“ 71/1976/G3P(8]
100[1RVA/Dog-tc/ITA/RV198-95/1995/G3P[3] uman-wt/USA/DC1505/1976/G3P(8)
9 RVA/Human-wt/USA/DC23/1976/G3P[g]  _/
RVA/Dog-te/ITA/RV52-96/1996/G3P[3]
VA/Human-te/THA/T1 52/1998/Gi4 2P[9]

(c) VP3

100

—_
VA/Simian-tc/USA/RRV/ 975/G3P[3] 0.0
©® RVA/Human-tc/JPN/KB/1977/G1P(9]
vV, -te/IT, -
RVA/Human-to/JPN/AU-1/1982/G3P3[9] () NSP3 97 RVA/Human A/PA260-97/1997/G3P[3]
96

RVA/Rh /USA/TUCH/2002/G3P([24]
RVA/Rabbit-tc/ITA/30/96/1996/G3P(14]
RVA/Dog-tc/USA/A79-10/1979/G3P{3]
RVA/Human-tc/iISR/Ro1845/1985/G3P[3]
RVA/Cat-tc/AUS/Cat97/1984/G3P{3]
RVA/Cat-tc/AUS/Cat2/1984/G3P([9]
RVA/Dog-tc/USA/CU-1/1982/G3P[3]
RVA/Human-tc/USA/HCR3A/1984/G3P(3]
RVA/Dog-tc/AUS/K9/1981/G3P[3]
RVA/Horse-wt/ARG/E403/2006/G14P[12]
RVA/Horse-wt/ARG/E4040/2008/G14P[12]

RVA/Dog-tc/USA/A79-10/1979/G3P(3]
RVA/Dog-tc/AUS/K9/1981/G3P[3]
RVA/Dog-tc/USA/CU-1/1982/G3P(3]
RVA/Cat-tc/AUS/Cat97/1984/G3P[3]
RVA/Human-tc/ISR/Ro1845/1985/G3P{3]
RVA/Human-tc/USA/HCR3A/1984/G3P[3]
RVA/Dog-tc/ITA/RV198-95/1995/G3P[3]

100 RVA/Dog-tc/ITA/RV52-96/1996/G3P[3]

RVA/Human-tc/JPN/K8/1977/G1 P[9] T3
100 RVA/Human-tc/JPN/AU-1/1982/G3P3[9]
RVA/Cat-wt/ITA/BA222/2005/G3P[9]

97— RVA/Human-wt/JPN/KF17/2010/G8P[9]
RVA/Simian-tc/USA/RRV/1975/G3P[3]
RVA/Human-tc/THA/T152/1998/G12P[9]
RVA/Rhesus-tc/USA/TUCH/2002/G3P(24]
RVA/Horse-wt/ARG/E30/1993/G3P[12]
RVA/Horse-wt/ARG/E4040/2008/G14P[12]
g1 —“RVA/Horse-wt/ARG/E4083/2006/G14P[12]

\ 0.05
N1 subcluster-1 (g) NSP4

M3

g

93

(e) NSP2

RVA/Cat-wt/JPN/FRV381/1993/G3P3[9]
100 | RVA/Cat-wi/JPN/FRV317/1993/G3P3[9]
RVA/Cat-wt/JPN/FRV384/1993/G3P3[9]
RVA/Human-wt/THA/CMH120/2004/G3P[9]
100! RVA/Human-wt/THA/CMH134/2004/G3P[9]
@ RVA/Human-tc/JPN/K8/1977/G1P[g]
RVA/Rabbit-tc/JPN/R-2/197x/G3P[14]
RVA/Simian-tc/USA/RRV/1975/G3P[3]
RVA/Human-wi/JPN/KF17/201 0/G6P[9]
RVA/Human-wt/RUS/N.N.1287/x00d G3P[9]
RVA/Human-tc/JPN/AU-1/1982/G3P3[9)
RVA/Cat-wt/JPN/FRV1/1985/G3P3[9]
RVA/Human-wt/JPN/02-92/1992/G3P[9]
RVA/Human-wt/PRY/Py1135ASR07/2007/G12P[9]

RVA/Human-wt/IND/mcs-13/2007/G9P[6]
@ RVA/Human-tc/JPN/K8/1977/G1P([9]
RVA/Human-wt/IND/RMC100/xxx/G4P[8]
RVA/Human-wt/BEL/Be00008/2006/G1P[8]
RVA/Human-wt/BEL/BE00097/2009/G1P[8]
RVA/Human-wt/USA/2008747323/2008/G1P[8]
RVA/Human-wt/IND/613158/2006/G1P[8] > N1
9 RVA/Human-to/USA/D/1974/G1 P4 Al8]
RVA/Human-tc/JPN/KU/1978/G1P1A[8]
RVA/Human-tc/USA/Wa/1974/G1P1A[8]
RVA/Human-tc/GBR/ST3/1875/G4P2A(6]
RVA/Human-tc/USA/W161/1983/GOP1A[8]
N1 subcluster-2
RVA/Human-tc/BRA/IAL28/1992/G5P[8]

92

RVA/Human-wt/PRY/Py942ASR06/2006/G12P[9]
99 RVA/Pig-wt/IND/RU172/2002/G12P[7] J 190 | | RyA/Human-te/THA/T152/1998/G 1 2P3(8]
RVA/Dog-tc/SPN/RS15/19xx/G3P5(3]
0.05 RVA/Cat-wt/JPN/FRV348/1993/G3P5[3] s
-‘ﬁa-l[RVA/Dog-meA/Rvsz-gen 996/G3P(3]
88 L RVA/Human-tc/ITA/PA260-97/1997/G3P(3]

RVA/H: /THA/CMH222/2001/G3P[3]
RVA/Human-wt/THA/CMH079/2006/G3P[10]

RVA/Goat-tc/KOR/GRV/1998/G3P5(3]

RVA/Rh /USA/TUCH/2002/G3P[24]

RVA/Dog-tc/ITA/RV198-95/1995/G3P[3]
RVA/Cat-tc/AUS/Cat2/1984/G3P[9]
RVA/Cat-wt/JPN/FRV72/1989/G3P5(3]
RVA/Cat-wt/JPN/FRV64/1989/G3P5(3]
RVA/Cat-wt/JPN/FRV73/1989/G3P5(3]
RVA/Cat-tc/AUS/Cat97/1984/G3P[3]
RVA/Human-tc/ISR/Ro18456/1986/G3P[3]
RVA/Dog-tc/AUS/K9/1981/G3P[3]
RVA/Cat-wt/JPN/FRV303/1993/G3P5(3]
RVA/Dog-tc/USA/A79-10/1879/G3P(3]
RVA/Dog-tc/USA/CU-1/1982/G3P[3]
RVA/Human-tc/USA/HCR3A/1984/G3P(3]

Fig. 1. Phylogenetic analyses of the VP1-VP3, VP68 and NSP2-NSP4 genes (a—g, respectively) of rotavirus strain RVA/Human-
tc/JPN/K8/1977/G1P[9]. Although strains representing all RVA genotypes were included in the phylogenetic analyses, only those
relevant to the present study are shown. Within the I1 and N1 genotypes, clade(s) consisting of strains that are not directly related
to the present study, but were included for unbiased analysis, have been compressed and labelled as subcluster(s). In all trees, the
position of strain K8 is highlighted by @. Bootstrap values >85 % are shown. Bar, 0.05 substitutions per nucleotide.
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Human-tc/ITA/PA260-97/1997/G3P[3] [a reassortant
between RVAs of the AU-1-like and Cat97-like genogroups
(Matthijnssens et al., 2011b)] (Fig. 1a). Strain K8 exhibited
maximum nucleotide sequence identity of 92.1% to the
AU-1-like VP2 gene of simian strain RVA/Simian-tc/USA/
RRV/1975/G3P[3] (Matthijnssens et al., 2010b), followed
by identities of 89.0 and 88.9% to those of strains AU-1
and T152, respectively. Phylogenetically, strain K8 clus-
tered near strain RRV within the VP2-C3 genotype (Fig.
1b). The VP3 gene of strain K8 was related more closely to
that of strain AU-1 (nucleotide sequence identity of
95.8 %) than to those of other RVAs (nucleotide sequence
identities of <<88 %) (Fig. 1c). The VP6 and NSP1 genes of
K8 were related closely (nucleotide sequence identities of
99 %) to those of the common human Wa-like G3P[8]
RVA strains detected in the USA in 1976 (Fig. 1d; Fig. S1,
available in JGV Online). The NSP2 gene of K8 shared
nucleotide sequence identities of 94-95% and clustered
phylogenetically with those of the common human Wa-
like G1P[8] RVA strains (Fig. le).

The NSP3 gene of strain K8 was related more closely
(nucleotide sequence identities of 96.0, 95.9 and 95.6 %,
respectively) to those of strains AU-1, RVA/Cat-wt/ITA/
BA222/2005/G3P[9] (a multi-reassortant strain derived
from human, canine/feline, and bovine or bovine-like
human RVAs) (Martella et al., 2011) and RVA/Human-wt/
JPN/KF17/2010/G6P[9] (a reassortant between bovine-like
human and AU-1-like RVAs) (Yamamoto et al., 2011) than
those of other RVA strains (nucleotide sequence identities
of <88 %) (Fig. 1f). The NSP4 gene of strain K8 exhibited
high nucleotide sequence identities of 97.9, 97.5, 96.7, 96.7
and 96.5 % to those of lapine strain RVA/Rabbit-tc/JPN/R-
2/197x/G3P[14], strain RRYV, feline strains RVA/Cat-wt/
JPN/FRV384/1993/G3P3[9], RVA/Cat-wt/JPN/FRV381/1993/
G3P3[9] and RVA/Cat-wt/JPN/FRV317/1993/G3P3[9], res-
pectively, and clustered phylogenetically with strains R-2
and RRV, close to strains FRV384, FRV381 and FRV317,
within the NSP4-E3 genotype (Fig. 1g). The NSP5 gene of
strain K8 formed a separate cluster with strain AU-1 and two
other human P[9] RVA strains from Japan within the NSP5-
H3 genotype (Fig. S2).

Taken together, the VP6, VP7, NSP1 and NSP2 genes of
strain K8 were related closely to those of common human
Wa-like G1P[8] and/or G3P[8] strains, whilst its VP1-VP4
and NSP3-NSP5 genes were related more closely to those of
AU-1-like RVAs and/or AU-1-like genes of multi-reassor-
tant RVA strains than those of other RVAs. Therefore,
human G1P[9] RVA strain K8 might have originated from
intergenogroup-reassortment events involving acquisition
of four Wa-like gene segments, possibly from G1P[8] RVAs,
by an AU-1-like P[9] strain.

Human AU-1-like strains are believed to be derived from
feline/canine RVAs, as revealed by RNA-RNA hybridiza-
tion studies (Nakagomi & Nakagomi, 1989). Among the
AU-1-like genes of strain K8, the NSP4 gene was possibly
derived from co-circulating feline RVAs (Fig. 1g).

Phylogenetically, the VP1, VP3 and NSP3 genes appeared
to share a common ancestry with those of typical feline/
canine RVAs (Fig. 1a, ¢, f). The VP4 gene belonged to the
same genotype as those of the feline G3P[9] RVAs, such as
strains RVA/Cat-wt/JPN/FRV1/1985/G3P3[9], FRV-317,
FRV381 and FRV384 from Japan. On the other hand, the
VP2 and NSP5 genes appeared to be genetically distinct
from those of the typical canine/feline RVAs (Table 1; Fig.
1b; Fig. S2). Moreover, phylogenetically, the NSP5 gene of
strain K8 (and AU-1) appeared to share a common
ancestry with those of artiodactyl and artiodactyl-like
human strains (Fig. S2). Therefore, whole-genomic ana-
lyses of more AU-1-like human and typical canine/feline
RVAs may be required to obtain conclusive data on the
overall genetic relatedness between these RVAs, and with
RVAs from other host species.

In conclusion, whole-genomic analysis of human RVA
GI1P[9] strain K8 provided important insights into the
complex genetic diversity and evolutionary patterns of
human RVAs. RVAs arising from intergenogroup-reassort-
ment events, such as strain K8, are believed to be selected
against in nature (McDonald et al., 2009), as evident from
the detection of only a few G1P[9] RVA strains in the last
three and a half decades since the isolation of strain K8.
However, compared with the high rates of detection of
RVAs in humans, to date only a limited number of human
RVA strains have been analysed for their whole genomes.
Therefore, large-scale whole genome-based surveillance
studies may be required to elucidate the actual frequency of
RVA intergenogroup-reassortment events occurring under
natural conditions, and to monitor the stability of RVA
strains arising from such events. To our knowledge, the
present study is the first report on the whole-genomic
analysis of an intergenogroup-reassortant G1 RVA strain.
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