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The amino acid substitutions from sequence data of the P[8] VP8" gene specific for lineages and sub-lineages. The amino acid substitutions highli ghted in italics and
in bold are specific for differentiation of lineages and sub-lineages, respectively. Shaded boxes indicate variable regions located at rotavirus VP8”. The phylogenetic

lineage- and sub-lineage-defining sequences are indicated by a horizontal bar
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substitutions specific for lineages and sub-lineages (Table 2).
For differentiation within lineages, three amino acid
substitutions at positions 121, 125, and 135 of variable
regions of VP8" were identified. Amino acid 1, S, and N were
specific for lineage I and amino acid V, N, and D were
specific for lineage II. For differentiation within sub-
lineages, up to 19 amino acid substitutions located at
variable regions and conserved regions of VP8" were found.
Of these, substitutions at 32 (D), 55 (V), 178 (K), 182 (G),
184 (V), 187 (G), 191 (S), 192 (D), 194 (T), 216 (I), and 221
(Y) were specific only for sub-lineage IB; substitutions at 35
@), 108 (), 113 (T or N), and 236 (P) for sub-lineage IA;
substitution at 113 (S) for sub-lineage IIA. At positions 78

and 195, amino acid substitutions differed according to each
sub-lineage, e.g., N for sub-lineage IA; K and S for sub-
lineage IB.

Interestingly, only short signature sequences of VP4, which
correctly defined the phylogenetic P{8] lineages and sub-
lineages, were found. Three amino acids at positions 32, 35, and
55 formed an identification code of NII, DVV, and NVI for sub-
lineages 1A, IB and lineage II, respectively. Three amino acids
at positions 121, 125, and 135 formed a code of ISN and VND
for lineages I and II, respectively. Other amino acids at
positions 195, 216, 221, and 236 also formed a code for sub-
lineages, e.g., sub-lineage IA had a code of NNNP, and sub-
lineage IB had a code of DNNS.
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4. Discussion

In this study, the prevalence of rotavirus infection was 10.9%
of children with acute gastroenteritis. This result was different
from our previous report on rotavirus epidemiology in Japan
from 2000 to 2003, with the detection rate ranging from 23% to
27% (Yoshinaga et al., 2006). This may result from the co-
existence of multiple factors such as anti-rotavirus immunity in
children, climate, water, and others, but direct evidence is
lacking. In some reports, rotavirus was prevalent during the
cold season, although several studies did not find a seasonal
correlation (Nishio et al., 2000; Kang et al., 2002; Okitsu-
Negishi et al., 2004). The findings in this study are in good
agreement with the surveillance on pediatric cases of viral
gastroenteritis in Japan, which demonstrated that the main peak
of rotavirus infection was in the period of March and April
(Zhou et al., 2003; Suzuki et al., 2005).

Extensive epidemiological studies of rotavirus infection
worldwide including in Japan, which characterized rotavirus
strains, indicated that G1 was the most prevalent genotype
(Maneekarn and Ushijima, 2000; Kapikian et al., 2001; Santos
et al., 2003; Zhou et al., 2003; Okitsu-Negishi et al., 2004).
However, the emergence of new variant G2 and G3 was
identified, and these strains became the leading genotypes in
Japan in 2001-2004 (Yoshinaga et al., 2006; Phan et al., in
press). At the same time, the prevalence of G1 rapidly dropped
from 86% in 1998-1999 to 6% in 2002-2003 (Yoshinaga et al.,
2006) and no G1 was found in 2003-2004 (Phan et al., in press).
In this study, the changing pattern of the G-type distribution of
rotavirus infection in children with acute gastroenteritis has
been demonstrated. Of note, the G1 genotype re-emerged as the
most prevalent with a high frequency (47.6%) compared to the
lower frequency of G3 (34.1%) and G2 (13.4%), which were
the second and third prevailing genotypes, respectively. The

insufficient antibody protection from acquired viral immunity

against G1 in a Japanese pediatric population due to the lack of
a trigger of the previous G1 rotavirus infection during 2001-
2004 was hypothesized. This hypothesis was in strong
agreement with recent findings that the detection rate of Gl
infection was very low during 2001-2004 (Yoshinaga et al.,
2006; Phan et al., in press). Moreover, the common genotype
G4 and the emerging genotype G9 were not detected in this
epidemic season. Unlike the G-typing success of all rotaviruses,
there were 18 rotavirus isolates whose P-types could not be
determined by RT-PCR with specific primers. Therefore, their
P-types were further approved by sequence analysis. After
sequence analysis, 94% (17/18) had the closest relatives among
rotavirus P[8] strains, demonstrating that our isolates belonged
to P[8] genotype. These rotavirus P[8] isolates were found to
contain four mismatches at the VP4 primer-binding site. Quite
possibly, the initial failure in identifying a considerable fraction
of the rotavirus P isolates in our study was due to those point
mutations. Moreover, one P-nontypeable isolate turned out to
be P[9], which is known to be a rare human P-type.
Remarkably, this isolate shared the greatest homology
(100%) of the VP4 gene nucleotide sequence with feline
rotavirus strain FRV-1. This finding is additional evidence to

support the notion that interspecies transmission of rotaviruses
might be taking place in nature.

To gain further insights into the genetic variability within the
P[8] genotype, VP8" of rotavirus P[8] strains were used for
genetic analysis. The alignment of a partial amino acid
sequence we compiled from a number of rotavirus P[8] strains
detected in different parts of the world demonstrated two
distinct lineages, I and II, which were further divided into sub-
lineages IA and IB, IIA and IIB. Another interesting finding of
this study was the discovery of a wide range (up to 22) of amino
acid substitutions, which were specific for lineages and sub-
lineages. These changes were exclusively present in only one or
two lineages and/or sub-lineages, but they are absent in the
other lineages and/or sub-lineages. Of these, as many as 14
amino acid positions were located at variable regions of VPg”,
Interestingly, eight more positions were identified at the
conserved sites of VP8”. At two positions, 78 and 195, amino
acid substitutions consistently changed according to each sub-
lineage. Consistent with a previous report (Maunula and von
Bonsdorff, 1998), a short motif located in amino acids 121-135
of the VP4 variable region was found to differentiate rotavirus
P[8] strains into phylogenetic lineages. The identification of
two new amino acid motifs at positions 32-35 and 195-236 of
VP4 conserved regions should be noted. These new signature
motifs also correctly divided rotavirus P[8] strains not only into
phylogenetic lineages but also into phylogenetic sub-lineages.

Based on the novel nomenclature of the P[&] genotype, at
least two distinct rotavirus P[8] clusters (sub-lineages IA and
IB) were co-circulating in the Japanese pediatric population
studied. Sub-lineage IA contained both human rotavirus P[8]
strains and the porcine rotavirus S8 strain from Brazil. This
porcine rotavirus strain shared the high identities, ranging from
95% to 96%, at the nucleotide and the amino acid levels with
other human rotavirus P[8] strains, including the 6690/Japan in
this study. Taken together, in view of rotavirus evolution, a
genomic relation might exist between human and porcine, and
between human and feline strains.
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SUMMARY

A total of 402 fecal specimens from infants and children with acute gastroenteritis in five places (Tokyo, Maizuru,
Saga, Sapporo, and Osaka) in Japan from July 2003 to June 2004 were collected and then tested for the presence
of rotavirus by RT-PCR. Of these, 83 were positive for rotavirus and this accounted for 20.6%. Rotavirus was fur-
ther characterized to G-types (VP7 genotypes) and P-types (VP4 genotypes). Interestingly, an emergence of rota-
virus G3 was identified with an exceptionally high prevalence (97.5%; 81 of 83), followed by rotavirus G2 (2.5%;
2 of 83). The P-types of 19 rotavirus strains, which could not be typed by RT-PCR, were determined as P[8] with
multiple point mutations at the VP4 primer-binding site by sequencing analysis. The predominant genotype was
G3P[8] (95.2%, 79 of 83), followed by a number of unusual combinations G3P[4] (2.4%, 2 of 83), and G2P[8]
(2.4%, 2 of 83). Another interesting feature of the study was the demonstration of a great genetic diversity in new
variant rotavirus G3 strains circulating in Japan. In comparison with rotavirus G3 strains circulating in 1990-
1995 in Japan, a wide range of amino acid substitutions (up to 16) of new variant rotavirus G3 VP7 genes was
identified. Of note, the changes at positions 96, 99, and 100 were revealed to be located in the antigenic region A,
and 213 in the antigenic region C. To the best of our knowledge, this is the first reporting of an emergence of new
variant rotavirus G3 together with a sudden disappearance of G1, G4, and G9 in infants and children with rota-
virus infection-associated gastroenteritis in Japan. (Clin. Lab. 2007;53: 41-48)

KEY WORD double-stranded RNA. The two outer capsid proteins,
VP4 and VP7, allow the rotavirus classification into P
and G genotypes, respectively [1, 2]. In rotavirus, at
least 15 G genotypes have been recognized by neutrali-
zation assay and 26 P genotypes have been identified by
hybridization or sequence analysis. Of these, four rota-

virus G-P combinations G1P[8], G2P{4], G3P[8], and

rotavirus, G3, emergence, gastroenteritis, Japan

INTRODUCTION

Rotavirus is considered to be a significant global entero-
pathogen, being a major cause of acute gastroenteritis in
infants and children [1, 2]. It has been well established
that virtually every child becomes infected with a rota-
virus at least once by 3 years of age [3, 4]. The rota-
viruses, which comprise a genus in the family Reoviri-
dae, are spherical in appearance and measure about 70
nm in diameter. Rotaviruses contain 11 segments of
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G4P[8] are the most common globally and are therefore
the targets for current vaccine development strategies
[51.

Since effective anti-rotavirus drugs have not been de-
veloped, a rotavirus vaccine would be very useful. The
first rotavirus vaccine (Rotashield; Wyeth Lederle Vac-
cines, Philadelphia, PA, USA) licensed for use was a
live-attenuated tetravalent rhesus-human reassortant
vaccine incorporating G1 to G4 specificity. This vaccine
was, however, withdrawn from use after reports of asso-
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ciation with intestinal intussusception. Recent develop-
ments with rotavirus vaccines provide great promise for
the prevention of severe dehydrating diarrhea. Two rota-
viruses vaccines have recently been released onto the
market. Rotarix (GlaxoSmithKline Biologicals, Rixens-
art, Belgium) has been licensed in more than 30 coun-
tries, and RotaTeq (Merck Vaccines, Whitehouse Sta-
tion, NJ, USA) is now only available in the United
States [6-8]. Moreover, study of the molecular epi-
demiology of the rotaviruses provides knowledge on the
diversity of the specific VP7 types found in humans.
For diarrheal disease control to be successful through
vaccination, continuous monitoring of the rotavirus
types is needed.

The objectives of the present study were: to determine
the occurrence of rotavirus infections in infants and
children with acute gastroenteritis in five different pla-
ces in Japan during 2003 and 2004; to characterize the
detected rotaviruses according to G-and P-types; and to
demonstrate the genetic diversity among them.

MATERIALS AND METHODS

Fecal specimens

A total of 402 fecal specimens were collected from spo-
radic cases of acute gastroenteritis in pediatric clinics in
five different places (Tokyo, Maizuru, Saga, Sapporo,
and Osaka) in Japan between July 2003 through June
2004. The fecal specimens were diluted with distilled
water to 10% suspensions, and clarified by centrifuga-
tion at 10,000 x g for 10 min. The supernatants were
collected and stored at —30 °C until use for the detection
of rotavirus.

Extraction of viral RNA

The viral RNA was extracted from 140 pl of 10% fecal
suspensions using a spin column technique according to
the manufacturer’s instructions (QIAGEN®, Hilden,
Germany).

Reverse transcription (RT)

For reverse transcription (RT), 7.5 wl of extracted viral
RNA was added to a reagent mixture consisting of 2.05
ul of 5x first strand buffer (Invitrogen, Carlsbad, CA,
USA), 0.75 ul of 10 mM dNTPs (Roche, Mannheim,
Germany), 0.75 pl of 10 mM DTT (Invitrogen), 0.75 ul
(200 U/pl) of superscript reverse transcriptase III (In-
vitrogen, Carlsbad, CA, USA), 0.375 pul (1pg/pl) of ran-
dom primer (hexa-deoxyribonucleotide mixture) (Taka-
ra, Shiga, Japan), 0.5 pl (33 U/ul) of RNase inhibitor
(Toyobo, Osaka, Japan), and 2.325 pl MilliQ water. The
total volume of the reaction mixture was 15 pl. The RT
step was carried out at 50 °C for 1 h, followed by 99 °C
for 5 min and then the mixture was held at 4 °C [9].

Polymerase chain reaction (PCR)
PCR with specific primers was used for rotavirus identi-
fication as previously reported [9]. Primers Beg9 (5°-

GGCTTTAAAAGAGAGAATTTCCGTCTGG-3") and
VP7-1’ (5°-ACTGATCCTGTTGGCCATCCTTT-3"
were used to amplify VP7 of rotavirus and specifically
generated an amplicon of 395 bp. PCR was carried out
with 2.5 pl of ¢cDNA in 22.5 pl of the reagent mixture
containing 10x Taqg DNA polymerase buffer (Promega,
Madison, WI, USA), dNTPs (2.5 mM/ul), primers (33
uM), Tag DNA polymerase (5 U/ul) (Promega, Madi-
son, WI, USA) and MilliQ water. PCR was performed
at 94 °C for 3 min followed by 35 cycles at 94 °C for 30
s, 55 °C for 30 s, 72 °C for 60 s, and a final extension at
72 °C for 7 min, and then held at 4 °C.

Rotavirus G-typing

G-typing of rotavirus was performed using the protocol
of the method previously presented by Das et al. [10].
The full-length of the VP7 gene was reverse transcribed
and then further amplified with primers Beg9 and End9.
The expected size of the PCR product generated from
the full-length VP7 gene was 1,062 bp in length. The
second amplification was performed using the first PCR
product as the template with G-type specific mixed pri-
mers (9T1-1, 9T1-2, 9T-3P, 9T-4, and 9T-B) for down-
stream priming and primer 9conl for upstream priming
in an amplification of VP7 genes of G1-G4, and G9, re-
spectively. These primers specifically generated five
different sizes of amplicons of 158 bp, 244 bp, 466 bp,
403 bp, and 110 bp for G1, G2, G3, G4, and G9, re-
spectively.

Rotavirus P-typing

P-typing was conducted by using a modification of the
Gentsch et al. method [11]. The RT-PCR was perform-
ed by using primers Con2 and Con3 for amplification of
the partial VP4 gene. In the second amplification, a
mixture of primers, 1T-1, 2T-1, 3T-1, 4T-1, 5T-1, and
Con3 was utilized for the identification of P[8], P[4],
Pf6], P[9], and P[10] with six different sizes of ampli-
cons of 346 bp, 484 bp, 268 bp, 392 bp, and 584 bp, re-
spectively. The samples whose P-types could not be
identified by RT-PCR were then determined by nucleo-
tide sequence analysis.

Electrophoresis

PCR products were electrophoresed in a 1.5% agarose
gel, followed by staining with ethidium bromide (EtBr)
for 20 min and then visualized under ultraviolet light,
and the results were recorded by photography.

Nucleotide sequencing and phylogenetic analysis

The nucleotide sequences of PCR products (DNA) posi-
tive for rotavirus were determined with the Big-Dye ter-
minator cycle sequencing kit and an ABI Prism 310
Genetic Analyzer (Applied Biosystems Inc, Foster City,
CA, USA) in order to further characterize the genetic
relationship among the G3 strains detected among in-
fants and children with acute gastroenteritis in Japan.
Their VP7 nucleotide sequences were compared to each
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ROTAVIRUS INFECTION IN JAPAN
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Figure 1: Seasonal variation of rotavirus infection among infants and children with acute gastroenteritis in five different
regions (Maizuru, Tokyo, Sapporo, Saga, and Osaka) in Japan during the period of July 2003 to June 2004. The mean
temperature for the five regions obtained from the Japan Meteorological Agency is also shown.
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Figure 2: Prevalence pattern of rotavirus G-types with an emergence of rotavirus G3 together with a sudden disappearance of
G1, G4, and G9 during the 21-year survey of rotavirus infection among infants and children in the same age group with acute
gastroenteritis in five different regions (Maizuru, Tokyo, Sapporo, Saga, and Osaka) in Japan.
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Table 1: Comparison of amino acid sequence of VP7 genes among Japanese and global rotavirus G3 strains

Strain Place Time Amino acid identity
A(87-101) C (208-221)#
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Note: #, A and C antigenic regions of rotavirus VP7 gene, *, Amino acids identical with the G3 strain 5244/J apan in 2003-2004
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Figure 3: Alignment of fragment of the VP4 gene of
Japanese rotavirus strains that were not typed by RT-PCR
and the reverse complementary sequences of the original
primer 1T-1. Residues that match primer 1T-1 are denoted
by asterisks.

other as well as to those of reference rotavirus strains
available in GenBank by BLAST. Sequence analysis
was performed using CLUSTAL X software (Version
1.6). A phylogenetic tree with 100 bootstrap replicates
of the nucleotide alignment datasets was generated us-
ing the neighbor-joining method with CLUSTAL X.
The genetic distance was calculated using Kimura’s
two-parameter method (PHYLIP). The sequences of ro-
tavirus strains detected in the study had been submitted
to GenBank and had been assigned accession numbers
DQ779048-DQ779054. Reference rotavirus strains and
their accession numbers used in this study were as fol-

lows: J-12/1990/Japan (D86279), TK08/1995/Japan
(D86281), TK28/1991/Japan (D86283), TK15/1991/Ja-
pan (D86282), CMHO054/Thailand (AY707794),
CMH229/Thailand (AY707791), CMH272/Thailand
(AY707790), RMC437/India (AY603153), CS02-01/
Taiwan (AY165009), MP126/India (AF386915),
MaCH09004 (AY900173), MaCH09404 (AY870661),
and 97°S48 (AF260957).

RESULTS

Molecular epidemiology of rotavirus infection

A total of 402 fecal specimens collected from infants
and children with acute gastroenteritis in Japan from
2003 to 2004 were examined for the presence of rota-
virus. For the pediatric population, the lowest age was 2
months, the highest was 11 years, and the average age
was 2.5 years (29 months). Out of 402 diarrheal fecal
specimens, 83 were found to be positive for rotavirus,
and this represented 20.6%. The highest incidence of
rotavirus was in the 12-23 months old group (43.4%, 36
of 83). Only one case of rotavirus infection was identi-
fied among infants aged less than 6 months. It was also
found that infants and children aged less than 3 years
had a high rate of rotavirus infection (81.9%, 68 of 83).
In the study, rotavirus was detected continuously in 6-
month period lasting from January to June (Figure 1).
No rotavirus was found between July through Decem-
ber. The highest prevalence of rotavirus infection was
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Figure 4: Phylogenetic tree of nucleotide sequences of rotavirus G3 strains detected in infants and children with acute
gastroenteritis in five different places in Japan. The tree was constructed from nucleotide sequences of VP7 of rotavirus G3
strains. Reference rotavirus strains were selected from GenBank under the accession number indicated in the text. Japanese
rotavirus G3 strains in 2003-2004 are highlighted in italics. The G1/Berlin029/02/DE strain was used as an out-group strain for
phylogenetic analysis. The scale indicates nucleotide substitations per positiori. The numbers in the branches indicate the
bootstrap values.
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found in April (37.4%, 31 of 83), followed by March
and February with 31.3% (26 of 83) and 18.1% (15 of
83), respectively. The lowest rotavirus detection rate
was in June (2.4%; 2 of 83).

Distribution of rotavirus G- and P-types with an
emergence of G3

The distribution of rotavirus G- and P-types of rotavirus
from July 2003 to June 2004 was reported. Only two
different rotavirus G-types, G2 and G3, were detected
during the study period. Interestingly, rotavirus G3
emerged and became the most prevalent genotype. An
exceptionally high prevalence of rotavirus G3 was
found, accounting for the majority of rotavirus strains
detected in our study (97.5%; 81 of 83). The rotavirus
G2 was identified only in 2 specimens and represented
2.5%. In contrast, no G1, G4 or G9, which before 2004
were the common or emerging genotypes (see Figure

2), was detected in the present study. When examined-

for their P-types, two common genotypes, P[4] and
P[8], were identified. The majority of rotavirus strains
were P[8] with 97.5% (81 of 83) and 2.5% (2 of 83)
were P[4]. However, there were 19 rotavirus strains
(22.9%) whose P-types could not be determined by RT-
PCR using specific primers previously reported in the
literature.

Determination of rotavirus P-types by nucleotide
sequence analysis

Nineteen rotavirus strains whose P-types could not be
determined initially by the RT-PCR method even
though their VP4 genes were successfully amplified by
RT-PCR. Therefore, their P-types were assigned based
on nucleotide sequence analysis by direct sequencing of
VP4 genes using the consensus Con3 as a sequencing
primer. After sequence analysis, all of them were P[8].
Figure 3 shows that these rotavirus P[8] strains con-
tained 5-6 point mutations at the VP4 primer-binding
site. As many as nineteen P[8] strains proven by se-
quence analysis had great homology at the nucleotide
level of each other, ranging from 99% to 100%. By us-
ing BLAST these strains were highly homologous
(98%-100%) with the Thai P[8] strain CU90 (accession
number DQ235978).

The frequencies of various combinations of the G- and
P-types of rotavirus detected in this study were also in-
vestigated. The G3P[8] combination was the most pre-
dominant genotype and represented 95.2% (79 of 83). A
number of unusual combinations, G3P[4] (2.4%, 2 of
83) and G2P[8] (2.4%, 2 of 83) [5], were also detected
during this study period.

Nucleotide sequencing and phylogenetic analysis of
new variant rotavirus G3 strains

To establish the changing epidemiology of rotavirus
genotypes, the VP7 genes of rotavirus G3 strains were
sequenced. Rotavirus G3 sequences were analyzed by
phylogenetic analysis and grouped using the rotavirus
G3 VP7 region classification scheme [12]. It was found

that the Japanese rotavirus G3 strains in 2003-2004 had
high homologies at the nucleotide as well as the amino
acid level, ranging from 99% to 100% of each other.
However, it was also shown that these G3 strains had
the closest matches of only 94%-96% at the nucleotide
level to those in Japan in 1990-1995 mentioned in Table
1. Moreover, there were high identities (97%-100%) be-
tween rotavirus G3 strains in 2003-2004 and recent
worldwide G3 strains mentioned in Table 1. Figure 4
shows that the Japanese rotavirus G3 strains in 1990-
1995 and in 2003-2004 made two distinct clusters, I and
11, respectively. Compared with the Japanese G3 strains
in 1990-1995, the Japanese G3 strains in 2003-2004 fur-
ther demonstrated 16 substitutions at amino acids 16, 1
toV; 40, Vtol; 66, Lto P; 96, D to N; 99, P to K; 100,
GtoD; 108, TtoI; 121, Nto Y; 213, K to N; 256, H to
N; 266, Sto P; 278, T to M; 303,Ato V; 323, Tto Y;
324, Tor Sto Y; and 325, G to R. Of these, point mu-
tations at amino acids 96, 99, and 100 were located in
the antigenic region A, and amino acid 213 in the anti-
genic region C (Table 1). In contrast, no point mutation
or only few point mutations at amino acids 41, T to I;
116, V to Y; and 320, A to F, were found between the
Japanese G3 strains in 2003-2004 and G3 strains in
Thailand, Malaysia, Taiwan, India, China previously re-
gistered in GenBank.

DISCUSSION

Rotavirus G1 is reported to be the most common causa-
tive agent of diarrhea in the majority of various coun-
tries of Europe, North and South America, Africa, and
Asia [1, 4, 13-15]. In Japan, rotavirus G1 was a leading
genotype since 1984 [16-18]. However, the prevalence
pattern of rotavirus genotypes has been changing with a
rapid decrease of G1 and a slight increase of G2 and G3
since 2000 [18]. Of particular interest was the finding
that rotavirus G3 in this study had a dramatic increase
with an exceptionally high prevalence (97.5%) in 2003-
2004. More interestingly, other very common rotavirus
G-types, such as G1 and G4, could not be detected dur-
ing the same period of time. Rotavirus G9 has been re-
cognized as the most widespread of the emerging geno-
types since 1996 and to be the frequent cause of severe
acute gastroenteritis in many countries, covering all
continents of the world [19-23]. In Japan, only one rota-
virus G9 was firstly detected in Tokyo in 1996-1997
[17]. And then, rotavirus G9 was determined to be the
prevailing genotype in 1998-2003 with 15.3% [17, 18].
However, rotavirus G9 appeared to vanish in 2003-
2004. Thus, taking into account the experience of 21
years of rotavirus surveillance in Japan, the period
2003-2004 was unusual in that a previously rare geno-
type (G3) rose to dominance whereas genotypes promi-
nent in earlier years became rare or disappeared alto-
gether. It is possible that the Japanese pediatric popula-
tion might have enough antibody protection from ac-
quired viral immunity against G1, G4, and G9 which
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had been triggered by the previous rotavirus infection.
This hypothesis is in line with the recently published
findings in which rotavirus strains were genetically and
antigenically similar, even though they had circulated in
Japan during a long period of time (1999 to 2003) [18].
Unlike the successful G-typing of all rotaviruses, there
were 19 rotavirus strains whose P-types could not be
determined by standard RT-PCR with specific primers.
Therefore, their P-types were further proven by sequen-
ce analysis. After sequence analysis, they had the
closest relatives among rotavirus P[8] strains, demon-
strating that these rotavirus strains belonged to the P[8]
genotype. Interestingly, these rotavirus P[8] strains were
found to contain 5-6 mismatches at the VP4 primer-
binding site. Quite possibly, the initial failure to identify
a considerable fraction of the rotavirus P strains in our
study was due to those point mutations.

To investigate the changing distribution of rotavirus
genotypes and to understand the genetic evolution of ro-
tavirus G3 in Japan, the VP7 gene was subjected to se-
quencing analysis. The Japanese rotavirus G3 strains in
2003-2004 were found to be highly identical to each
other and to recent worldwide rotavirus G3 strains. In
contrast, these rotavirus G3 strains demonstrated a low
identity in comparison with those circulating in Japan in
1990-1995. Of interest, a wide range of amino acid sub-
stitutions (up to 16) of rotavirus G3 VP7 genes was
identified among them. According to the study of the
neutralization sites on VP7 of rotavirus G3, mutations at
amino acid position 96 in the region A was selected by
antibodies and recognized as neutralization-escape mu-
tants [24, 25]. Furthermore, the motif located at posi-
tions 211-213 in the antigenic region C was the critical
region of neutralizing antibody [24]. Altogether, the
amino acid mutations of VP7, especially in the anti-
genic regions A and C, played crucial roles in altering
antigenicity that might lead to the emergence of new
variant rotavirus G3 strains in Japan. This emergence of
new variant rotavirus G3 indicated that the pediatric
population might lack antibody protection against these
strains, and that these strains might be more virulent.
Surveillance of rotavirus infection should be continu-
ously done to determine whether these strains continue
to be dominant in Japan in the coming years.
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Among 175 fecal specimens collected from diarrheic piglets during a surveillance of porcine rotavirus
(PoRYV) strains in Chiang Mai, Thailand, 39 (22.3%) were positive for group A rotavirnses. Of these, 33.3% (13
of 39) belonged to G3P[19], which was a rare P genotype seldom reported, Interestingly, their VP4 nucleotide
sequences were most closely related to human P[19] strains (Mc323 and Mc345) isolated in 1989 from the
same geographical area where these PoRV strains were isolated. These P[19] PoRV strains were also closely
related to another human P[19] strain (RMC321), isolated from India in 1990. The VP4 sequence identities
with human P[19] were 93.4% to 97.4%, while those to a porcine P[19] strain (4F) were only 87.6 to 89.1%.
Phylogenetic analysis of the VP4 gene revealed that PoRV P[19] strains clustered with human P[19] strains
in a monophyletic branch separated from strain 4F. Analysis of the VP7 gene confirmed that these strains
belonged to the G3 genotype and shared 97.7% to 98.3% nucleotide identities with other G3 PoRV strains circulating
in the regions. This close genetic relationship was also reflected in the phylogenetic analysis of their VP7 genes.
Altogether, the findings provided peculiar evidence that supported the porcine origin of VP4 genes of Mc323

and Mc345 human rotaviruses.

Rotavirus is the major cause of acute gastroenteritis in in-
fants and young children and in young animals of a large
variety of species (27). It contains two outer capsid proteins,
VP7 and VP4, which independently elicit neutralizing antibod-
ies and specify the G and P genotypes of the virus, respectively
(14, 16, 24, 27, 40). To date, 15 distinct G genotypes and 26 P
genotypes have been identified (14, 27, 30, 31, 32, 33, 35, 46,
48). Epidemiological studies of porcine rotaviruses (PoRV) in
several countries have identified at least four main G types,
G3, G4, G5, and G11, which are the most common (14).
However, other porcine rotaviruses, such as G1, G2, G6, G,
G9, and G10, have also been reported occasionally (1, 5, 6, 19,
25, 32, 34, 43, 45, 52, 57). For the P type, P[6] and P[7] were
found to be the most common genotypes in pigs, while other P
types, such as P[13], P{14], P{19], P[23], and P[26], were seldom
reported (3, 14, 20, 25, 27, 30, 31, 59). In Thailand, the epide-
miological study of the group A rotavirus in pigs has been
limited, and G3 had been the only G type detected in the last
decade (44), until G10 was recently reported (43). Rotaviruses
belonging to the same G serotype usually share at least 90%
amino acid sequence identity (21), whereas viruses of the same
P genotype normally share more than 89% amino acid se-
quence identity (4, 14, 16). The increased detection of rotavi-
rus strains bearing an unusual combination of phenotypes of
human and animal rotaviruses has been well documented (10,
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Thailand. Phone: (66) 53945332. Fax: (66) 53217144. E-mail: nmaneeka
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12, 42, 47). This observation supports the hypothesis that in-
terspecies transmission of rotaviruses from one animal species
to others, including humans, might take place in nature (7, 18,
37, 42). The interspecies transmission could be the result of
infection with an animal rotavirus virion (38) or could occur via
genetic reassortment between humans and animal rotavirus
strains during coinfection of the same cell (9, 11, 54, 55).
Two strains of human G9 rotaviruses (Mc323 and Mc345)
isolated in 1989 in Chiang Mai, Thailand, had been shown by
RNA-RNA hybridization to be more closely related to the
porcine GY rotavirus than to human rotaviruses (54). Recently,
analyses of VP7 and VP4 nucleotide and deduced amino acid
sequences of Mc323 and Mc345 revealed that both strains
belonged to GIP[19] genotype (41), with the VP7 sequences
closely related to the G9 human rotaviruses WI61 and F45,
while the VP4 sequence revealed a close genetic relatedness to
that of the P[19] porcine rotavirus 4F reported previously (2).
Most recently, a human rotavirus G9P[19] isolate (RMC321)
with porcine rotavirus characteristics was also reported foliow-
ing an outbreak of infantile gastroenteritis in India (55). Cur-

" rently, G9 is a common genotype of humans and pigs (32),

4113

while P[19] is a rare one in both of them (31). It is possible that
human G9P[19] strains Mc323 and Mc345 might have arisen by
natural reassortment among rotavirus strains of human and
porcine origins that circulated in the Chiang Mai area. Unfor-
tunately, in that study, the rotavirus strain surveillance in pigs
was not carried out simultaneously. It is, therefore, tempting to
verify whether the P[19] rotavirus, a rare genotype, is really
circulating in the porcine population of the Chiang Mai area.

In this study, 13 strains of G3P[19] PoRYV were isolated from
diarrheic piglets raised in several pig farms located in Chiang
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Mai, Thailand. The VP4 genes of these strains were most
closely related to those of Mc323 and Mc345, the human ro-
taviruses that were also isolated from Chiang Mai. These find-
ings provided evidence that supported the porcine origin of
VP4 genes of Mc323 and Mc345 strains.

MATERIALS AND METHODS

Specimen collection. A total of 175 fecal specimens were collected from
diarrheic piglets from six different farms located in Chiang Mai province, Thai-
land. The ages of the piglets ranged from 7 to 49 days old. The specimens were
collected from June 2000 to July 2001 and stored at —20°C until use.

Sereening and subgrouping of the group A rotavirus by ELISA. The presence
of the group A rotavirus in fecal specimens was detected by enzyme-linked
immunosorhent assay (ELISA) using polycional antibody against it, as described
previously (22). The subgroup specificities of the virus were determined by
ELISA using monoclonal antibodies (MAbs) specific to subgroup I and subgroup
I rotaviruses (Serotec, Japan), as described previously (53).

RNA extraction and polyacrylamide gel electropherotyping. Viral genomic
RNA was extracted from fecal specimens by use of a phenol-chloroform (22) or
an acid phenol-guanidinium thiocyanate-chloroform (51) extraction method.
The extract was subjected to polyacrylamide gel electrophoresis for the detection
of viral genomic RNA and characterization of RNA electrophoretic pattern, as
described previously (49). The localization of RNA genome fragments migrated
in the gel was detected by silver staining, as described previously (23).

G genotyping. The G genotype was determined by using a protocol modified
from a method previously described (17). Briefly, the RNA genome of the
rotavirus was first extracted from 10% fecal supernatant by use of a QlAamp
viral RNA mini kit (QIAGEN). Reverse transcription-PCR (RT-PCR) was per-
formed using a OneStep RT-PCR kit (QIAGEN). The full length of the VP7
gene was reverse transcribed and simultancously amplified by using Beg9 and
Bnd9 primers in a single tube reaction. The expected size of the PCR product
generated from the full-length VP7 gene was 1,062 bp in length. The second
amplification was performed using the first PCR product as the template 1o-
gether with G-genotype-specific mixed primers BT1, CT2, ET3, DT4, FT8, and
FT9 for upstream priming and the End9 primer for downstream priming of VP7
genes for identifications of genotypes Gl to G4, G8, and G9. The samples for
which the G genotype could not be identified by the first set of primers described
by Gouvea et al. (17) were later identified by using alternative sets of type-
specific primers reported by Das et al. (8), Gouvea et al. (19), and Winiarczyk
et al. (57). These primer sets covered a wide range of rotavirus genotypes, i.e., G1
to G4, G5, G6, and G8 to G11.

P genotyping. The P genotype was identified by using a method modified from
that described by Gentsch et al. (15). Briefly, the partial sequence of the VP4
gene was reverse transcribed and simultancously amplified by using Con2 and
Con3 primers. In the second amplification, a mixture of primers 17-1, 21-1, 37-1,
4T-1, 5T-1, and ND2 with Con3 primers was utilized for the identification of P[8],
P[4], P[6], P[9], P[10], and P[11], respectively. The samples for which the P
genotype could not be identificd by the first set of type-specific primers were then
genotyped by using alternative sets of type-specific primers, as previously re-
ported (20, 36, 537). These primer sets were specific for P[1], P[4] to P[11], and
P[14] genotypes.

Nucleotide sequence apalysis. The rotavirus isolates of which the G or P
genotypes could not be determined by type-specific primers were then subjected
to nucleotide sequencing. The PCR products of VP7 or VP4 genes obtained from
the first amplification of cach nontypeable isolate were purificd by a QIAquick
PCR vpurification kit (QIAGEN) and then subjected to direct nucleotide se-
quencing according to the manufacturer’s instructions by using a BigDye Ter-
minator cycle sequencing kit (PE Biosystems). The nucleotide sequences were
analyzed by comparison with those of the reference strains available in the
GenBank database.

Design of the new typing primer for P[19] and PCR optimization. The VP4
nucleotide sequences of 13 isolates of the P[19] porcine rotavirus detected in this
study, together with the sequences of other P[19] strains, such as Mc323, Mc345,
and 4F, as well as other P types (P[1] to P[20]) selected from the GenBank
database, were aligned using the ClustalX program. The region highly conserved
among P[19] strains and that divergent in other P types were selected as a primer
sequence. The newly designed primer for P[19], namely, VP4P19, was targeted to
nucleotides (nt) 400 to 425 of the VP4 gene. The nucleotide positions and
sequence of the primer (57 to 3') were as follows: AAC TTC CAY TTA YTT
GAG GTA TTA AC (nt 400 to 425; Y = Cor T). The VP4P19 primer (forward)
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was used in combination with the Con2 primer (reverse) (nt 868 to 88 7) in the
second-round PCR to generate a 415-bp product.

The specificity of the VP4P19 primer was evaluated by testing the primer with
all 13 isolates of P[19], three isolates of P[13], and one each of P[3], F*[4], and
P[12]. Briefly, 3 ul of RNA genome was added to 0.3 pl of 50% dimethyl
sulfoxide before being heated at 97°C for $ min and then rapidly coole d on ice.
The denatured RNA was then reverse transcribed for 1 h at 37°Cin 25 pl of
reaction mixture containing 15.8 pl of RNase-free water and 2.5 plof1 OX PCR
buffer containing 12.5 mM MgCl,, 2.0 1l of 10 mM of each deoxyntacleoside
triphosphate mix (10 mM of each deoxynucleoside triphosphate), 04 p-1 of each
(33-pmol/pl) primer pair of Con3 (forward) and Con?2 (reverse), 05l of avian
myeloblastosis virus-RT enzyme (200 Uiul), and 0.2 pl of RNase inhib_ttor. The
¢DNA was then amplified further with 0.5 wl of Teg DNA polymerase (S U/pl)
for 35 cycles, with a thermocycling condition at 94°C for 1 min, 45°C fcar 2 min,
and 72°C for 2 min and a final extension at 72°C for 7 min. The first PCR. product
was diluted at 1:100 and subjected to the second-round PCR, in which  VP4P19
and ConZ were used as typing primers. The thermal cycling profile was 35 cycles
of 94°C for 1 min, 45°C for 2 min, 72°C for 2 min, and a final extensior at 72°C
for 7 min. The second PCR product was detected by electrophoresis on 1.5%
agarose gel in Tris-borate-EDTA buffer and stained with ethidium bronaide. The
P[19] genotype was identified based on the presence of the DNA band ©f a PCR
product of 413 bp in length and confirmed by nucleotide sequence anaalysis.

Nucleotide sequence accession numbers. The nucleotide sequences of G3P[19]
porcine rotavirus strains described in this study were deposited in the CienBank
database. The accession numbers for the VP4 sequences of the 13 sitrains of
porcine P[19] described in this study were as follows: for strain CMP0Z:9, acces-
sion no. AY689219; for strain CMP031, AY689218; for strain €MPO39,
AY689217; for strain CMP0O72, AY689216; for strain CMP087, AY6854215; for
strain CMP090, AY689214; for strain CMP(92, AY689213; for strain €CMP094,
AY689212; for strain CMP09S, AY689211; for strain CMP096, AY689210; for
steain CMP098, AY689209; for strain CMP099, AY68208; and for strain
CMP100, AY689207. The accession numbers for the VP7 sequences of the five
representative strains of G3 described in this study were as follows: for strain
CMP039, accession no. AY707788; for strain CMP096, DQ256502; Yor strain
CMP099, DQ256503; for strain CMP213, DQ786376; and for strain CMP214,
DQ786577.

RESULTS

Prevalence and characteristics of the porcine group .A rota-
virus. The group A rotavirus was detected in 39 out of 175
(22.3%) fecal specimens collected from diarrheic piglets in
Chiang Mai, Thailand, from June 2000 to July 2001. The char-
acteristics of the viruses are as follows. Among 39 isolates of
the group A rotavirus, 8 isolates (20.5%) belonged to subgroup
I (S8G I), 2 isolates (5.1%) belonged to SG II, and 5 isolates
(12.8%) showed a dual subgroup specificity, ic., they were
reactive to both MADbs specific for SG I and SG I The ma-
jority of the virus isolates (24 out of 39 [61.6%]) were not
reactive to MADs specific for either SG I or SG II. The elec-
trophoretic pattern of genomic viral RNA could be demon-
strated in only 17 out of 39 (43.6%) fecal samples, and all of
these isolates displayed a long electropherotype, while another
22 isolates (56.4%) were in a smear pattern. Therefore, their
electropherotype could not be assigned by polyacrylamide gel
electrophoresis. However, the RNA genome of these isolates
could be amplified by RT-PCR using the consensus primers
Con2 and Con3 for VP4 and Beg9 and End9 for VP7.

Distributions of G and P genotypes of the porcine rotavirus.
Among 39 isolates of porcine group A rotaviruses, five differ-
ent G genotypes, G2, G3, G4, G5, and GY, were detected in
this study (Table 1). The G3 and G4 genotypes were copre-
dominant genotypes, with a prevalence of 43.6% and 46.2%,
respectively, followed by much less prevalent G5 (5.1%) and
G2 (2.6%) genotypes. Most of the G4 genotypes (17 of 18
isolates) were found in combination with P[6], while the re-
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TABLE 1. Distribution and relative frequencies of combinations of
G and P genotypes of the porcine group A rotavirus isolated
from diarrheic piglets in Chiang Mai, Thailand, from
June 2000 to July 2001

G No. (%) of specimens with P genotype
genotype P[6] ?[7] P13} P19} ND*
G2 1(2.6)
G3 3(1.7) 13 (33.3) 1(2.6)
G4 17 (43.6) 1(2.6)
G> 2(5.1)
GY 1(2.6)

“ (3 or P genotypes were identified by sequence zmvalysis.
» ND, P genotype could not be identified.

maining one was with P{13]. The majority of G3 genotypes (13
of 17 isolates) were found in combination with P[19], the rare
P genotype of porcine rotaviruses, whereas another three iso-
lates were in combination with P[6]. In addition, the VP4 gene
of one G3 isolate could not be amplified by the Con2 or Con3
primer. The G5 and G9 genotypes were found in combination
with P[13] and P[7], respectively. It was interesting to note that
the only isolate of G2 detected in this study was found in
combination with the novel P genotype, since its VP4 sequence
showed low nucleotide (45.7% to 67.4%) and amino acid
(41.8% to 69.9%) sequence identities with all 26 currently
recognized P genotypes. This G2 P[novel] isolate will be char-
acterized further in more detail and reported separately in the
future.

Analysis of VP4 nucleotide sequences of porcine G3P[19]
strains. Despite the generation of 876-bp VP4 amplicons by
PCR, the P genotypes of the 13 isolates of the G3 PoRV strains
were initially designated P nontypeable strains, since they
could not be typed by multiplex PCR using all of the P-type-
specific primer sets described previously (8, 17, 20, 57). The P
genotypes of these isolates were, therefore, identified based on
their VP4 nucleotide sequence analysis, and all were found to
be P[19] strains, as shown in Table 1. The VP4 sequence
identities among the G3P[19] strains in the year 2000
(CMP029, CMP031, and CMP039) were 99.8% to 100%, while
those in the year 2001 (CMP072, CMP087, CMP090, CMP092,
CMP094, CMP095, CMP096, CMP098, CMP099, and CMP100)
were 98.4% to 100%. However, the percent pucleotide se-
quence identities were slightly decreased (95.0% to 96.1%)
when comparing the G3P[19] isolates from the year 2000 with
those from the year 2001 (data not shown).

The VP4 nucleotide sequences of these G3P[19] strains were
also compared with the P[19] reference strains of porcine (4F)
and human (RMC321, Mc323, and Mc345) origins. Different P
types of porcine strains, P[5], P[6], P[7], and P[13], as well as a
bovine outlier reference strain, P{17], were also included. The
results revealed that all of the porcine G3P[19] strains detected
in this study were most closcly related to human P[19] refer-
ence strains (RMC321, Mc323, and Mc345), with a nucleotide
sequence identity of 95.4% to 97.4%, while the nucleotide
sequence identity to the porcine P[19] reference strain (4F)
was only 87.6% to 89.1%. Rotavirus strains representing other
P types exhibited much lower nucleotide sequence identities
(60.1% to 72.5% for different P types of porcine and 49.4% to
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50.6% for an outlier strain of bovine) than our P{19] strains
(data not shown).

Phylogenetic analysis of VP4 nucleotide sequences (Fig. 1)
confirmed the finding that our PoORV P[19] strains, in both
2000 and 2001 isolates, which were clustered with human P{19]
reference strains in a monophyletic branch, separated from the
porcine P{19] prototype strain (4F). It was interesting to point
out that the human P[19] strains Mc323 and Mc345 had been
isolated in 1989 from children hospitalized with acute gastro-
enteritis in Chiang Mai city, which was the same geographical
area where our PoRV P[19] strains were isolated.

Analysis of VP7 nucleotide sequences of porcine G3P[19]
strains. The G genotypes of G3P[19] PoRV strains isolated in-
this study were identified by multiplex PCR using G-type-
specific primers. To confirm the G genotype assignment for
these strains and compare their relationships to other human
and animal rotavirus strains, their VP7 genes were sequenced.
Analysis of VP7 nucleotide sequences confirmed the that the G
genotypes of these isolates were G3 and that they shared
99.8% to 100% nucleotide identities among the G3P[19]
strains isolated in the same epidemic season and 93.2% to
93.4% identities of the strains in different epidemic seasons
(data not shown).

Comparison of the VP7 nucleotide sequence of G3P[19]
strains with those of G3 strains of human, porcine, and other
animal origins, including bovine, caprine, simian, equine, lapine,
and canine, revealed that they were most closely related
(97.7% to 98.3% nucleotide identities) to PORV G3 strains
(CMP213 and CMP214) isolated in 2002 from the same geo-
graphical area {data not shown). However, it should be noted
that the VP7 sequences of G3P[19] strains also shared a high
level of nucleotide identity (92.2% to 93.7%) with bovine G3
reference strains (CP-1 and PP-1) (data not shown). On the
contrary, nucleotide sequence identities with other porcine G3
strains (4F, 4S, A131, A411, and A138), human G3 strains
(AU-1, YO, TK03, TK28, P, AU-17, MaCH09404, M, HCR3,
B4106, and CMH?222), and G3 strains of other animals were
85.0% to 88.6%, 81.9% to 88.0%, and 81.1% to 83.1%, respec-
tively. The close genetic relationships of PORV G3P[19] strains
with other PORV G3 strains isolated from the same geograph-
ical regions and with bovine rotavirus (BoRV) G3 strains
(CP-1 and PP-1) were also reflected in the phylogenetic anal-
ysis (Fig. 2) in which our G3P[19] strains clustered tightly
together with CMP213 and CMP214 PoRYV strains.

Specificity of the newly designed primer for P[191. As shown
in Table 1, 33.3% of the strains with the P genotype of the
porcine rotavirus identified in this study were P[19]. The data
suggested that quite a high number of P[19] strains were cir-
culating in this area. To our knowledge, there was no typing
primer for P[19] available in the literature, and this explained
why the P[19] rotavirus strains isolated in this study had been
identified by VP4 nucleotide sequence analysis. For the sake of
convenience and efficient identification of P[19] in a large
number of clinical isolates, there was a need to develop a
PCR-based genotyping method by designing a P[19]-specific
primer used in conjunction with a Con2 primer.

The newly designed primer, designated VP4P19, was evalu-
ated for its specificity by being tested with the 13 isolates of

P[19] and 3 strains of P{13] isolated in this study, together with

other P types, including P[3], P[4], and P[12] (data not shown).
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supporting some clusters are shown at the branch nodes. Branch length for a 10% nucleotide difference is indicated at the bottom.

The results indicated that the VP4P19 primer specifically am-
plified the VP4 gene of all 13 isolates of P[19] with the ex-
pected PCR product size of 415 bp and that there was no
cross-reaction with other P types tested thus far. Analysis of
the 415-bp PCR products of the 3 representatives of the 13
P[19] isolates confirmed their P{19] specificities. In addition,
the P{19] primer sequence was evaluated for its specificity by
using the BLAST program and it was found that the P[19]
primer sequence was identical only to human and porcine
rotavirus P[19] strains. Furthermore, the P[19]-specific primer
was used successfully for the detection of five G3P[19] isolates
from diarrheic piglets in a subsequent surveillance from No-
vember 2001 to July 2003 (50). The data implied that the newly
designed primer in this study might be useful for the PCR-
based genotyping of P[19] strains circulating in this geograph-
ical area and perhaps for the P[19] strains in other areas
as well.

DISCUSSION

The segmented nature of a rotavirus genome can undergo
genetic reassortment between strains during mixed infections
and lead to the generation of progeny viruses with novel or
atypical phenotypes (42, 48). The isolation of unusual strains
possessing a gene segment(s) of human and/or of heterologous
animal origin suggests interspecies transmission and reassort-

ment between the viruses of humans and animals, as well as
animals and animals in nature (7, 26, 38, 42, 55, 56). In this
study, we reported 13 isolates of the rare G3P[19] porcine
rotaviruses. Among 13 isolates of G3P[19] strains described in
this study, 3 were isolated in the year 2000 and 10 in 2001, and
these accounted for 33.3% of the group A rotaviruses isolated.
The data indicated that the G3P[19] strains are currently cir-
culating in a relatively high proportion in the pig population of
the Chiang Mai area. Although rotavirus strain surveillances in
a pig population have been performed extensively in various
parts of the world, so far only one isolate of G3P[19], desig-
nated 4F, has been reported, from a diarrheic pig in China
(39). The VP4 and VP7 genes of 4F have been analyzed, and
strain 4F has been identified as a G3P[19] strain (2). In addi-
tion, the pathogenicity of 4F has been evaluated, and it was
found that in the first three passages the 4F strain showed no
significant pathogenicity in pigs but that it became highly
pathogenic at passages four and five (2). However, the signif-
icance of the epidemiological impact of 4F is unknown. Here,
we report the isolation of G3P[19] porcine rotavirus strains
that caused severe diarrhea in piglets at several farms in
Chiang Mai province, Thailand. The G3P[19] strains in the
year 2000 were isolated from diarrheic piglets in farms located
in Mae Rim district, which is about 65 kilometers from the
farms in Mae Wang district, where the G3P[19] strains were
isolated in 2001. The data indicate that G3P[19] strains are
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FIG. 2. Phylogenetic tree of VP7 nucleotide sequences of G3P[19] strains, demonstrating a close genetic relationship between G3P[19] strains
isolated from 2000 to 2001 and PoRV G3 strains (CMP213 and CMP214) isolated in 2002 from the same geographical area. Bootstrap values
supporting some clusters are shown at the branch nodes. Branch length for a 10% nucleotide difference is indicated at the bottom.

currently circulating among the pig populations in several
farms located at different distances around the area of Chiang
Mai province.

Analysis of the VP4 genes revealed a high level of homology
among viruses isolated in the same year, with nucleotide iden-
tities of 99.8% to 100% for strains isolated in the year 2000 and
98.4% to 100% for strains isolated in 2001. However, nucleo-
tide sequence comparisons between the viruses isolated in the
year 2000 and 2001 indicated that the nucleotide identities
were slightly decreased (95.0% to 96.1%). The data imply that
these strains belong to different sublineages of the same geno-
type and that the decrease of nucleotide identities among the
isolates in the years 2000 and 2001 might be due to a genetic

evolutionary diversity of the viruses. Interestingly, the VP4
nucleotide sequence of these strains was most closely related
with those of human P[19] strains (Mc323 and Mc345) which
were isolated in 1989 from children admitted to a hospital in
the same geographical area (Chiang Mai city), with nucleotide
identities of 95.4% to 97.4%. Urasawa et al. (54) demon-
strated, by RNA-RNA hybridization, that Mc323 and Mc345
were genetically more closely related to porcine than to human
rotaviruses. Although sequence analyses of NSP1 (29) and
VP4 (41) genes of Mc323 and Mc345 provided evidence sug-
gestive of the porcine origin of these strains, direct evidence to
support the origin of their VP4 genes remained undetermined.
In this study, we could detect 13 isolates of G3P[19] porcine
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rotavirus strains in the Chiang Mai area, where Mc323 and
Mc345 were isolated. These porcine rotavirus strains ac-
counted for 33.3% of all rotaviruses detected in this study and
carried the VP4 gene of P[19] specificity that shared nucleotide
sequence identities with Mc323 and Mc345 at a range of 95.4%
to 97.6%. This finding provides peculiar evidence for verifying
the origin of the VP4 genes of Mc323 and Mc345 rotavirus
strains. It is possible that the VP4 genes, with a P[19] specificity
of Mc323 and Mc345, might have derived through reassort-
ment from PoRV G3P[19] or other P{19] PoRV strains that
circulated in the region prior to the isolation of Mc323 and
Mc345 from humans. However, the P{19] rotavirus strain was
not detected in humans in the study carried out in the same
epidemic season (28). In fact, Mc323 and Mc345 (G9P[19])
have been proposed as the porcine-human reassortant strains,
since they possess many gene segments that are closely related
to porcine rotaviruses (54), including NSP5 (29), while their
VP7 genes are closely related to human G9 strains (41, 54). In
addition, Mc323 and Mc345 exhibited a long RNA electro-
pherotype with subgroup I specificity, a phenotype that is com-
mon to animal rotaviruses (54).

Analysis of the VP7 gene of our G3P[19] strains confirmed
the initial assignment of their G genotype as (G3 strains by
PCR-based genotyping. Comparison of the VP7 nucleotide
sequences of these strains revealed two clusters of G3P[19],
one being strains isolated in 2000 (CMP029 and CMP039) and
the other being strains isolated in 2001 (CMP072, CMP087,
CMP090, CMP092, CMP094, CMP095, CMP096, CMP098,
CMP099, and CMP100). Strains in the same cluster shared
nucleotide sequence identities ranging from 99.8% to 100%,
while strains from different clusters shared 93.2% to 93.4%
(data not shown). The data imply that at least two clusters of
G3P[19] strains were circulating in the pig population in the
Chiang Mai area from 2000 to 2001. The phylogenetic analysis
of the VP7 nucleotide sequences of these G3P[19] strains sup-
ports the detection of two clusters of G3P[19] strains in this
study (Fig. 2). In addition, a comparison between the VP7
nucleotide sequences of these G3P[19] strains and those of
other G3 strains of different P genotypes (CMP213 and
CMP214), which were isolated in 2002 from the same geo-
graphical area, revealed nucleotide identities of 97.7% to
98.3% (data not shown). Moreover, phylogenetic analysis also
revealed that CMP213 and CMP214 were grouped with the
G3P[19] strains and showed the closest relationship with
CMP029 and CMP039 (Fig.-2). The results indicated that the
VP7 genes of G3P[19] strains most likely derived from those of
porcine rotaviruses that circulated in the region. However, it is
worthwhile to note that even though the VP7 genes of G3P[19]
strains were most closely related to each other (99.8% to
100%) and to other G3 porcine rotaviruses (97.7% to 98.3%)
circulated in the area, they also shared 92.2% to 93.7% nucle-
otide sequence identitics with BoRV G3 strains CP-1 and
PP-1, which were isolated from an outbreak of calf diarrhea in
the United Kingdom in 1973 (12, 13, 58). The similarity of the
G3P[19] VP7 gene with bovine G3 strains CP-1 and PP-1 might
be due to the genetic diversity of the G3 VP7 gene, which
naturally occurs among porcine rotaviruses. Since G3 is not
common in bovines, the acquisition of the PORV G3 VP7 gene
by BoRY via genetic reassortment and the evolution of bovine
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and porcine rotavirus G3 from a common ancestor cannot be
ruled out.

Taken together, this study describes the detection of
G3P[19Y], a rare porcine rotavirus strain, from diarrheic piglets
in Chiang Mai, Thailand, which is the same geographical area
where the Mc323 and Mc345 human rotaviruses were isolated.
The finding provides peculiar evidence that supports the por-
cine origin of VP4 genes of Mc323 and Mc345 human rotavi-
ruses.
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Abstract

A novel and unusual strain of porcine rotavirus (PoRV) CMP034 was isolated from a 7-week-old piglet during the epidemiological survey of
porcine rotavirus infection in Chiang Mai province, Thailand from June 2000 to July 2001. Molecular characterization of gene VP4 by sequence
analysis showed a low lewel of amino acid sequence identity, ranging from 56.7% to 76.6%, while comparison of VP8* portion showed 41.8% to
69.9% identity, with the 26 P genotypes recognized to date. Phylogenetic analysis of the VP4 sequence revealed that CMP034 was only distantly
related to the other 26 P genotypes and was located in a separate branch. Sequence analysis of gene VP7 showed the highest level of amino acid
identity (94.7%) with the PoRV (2-like reference strain 34461-4 but a lower level of identity with those of human G2 rotaviruses, ranging {rom
87.7% to 88.0%. Phylogenetic analysis of gene VP7 revealed two major lineages among G2 rotavirus strains based on the host origin. PoRV strain
CMP034 clustered exclusively with G2-like PoRV strain 34461-4 in a novel lineage that is distinct from the major G2 human lineage. Moreover,
strain CMP034 displayed a porcine-like VP6 and NSP5/6 with subgroup I specificity, while bearing an NSP4 with some genetic group B human-

like characteristics. These findings provide evidence that CMP034 should be considered as a novel VP4 genotype P[27].

© 2006 Elsevier Inc. All rights reserved.
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Introduction

Infection with group A rotavirus is the main cause of acute
gastroenteritis in infants and young children worldwide, and in
the young of many animal species, including neonatal piglets.
Rotavirus belongs to the Reoviridae family and contains 11
segments of double-stranded RNA. The two outer-layer
proteins VP7 and VP4 form the basis of the current dual
classification system of group A rotavirus into G and P
genotypes (Estes, 2001). To date,-at least 15 G and 26 P
genotypes have been identified globally, with various combina-
tions of G and P genotypes (Estes, 2001; Martella et al., 2006a;
McNeal et al., 2005; Rahman et al., 2005; Rao et al., 2000).
Epidemiological studies have demonstrated that rotavirus
genotypes G, G2, G3, G4, and G9 combined with the P

* Corresponding author. Fax: +81 3 5841 3629.
E-mail address: ushijima@m.u-tokyo.ac.jp (H. Ushijima).

0042-6822/% - see front matter © 2006 Elsevier Inc. All rights reserved.
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genotypes P[8] and P[4] are the types of VP7 and VP4 most
frequently associated with human rotavirus infection globally
{Gentsch et al., 1996, 2005).

Tn recent years, several epidemiological studies designed to
monitor the appearance of novel or atypical rotavirus antigenic
types have provided evidence for the increasing antigenic
diversity of group A rotaviruses (Banyai et al., 2005; Gentsch et
al., 2005; Yoshinaga et al.,, 2006). Usually, rotavirus strains
sharing >89% of VP4 amino acid sequence identity are
considered to belong to the same P genotype, while those
sharing VP4 amino acid sequence identities <89% belong to
different genotypes (Estes, 2001; Ciarlet et al., 1997; Gorziglia
et al., 1990). At least 26 rotavirus P genotypes have been
recognized, and the latest, P[26], was isolated from an Italian
diarrheic piglet in an epidemiological study carried outin 2003~
2004 (Martella et al., 2006a). Animal rotaviruses are regarded
as a potential reservoir for genetic/antigenic diversity of human
rotaviruses, and the potential of such transmission has been
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reported in several studies (De Leener et al., 2004; Khamrin et
al., 2006b; Nakagomi et al., 1990; Palombo, 2002). The study
of animal rotaviruses is a key step to acquiring an in-depth
understanding of the ecology and evolution of rotaviruses.

Group A rotaviruses are recognized as a common cause of
enteric disease and gastroenteritis in neonatal piglets (Estes,
2001; Woode et al., 1976). Among porcine rotaviruses, two
main P genotypes, P[6] and P[7], have been described that are
commonly associated with G3, G4, G5, and G11 genotypes
(Estes, 2001; Liprandi et al., 1991; Pongsuwanna et al., 1996;
Winiarczyk et al., 2002). Moreover, several additional combi-
nations of G and P genotypes have been isolated occasionally
Afrom or detected in pigs; i.e. G1, G2-like, G6, G8, G9, G10, and
P[13], P[19], P[23] genotypes (Burke et al., 1994; Ciarlet and
Liprandi, 1994; Gouvea et al., 1994a,1994b; Huang et al.; 1993;
Liprandi et al., 2003; Martelia et al., 2001, 2005; Pongsuwanna
et al., 1996; Racz et al., 2000).

Although G2 rotavirus strains are commonly found in
humans, they were not identified from animal sources (Estes,
2001) until 2005, when PoRV strain 34461-4 bearing the G2-like
genotype was reported in a piglet in Spain (Martella et al., 2005).
Accordingly, a comprehensive genotypic characterization of
circulating rotavirus strains among domestic animal populations
is important to define the extent of rotavirus diversity.

Here, we report the isolation of a PoRV strain with a novel
VP4 genotype, tentatively proposed as P[27]. Characterization
of gene VP7 reveals the G2-like rotavirus genotype.

Results

Failure of both G and P genotyping of porcine vofavirus strain
CMP034

During an epidemiological survey of porcine rotavirus from
June 2000 to July 2001, a total of 175 fecal specimens were
collected from diarrheic piglets from 6 different farms located in
Chiang Mai province, Thailand. Of these, 39 (22.3%) specimens
were shown by ELISA to be positive for group A rotavirus. Initial
G and P genotyping was done by reverse transcription-
polymerase chain reaction (RT-PCR) and multiplex-PCR assays
using different pools of primers specific for human and animal
VP7 and VP4 genes. Interestingly, the G and P genotypes of one
rotavirus-positive specimen, CMP034, could not be identified by
multiplex-PCR typing, despite that the VP7 and VP4 genes were
readily amplified by RT-PCR. Therefore, the CMP034 strain was
further characterized by nucleotide sequencing of genes VP4,
VP6, VP7, NSP4, and NSP5/6.

VP4 and VP8* sequence analyses and determination of
P genotype

Initially, P genotype characterization of PoRV strain
CMPO034 by nultiplex PCR genotyping was unsuccessful. In
order to determine the P genotype, the forward primer Con3 was
used in combination with reverse primer 170 (Martella et al,,
20064a) for amplification of gene VP4 (2341 nucleotides, coding
for 772 amino acids). The VP4 and VP8* nucleotide and

deduced amino acid sequences of gene VP4 were compared
with those of the established reference strains P[1] to P[26]
available in the GenBank database (Table 1). It was observed
that the nucleotide and deduced amino acid sequences of PoRV
strain CMP034 shared very low levels of sequence identity with
those of other P genotypes (57.4—71.9% nucleotide identity and
56.7-76.6% amino acid identity for VP4 gene, and 45.7-67.4%
nucleotide identity and 41.8-69.9% amino acid identity for
VP8*). Rotavirus strains that exhibit a VP4 amino acid identity
of approximately >89% are considered to belong to the same P
genotype, while those sharing <89% identity belong to different
genotypes (Estes, 2001; Ciarlet et al,, 1997; Gorziglia et al.,
1990). Our results indicated that PoRV strain CMP034 wds
likely a novel P genotype and, therefore, tentatively proposed as
a P[27] VP4 genotype.

The phylogenetic tree was constructed on the basis of the
VP4 nucleotide sequence of CMP034 and those of 26 P
genotypes (Fig. 1). Phylogenetic analysis clearly confirmed that

Table 1

Comparison of the nucleotide and amino acid sequence identities of the genome
segment encoding protein VP4 and VP8* of porcine strain CMP034 with those
of 26 known P rotavirus genotypes

Strain Species P genotype VP4 identity (%) VP&* identity (%)
Nucleotide Amino Nucleotide Amino
acid acid
A5 Bovine P{1] 69.7 4.7 64.4 68.6
SAll Simian  P[2] 70.5 4.7 67.3 66.5
CMH222  Human P[3] 70.3 73.9 64.2 64.5
126 Human P[4] 67.2 68.5 62.1 60.2
UK Bovine Pf5] 66.3 70.5 60.5 62.7
Gottfried  Porcine P[6] 67.9 70.6 63.2 62.6
Osu Porcine P[7] 68.9 727 64.1 63.8
KU Human P[8] 69.1 63.4 63.3 . 60.6
K8 Human P[9} 64.5 63.8 57.7 56.9
69M Human P[10] 70.7 76.6 67.4 69.9
B223 Bovine P[11] 57.4 36.7 45.7 41.8
H-2 Equine P[12] 70.6 74.8 66.7 66.5
MDR-13  Porcine P[13]} 69.1 70.4 61.9 60.0
PA169 Human P[14] 63.3 64.7 55.9 56.6
Lpl4 Ovine  P[15] 70.3 74.3 66.2 66.8
EW Murine  P[16] 65.4 713 60.8 62.7
993/83 Bovine P[17] 61.0 393 51.3 453
L338 Equine P[18] 70.8 722 65.2 63.8
Mc323 Human P[19] 68.5 711 61.7 59.5
EHP Murine  P[20} 66.2 72.8 61.3 63.4
Hgl8 Bovine P[21] 69.6 71.1 65.8 61.4
160/01 Lapine P[22} 60.3% 58.9% 603 58.9
A34 Porcine  P[23] 62.5% 53.5% 625 335
TUCH Rhesus  P[24] 71.9 76.1 67.4 68.6
Dhakab Human P[25] 63.0 63.1 555 55.6
134/04-15 Porcine P[26] 69.6 726 63.7 66.2

The GenBank accession numbers of the following strains are given in paren-
theses: AS (D13395), SA11 (M23188), CMH222 (DQ288661), L26 (M58292),
UK (M22306), Gottfried (M33516), OSU (X13190), KU (M21014), K8
(D90260), 69M (M60600), B223 (D13394), H-2 (L.04638), MDR-13 (LO7886),
PA169 (D14724), Lpl4 (L11599), EW (U08429), 993/83 (D16352), L338
(D13399), Mc323 (D38052), EHP (U08424), Hgl8 (AF237665), 160/01
(AF526374), A34 (AY174094), TUCH (AY596189), Dhakaé (AY773004),
134404-15 (DQ061035).
* Amino acid identity was calculated based on VP8* region of VP4 gene.




