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Among bovine rotavirus strains, there are three G serotypes (G6, G8, and GIO) and three P (VP4) serotypes
(PB1, PB2, and PB3, which are defined on the basis of strains NCDV, UK, and B223, respectively). Plaque
reduction neutralization assays with hyperimmune antisera disclosed two-way antigenic relationships of strain
KN-4 with strain KK-3 (G10, PB3) as well as with strains NCDV (G6, PB1) and 0510 (G6, PB2). Neutralization
assays with monoclonal antibodies specific for G6, G10, and PB3 revealed that KK-3 and KN-4 had the same
P serotype (PB3) but that neither G6- nor G10-specific monoclonal antibody neutralized KN-4. Comparison of
the VP7 gene sequence of KN-4 with those of other bovine rotavirus strains indicated that KN-4 was more
similar to G6 bovine strains than to KK-3 and other G10 strains, suggesting that the G serotype of KN-4 was
G6. From these results, we concluded that the two-way cross-neutralization between KN-4 and NCDV or 0510
was mediated by shared G6 serotype specificity, whereas the two-way cross-neutralization between KN-4 and
KK-3 was mediated by shared P serotype specificity (PB3). Thus, KN-4 and KK-3 represent the first reported
example of a two-way antigenic relationship mediated only by the P serotype. This article emphasizes the need
for adopting a binary serotyping system and development of reagents which will enable classification of
rotaviruses based on their G and P serotype specificities.

Group A rotaviruses are the most important etiological
agents of acute diarrheal illness of the young of a number of
mammalian species, including cattle (13). The virions pos-
sess two outer capsid proteins, VP7 (the product of gene
segment 7, 8, or 9 depending on the strain) and VP4 (the
product of gene segment 4). Both proteins are involved in
virus neutralization, and they segregate independently (10,
21). The neutralization specificity carried on VP7 is desig-
nated the G serotype (for glycoprotein), and that carried on
VP4 is designated the P serotype (for protease-sensitive
protein) (6). There are at least 14 G serotypes (1-3, 11, 16,
23, 25, 29) and 10 P serotypes (6, 22) among mammalian and
avian rotaviruses. Among group A bovine rotaviruses, three
G serotypes (G6, G8, and G10) have been described under a
unified serotyping scheme. Matsuda et al. (15) have recently
shown that three P serotypes are discriminated by cross-
neutralization studies and have proposed that P serotypes of
bovine rotaviruses be designated PB1 (represented by
NCDV), PB2 (represented by UK, B641, or 0510), and PB3
(represented by KK-3 or B223) until a unified serotyping
nomenclature for P serotypes, such as the one proposed by
Estes and Cohen (6), is agreed upon.
As a natural consequence of the serotype of rotavirus

being determined by two independent viral proteins, there
are cases in which one-way (but not reciprocal) cross-
neutralization with hyperimmune antiserum between strains
with distinct G serotypes is observed (9, 10). Such antigenic
bridging is explained by the sharing of the P serotype by the
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strains. Because the sharing of the P serotype has never
resulted in two-way cross-neutralization, it has been gener-
ally accepted that the demonstration of two-way cross-
neutralization with hyperimmune antisera is necessary and
sufficient for defining two strains as being of the same G
serotype. In this article, we describe the first counterexam-
ple to this accepted wisdom, in which two-way cross-
neutralization mediated by the shared P serotype (PB3)
between two bovine rotavirus strains with distinct G sero-
types (G6 and G10) was observed.

MATERUILS AND METHODS

Viruses. The rotavirus strains used in this study were
NCDV (G6, PB1) (17), 0510 (G6, PB2) (18), KK-3 (G10, PB3)
(19), and KN-4 (19).
Hyperimmune antisera and monoclonal antibodies. Hyper-

immune antisera to the rotavirus strains described above
were made in guinea pigs by multiple injections of complete
Freund's adjuvant containing partially purified virions,
which were prepared by pelleting the infected culture super-
natant at 36,000 rpm for 2 h in a Hitachi RP42 rotor and
sedimenting the pellet through 30% (wt/vol) sucrose at
38,000 rpm for 3 h in a Hitachi RPS40-T rotor. Neutralizing
monoclonal antibodies B223-N1, B223-N7, and B641-N2b
(32) (prepared by S. Zheng et al.) were directed at VP4 of
B223, VP7 of B223, and VP7 of B641, respectively. All
monoclonal antibodies were produced in cell culture.

Plaque reduction neutralization assay. Serotyping was per-
formed by plaque reduction neutralization assay. After acti-
vation with trypsin, approximately 40 PFU of virus was
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TABLE 1. Antigenic relationships among four bovine rotavirus
strains examined by plaque reduction neutralization assay

Reciprocal of titer of hyperimmune serum
Virus (G and P neutralization antibody to:

serotypes)
NCDV 0510 KK-3 KN-4

NCDV (G6, PB1) >51,200 51,200 400 51,200
0510 (G6, PB2) >51,200 25,600 400 51,200
KK-3 (G10, PB3) <200 <200 25,600 25,600
KN-4 >51,200 >51,200 12,800 102,400

incubated with antiserum dilutions (fourfold) for 1 h at 37°C.
The mixtures were inoculated into six-well plate cultures of
MA104 cells, the cultures were overlaid with agarose con-
taining 0.5 ,ug of trypsin per ml, and viral plaques were
counted. Antibody titers were expressed as the highest
dilution of antiserum neutralizing 60% or more of the input
viruses.

Preparation of genomic RNA. The genomic RNAs of KK-3
and KN-4 were extracted from purified virions with phenol-
chloroform and precipitated with ethanol as described pre-
viously (20).

Amplification of VP7 genes by reverse transcription and
polymerase chain reaction (PCR). The VP7 genes of KK3 and
KN4 were reverse transcribed from genomic double-
stranded RNA with Rous-associated virus-2 reverse tran-
scriptase (Takara Shuzo, Co., Inc., Kyoto, Japan) by using
primers complementary to terminal regions of the VP7 gene
of NCDV. The resulting full-length cDNA was amplified
with Ampli-Taq DNA polymerase (Perkin-Elmer-Cetus,
Norwalk, Conn.) and the same pair of primers described
above. Amplification was performed for 25 cycles of 90°C for
1 min, 55°C for 2 min, and 72°C for 3 min.

Direct sequencing of the PCR product. Portions of cDNA
generated by the PCR were determined by a modification of
the dideoxy-chain termination method of Sanger et al. (24).
The details of this method will be described elsewhere (12).

Nucleotide sequence accession number. The GenBank nu-
cleotide sequence accession number for the KN-4 VP7 gene
is D12710.

RESULTS

A distinct serotype is defined as a reciprocal 20-fold or
greater difference in plaque reduction neutralization titer
when a candidate serotype is tested against prototype vi-
ruses representing established serotypes (13, 31). With this
standard, two viruses are considered antigenically similar
when a less-than-20-fold difference in titer between homol-
ogous and heterologous reactions is observed. Table 1 shows
the results of cross-neutralization tests to determine the
serotype of the KN-4 strain. The KN-4 strain was neutral-
ized by hyperimmune antiserum to the KK-3 strain (G10,
PB3) (the difference in titer was twofold). Correspondingly,
the KK-3 strain was neutralized by hyperimmune serum to
the KN-4 strain (the difference in titer was fourfold). When
the definition of the rotavirus serotype described above was
adopted, KK-3 and KN-4 were considered to possess the
same serotype. Because two-way cross-neutralization be-
tween two strains possessing the same P serotype but
different G serotypes had never been reported in the litera-
ture, these results were initially interpreted as showing that
KN-4 possessed G10 specificity. This interpretation was
immediately challenged by the two-way crosses observed

TABLE 2. Antigenic characterization of four bovine rotavirus
strains by plaque reduction neutralization assay with

monoclonal antibodies

Reciprocal of neutralization titer of
Virus (G and P monoclonal antibody:

serotypes)
B223-N1 B223-N7 B641-N2b

NCDV (G6, PB1) <100 <100 2,400
0510 (G6, PB2) <200 <200 1,600
KK-3 (G10, PB3) 1,200 12,800 <100
KN-4 800 < 100 < 100

between KN-4 and NCDV (G6, PB1) and between KN-4 and
0510 (G6, PB2) (Table 1). Because NCDV and 0510 have
different P serotypes (15), these cross-neutralization results
should be mediated by the G serotype (G6).
Table 2 shows the result of neutralization assays with

three monoclonal antibodies, B223-N7, B223-N1, and B641-
N2b, which are directed to VP7 of B223 (G10), VP4 of B223
(PB3), and VP7 of B641 (G6), respectively. While B223-N1
neutralized both KK-3 and KN-4 in similar titers, B223-N7
neutralized KK-3 but not KN-4. These results indicate that
the P serotype of KN-4 is that of KK-3 (PB3) but that the G
serotype of KN-4 is different from that of KK-3 (G10). A
further complication, however, stemmed from the result that
B641-N2b, which is G6 specific, did not neutralize KN-4
(Table 2).
To determine the G serotype of strain KN-4, the VP7 gene

of KN-4 was sequenced (Fig. 1), and the deduced amino acid
sequence was compared with the corresponding sequences
of reference bovine rotavirus strains with G6 and G10
specificity (Fig. 2). The results shown in Table 3 indicated
that the deduced amino acid sequence of KN-4 was more
similar to those of G6 strains (90.2 to 91.1%) than to those of
KK-3 and other G10 strains (84.4 to 85.6%). Furthermore,
when attention was focused on the amino acid at position
213, which was previously shown to be selected with mono-
clonal antibodies in neutralization escape mutants, aspartic
acid was present in the VP7 of KN-4 as well as in those of all
G6 strains. This aspartic acid was replaced by arginine in the
VP7s of KK-3 and 61A and by glycine in the VP7 of B223.
We therefore concluded that the G serotype of KN-4 is G6
(Fig. 2).

DISCUSSION

Standard neutralization assays with hyperimmune antisera
are poor discriminators of P serotypes because the predom-
inant antibody reactivity in hyperimmune serum is against
glycoprotein VP7 (6). Reactivity with VP4 is detected when
two viruses with distinct G serotypes generate a one-way
cross-neutralization with hyperimmune antiserum. Such
sharing of P serotype with two virus strains with different G
serotypes has never been reported to result in two-way
cross-neutralization until now. Thus, the criterion for the
definition of the rotavirus serotype originally proposed by
Wyatt et al. (30) has been widely accepted for establishing a
new G serotype (13).
During serological studies of bovine rotavirus strains

isolated in Japan, we came across a complex situation in
which one isolate (KN-4) showed two-way cross-neutraliza-
tion not only with KK-3 (G10) but also with NCDV (G6).
KK-3 and NCDV, which do not share either the G or the P
serotype, showed no cross-reactivity in neutralization as-
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1 GGCTTTAAAAGCGAGAATTTCCGTTTGGCTAGCGGTTAGCTCCTTTTAATGTATGGTATTGAATATACCACAATTCTAATCTTCTTGGTA

91 TCAATCATACTGATAAATTATATTTTGAAATCAATAACAAGAATAATGGACTACATAATTTATAGATTTCTATTTGTCGTAGTTCTCATG

181 GCCATTGTCACGAGCGCGCAGAATTATGGAGTGAATTTACCCATTACAGGGTCAATGGATACTGCGTATGCAAACTCTACGCAAAATGAA

271 CCGTTTTTGACATCGACTCTTTGTTTATACTACCCGATCGAAGCATCAAACGAAATAGCAGACACAGAGTGGAGAAACACATTATCTCAA

361 CTATTTCTAACAAAAGGATGGCCGACAGGATCAGTGTATTTTAAAGAATACGCAGATATAGCAGCATTTTCAGTTGAACCACAACTGTAC

451 TGTGATTATAATATAGTTTTAATGAAATATGATTCAACACTAGAATTGGATATGTCAGAATTAGCTGATCTTATTTTGAACGAATGGTTA

541 TGCAATCCAATGGACATAACATTATATTACTACCAGCAAACCGACGAAGCAAATAAATGGATATCAATGGGTTCATCTTGTACAATTAAA

631 GTATGTCCGTTAAATACACAGACGCTTGGAATCGGGTGCTCAACAACTAACCCGGACACTTTTGAAACAGTTGCGACAGCAGAGAAACTA

721 GTAATTACTGACGTCGTAGACGGTGTAAATCATAAATTAGATGTAACGACTGCGACGTGTACAATACGCAACTGTAAAAAACTGGGTCCA

811 AGAGAAAACGTTGCAGTGATTCAAGTAGGTGGCGCGAACATATTAGACATAACAGCTGATCCAACGACTGCACCACAGACAGAAAGAATG

901 ATGCGAGTAAACTGGAAAAAATGGTGGCAGGTTTTTTATACAGTAGTTGACTATGTGAATCAAATAATTCAAGCAATGTCCAGAAGGTCT

991 AGATCACTAAATTCAGCTGCATTTTACTATAGGGTGTAGGTACATGTTAGATTAGAGTTGTATGATGTGACC

FIG. 1. Nucleotide sequence of the VP7 gene of bovine rotavirus strair' KN-4. Underlined bases indicate positions of initiation and
termination codons.

says (15). To determine the G and P serotypes of KN-4, we hyperimmune antiserum strongly suggested that this was the
used neutralizing monoclonal antibodies previously shown case.
to be specific for G6, G10, and PB3. The results obtained Since serological assays failed to unequivocally determine
with these monoclonal antibodies confirmed that KK-3 and the G serotype of KN-4, we sequenced the VP7 gene of
B223 shared not only the G serotype (G10) but also the P KN-4 and predicted its amino acid sequence. Comparison of
serotype (PB3) and that KK-3 and KN-4 had the same P the VP7 protein of KN-4 with the VP7 proteins of reference
serotype (PB3). However, the monoclonal antibody specific bovine rotavirus strains possessing G6 (NCDV, UK, and
for G6 (B641-N2b) did not neutralize KN-4. Thus, there was B641) or G10 (B223 and 61A) specificity showed that the
no direct indication that the G serotype of KN-4 was G6, amino acid identity of KN-4 and other G6 strains (90.2 to
although the results obtained by neutralization assays with 91.1%) was significantly higher than that of KN-4 and G10

30 60 90
NCDV T T L M LI IL TIIN D S rV
UK T T L LI VL TMIN S IV
B641 T T L T LI AIL TIMN S IV
KN4 MYGIEYTTILIFLVSIILINYILKSITRIMDYIIYRFLFVVVLMAIVTSAQNYGVNLPITGSMDTAYANSTQNEPFLTSTLCLYYP,IEAS
KK3 F Y I F M K LI TITS VN S V A KGK T R
B223 F Y I L M K LI TITS VN I S V A KD T R
61A F Y I F M K LI TIAS VN I AS V A KDK [ R

_---A -------_____120 B 150 180
NCDV KD L L - Q
UK KD T L: Q
B641 M KD! T L: QK
KN4 NEIADTEWRNT,LSQLFLTKGWPTGSVYFKEYADIAAFSVEPQLYCDYNIVLIKYDSTLELDNSELADLILNEWLCNPMDITLYYYQQTDE
KK3 T N N T D T D R N N N
B223 T N N TS: D T D R N S K N S
61A T NNTSJ D T D RNS N NGQ

210 C 240 270
NCDV T V I N V
UK V 'LI ¶1. N I V
B641 V 'LI ¶11 N
KN4 ANKWISMGSSCTIKVCPLNTQTLGIGCSTTNPDTFETVATAEKLVITDVVDGVNHKLDVTTATCTIRNCKKLGPRENVAVIQVGGANILD
KK3 A Q Q TR E D
B223 A Q ; TG E D
61A A Q g TR E _ D

300 326
NCDV T I T K S
UK I T K S
B641 T I T K S
KN4 ITADPTTAPQTERMMRVNWKKWWQVFYTVVDYVNQIIQAMSRRSRSLNSAAFYYRV
KK3 S N I I I V K
B223 S N I I V K
61A S I I V K

FIG. 2. Predicted amino acid sequence of the VP7 protein of bovine rotavirus strain KN-4. Differences in the corresponding amino acid
sequences of serotype G6 strains are shown above that of KN-4, and differences in the amino acid sequences of serotype G10 strains are
shown below that of KN-4. The amino acid sequence of NCDV is from reference 7, that of UK is from reference 5, that of B641 is from
reference 8, that of KK-3 is from reference 28, that of B223 is from reference 32, and that of 61A is from reference 27. Three antigenic regions
(A, B, and C) predicted to be involved in virus neutralizationi are boxed.
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TABLE 3. Amino acid homologies of VP7 proteins of KN-4 and
various serotype G6 or G10 bovine rotavirus strains

Virus % VP7 homology with VP7 of straina:
(G serotype) KN-4 NCDV KK-3

KN-4 90.2 85.6
NCDV (G6) 90.2 82.8
UK (G6) 91.1 96.9 82.8
B641 (G6) 90.2 96.3 82.8
KK-3 (G10) 85.6 82.2
B223 (G10) 84.4 81.6 96.9
61A (G10) 85.0 82.8 96.6

a The references for the VP7 protein sequences of the bovine rotavirus
strains are listed in the legend to Fig. 2.

strains (84.4 to 85.6%), indicating that KN-4 is a G6 strain.
The amino acid similarity between KN-4 and other G6
strains, however, was lower than the similarity among
reference G6 strains (96.3 to 96.9%).
Three regions (A, B, and C), located at amino acids 87 to

101, 142 to 152, and 208 to 221, respectively, have been
shown to be involved in virus neutralization (4, 14, 26). At
four sites (amino acids 87, 99, 100, and 208) within region A
or C, amino acid substitutions which are not shared with
either G6 or G10 strains were observed. Furthermore, at two
sites (amino acids 148 and 209), one each in regions B and C,
amino acid residues were shared by KN-4 and G10 strains
(but not by G6 strains). Thus, the VP7 sequence of KN-4
was likely to be somewhat different from the consensus
sequence of G6 strains. It should also be noted, however,
that such a slight antigenic difference, if present, was not
detected by neutralization assays with hyperimmune anti-
sera.

This study strongly suggests the need to adopt a binary
system to describe serotypes of bovine rotavirus strains. For
this purpose, some molecular assays need to be developed to
supplement or replace the assays based on monoclonal
antibodies which are still under development.
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