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Human rotavirus field isolates were characterized by direct sequence analysis of the gene encoding the
serotype-specific major neutralization protein (VP7). Single-stranded RNA transcripts were prepared from
virus particles obtained directly from stool specimens or after two or three passages in MA-104 cells. Two
regions of the gene (nucleotides 307 through 351 and 670 through 711) which had previously been shown to
contain regions of sequence divergence among rotavirus serotypes were sequenced by the dideoxynucleotide
method with two different synthetic oligonucleotide primers. The resulting nucleotide sequences were
compared with the corresponding sequences from rotaviruses of known serotype (serotype 1, 2, 3, or 4). A total
of 25 field isolates and 10 laboratory strains examined by this method exhibited marked sequence identity in
both areas of the gene with the corresponding regions of 1 of the 4 reference strains. In addition, the predicted
serotype from the sequence analysis correlated in each case with the serotype determined when the rotaviruses
were examined by plaque reduction neutralization or reactivity with serotype-specific monoclonal antibodies.
These data suggest that as a result of the high degree of sequence conservation observed among rotaviruses of
thie same serotype, it is possible to predict the serotype of a rotavirus isolate by direct sequence analysis of its

VP7 gene.

Four serotypes were originally identified among the many
rotaviruses recovered from humans (25), and two new hu-
man rotavirus serotype candidates have been described
recently (1, 5, 18). Rotavirus serotypes have been defined
using plaque reduction neutralization (PRN) in vitro (16, 24),
tube neutralization (25), fluorescent focus neutralization
(3) and, recently, enzyme-linked immunosorbent assay
(ELISA) using serotype-specific monoclonal antibodies (7,
15, 21, 22). The major serotype-specific neutralization anti-
gens have been demonstrated (13, 17) to be located on the
VP7 outer capsid protein which is encoded by gene 8 or 9. In
a recent report from this laboratory, the close relatedness of
the gene sequences encoding the VP7 of rotavirus strains
belonging to the same serotype was demonstrated by RNA-
RNA hybridization experiments (19). In these experiments,
denatured double-stranded RNAs from field strains were
hybridized to 3?P-labeled single-stranded RNAs (ssRNAs)
transcribed in vitro from single-gene substitution rotavirus
reassortants (in which the VP7 gene was derived from
human strains belonging to each of the four epidemiologi-
cally important rotavirus serotypes), which allowed the
deduction of the rotavirus serotype specificity. More re-
cently, we reported that at least six specific regions of the
VP7 protein that are divergent in amino acid sequence
among different serotypes are highly conserved among rota-
viruses of the same serotype (12). On the basis of these
observations, we proposed that it may be possible to predict
the serotype of a rotavirus field isolate by comparison of its
VP7 gene nucleotide sequence with that of a reference virus
from each serotype (serotypes 1 through 4).

In the current study, a method was developed for obtain-
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ing and sequencing ssRNA transcripts from rotaviruses
partially purified either directly from stool material or after
passage in tissue culture. The places and dates of collection
of 25 human rotavirus field isolates and laboratory strains
used in this study are shown in Table 1. Strains B, G, and C
were obtained from I. Sarov (Ben Gurion University of the
Negev, Beer-Sheva, Israel), and strains 3819, 5083, 2743,
and 2899 were obtained from T. Naguib (Egyptian Organi-
zation for Biological Products and Vaccines, Agouza-Guiza,
Egypt). Strain P118 was obtained from R. Dolin (University
of Rochester, Rochester, New York), strain McN13 was
obtained from R. Bishop (Royal Children’s Hospital, Mel-
bourne, Australia), and strains Hochi and Hosokawa were
obtained from Y. Inaba (National Institute of Animal Health,
Ibaraki, Japan). Stool specimens positive for rotavirus by
the ELISA were made into a 10% suspension in phosphate-
buffered saline. To grow virus in tissue culture, portions of
some stool suspensions were treated with trypsin (5 pg/ml)
for 30 to 60 min at 37°C before absorption onto MA-104 cell
monolayers. Viruses were partially purified either from stool
suspensions (2 ml) or from tissue culture harvests by fluo-
rocarbon extraction, followed by centrifugation through a
30% sucrose cushion as described previously (9). ssRNAs
were produced by transcription from partially purified virus,
extracted once with phenol-chloroform, and precipitated
with 3 volumes of ethanol. Additional purification of virus
was not required to obtain sufficient ssRNAs for sequence
analysis. Dideoxynucleotide sequencing of rotavirus RNA
was performed as described previously (12) with two syn-
thetic oligonucleotides, S"CCATTGGATTACACAACCAT
TC3' and S'GCTACGTTTTCTCTTGGTCC3', targeted to
nucleotides 531 through 552 and 801 through 819 of the
transcript RNA encoding VP7, respectively. These primers
were deduced from published sequences of the VP7 gene of
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TABLE 1. Comparison of the serotype designation of 35 human
rotavirus strains as determined by three methods

Serotype determined by

. Country of Year i :
Strain origi)r/l collent 4 following method:
PRN  MAb® Sequence’

D United States 1974 1 1 1
HN289 Venezuela 1981 1 1
HN256 Venezuela 1981 1 1
HN307 Venezuela 1981 1 1
M37 Venezuela 1982 1 1 1
B Israel 1983 1 1
G Israel 1983 1 1
P118 United States 1985 1 1
DS-1 United States 1976 2 2 2
HN126 Venezuela 1981 2 2 2
2743 Egypt 1982 2 2
2899 Egypt 1982 2 2
C Israel 1983 2 2
V197 Venezuela 1985 2 2
V206 Venezuela 1986 2 2
P United States 1974 3 3 3
McN13 Australia 1980 3 3 3
HN330 Venezuela 1981 3 3
HN257 Venezuela 1981 3 3
V251 Venezuela 1985 3 3
V460 Venezuela 1986 3 3
V101 Venezuela 1986 3 3
Vs2 Venezuela 1986 3 3
V96 Venezuela 1986 3 3
ST3 England 1975 4 4 4
HN11 Venezuela 1980 4 4
HN14 Venezuela 1980 4 4
HNS Venezuela 1980 4 4
HN19 Venezuela 1980 4 4
VA70 Italy 1981 4 4 4
HN98 Venezuela 1981 4 4
3819 Egypt 1983 4 4
5083 Egypt 1983 4 4
Hosokawa Japan 1983 4 4 4
Hochi Japan 1983 4 4 4

“ Monoclonal antibody ELISA performed as described by Taniguchi et al.
22).
# Nucleotide sequence analysis.

bovine rotavirus strain Nebraska calf diarrhea virus (11) and
are complementary to two regions in the VP7 gene which
appear to be conserved in all rotaviruses examined thus far.
These two priming sites are each downstream from a region
of the gene that codes for a discrete cluster of amino acids in
VP7 which are conserved within a serotype but are divergent
among serotypes. The two regions sequenced, nucleotides
307 through 351 and 670 through 711, correspond to amino
acids 87 through 101 and 208 through 221, respectively.
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The nucleotide and deduced amino acid sequences ob-
tained for each field strain in the two divergent regions were
compared with the sequences of reference strains D (sero-
type 1), DS-1 (serotype 2), P (serotype 3), and ST3 (serotype
4). In Fig. 1, the sequence of each field strain is shown in
comparison with the reference strain to which it showed the
greatest identity. When there was marked conservation of
amino acid sequence (=85%) between a field strain and the
reference strain in these two regions, the field strain was
assigned the serotype of the reference strain. In contrast,
amino acid similarity among different serotypes in these two
regions ranged from 33 to 62%. No more than two amino
acid substitutions occurred per region among strains of the
same predicted serotype.

All 35 strains in this study were tested in a monoclonal
antibody serotyping ELISA, and 10 were serotyped by PRN.
A comparison of these results with the deduced serotype of
each virus determined by sequence analysis showed com-
plete agreement (Table 1).

Early after the discovery of rotaviruses in 1973, the
adaptation of a series of animal and human strains to tissue
culture and their comparison by neutralization assays per-
mitted the designation of several serotypes (23). However,
serotype identification has been difficult until recently. Se-
rotype analysis of rotaviruses will undoubtedly be an essen-
tial component in the evaluation of rotavirus vaccine effi-
cacy, because recent studies indicate the importance of
serotype-specific immunity in humans. For example, phase
II vaccine trials with a monovalent (serotype 3) vaccine,
containing the rhesus rotavirus strain, have been conducted
in several areas of the world, and the preliminary data
indicate that the vaccine was successful in inducing signifi-
cant resistance to severe diarrhea in an area where the
prevalent serotype was the same as that of the vaccine strain
(10) but was not successful in places where other serotypes
were prevalent (17a).

Two regions of the VP7 gene shown to be conserved
within a serotype but divergent among serotypes were
sequenced from ssRNA transcripts of 25 rotavirus strains.
These strains had been collected in widely scattered locali-
ties over a 12-year period. In every case, it was possible to
correctly predict the serotype by comparing the sequence in
two selected regions of the VP7 gene to those of strains of
known serotype. These two regions of the gene were ana-
lyzed because they contained the sequences for amino acids
(residues 94, 96, and 211) which had been previously as-
signed to two VP7 serotype-specific neutralization epitopes
on the basis of sequence analysis of neutralization-resistant
mutants selected with neutralizing monoclonal antibodies
(8). Comparison of the nucleotide sequence of the isolates
with the reference sequence to which it matched most
closely showed that nucleotide substitutions did occur but
that most substitutions were in position 3 of the codon and
did not result in an amino acid substitution. Some nucleotide
substitutions which resulted in an amino acid substitution

FIG. 1. Sequence analyses of 25 rotavirus field isolates of unknown serotype and 10 laboratory strains of known serotype. Nucleotide
sequences from two areas of the VP7 gene transcript RNA (nucleotides 307 through 351 encoding amino acids 87 through 101 and nucleotides
670 through 711 encoding amino acids 208 through 221) which were divergent in sequence among serotypes were determined and compared
with reference strains D (serotype 1), DS-1 (DS1) (serotype 2), P (serotype 3), or ST3 (serotype 4). The deduced amino acid sequences for
each reference strain in both regions are énclosed in open boxes abové the nucleotide sequence. The nucleotide sequences determined from
each strain analyzed are shown beneath the referénce strain to which the highest degree of similarity was detected. Nucleotide substitutions
within strains corresponding to the same serotype are underlined, and amino acid substitutions are enclosed in open boxes. Each strain
analyzed matched closely with only one of the reference strains in both divergent regions. The serotype of the reference strain to which the
field isolate correlated was assigned as the predicted serotype of the field isolate. nt, Nucleotide; aa, amino acid.
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AMINO ACIDS 87-101

87 88 89 9 91 92 93 9% 95 9 97 98 99 100 101
nt:307

351

[THR GLU ALA SER THR GLN ILE ASN ASP GLY ASP TRP LSY ASP SER]

NOTES

AMINO ACIDS 208-221

208 209 210 211 212 213 214 215 216 217 218 219 220 221

670

m

IGLI THR THR ASN VAL ASP SER PHE GLU MET ILE ALA GLU ASNI

ACU GAA GCA AGU ACU CAA AUC AAU GAU GGU GAC UGG AAA GAC UCA

ACUWGCAAGJACUWMI:AEJGMIGGJWUGGAMMCW

ACU GAA GCA AGU ACC

ACU GAA GCA AGU ACC

ACU GAA GCA AGU ACU

ACU GAA GCA AGU ACU

ACU GAA GCA AGU ACU

ACU GAA GCA AGU ACU

CAA AUC AAU GAU GGU GAC UGG
CAA AUC AAU GAU GGU GAC UGG

GLYU

CAA AUU AAU GAU GGU GAA UGG

AAA GAC UCA

AAA GAC UCA

AAA GAC UCA

AAA GAC UCA

AAA GAC UCA

AAA GAC UCA

CAA ACA ACA AAC GUA GAC UCA UUU GAA AUG AU GCU GAG AAU

CAA ACA ACA AAU GUA GAC UCG LU GAA AUG AU GCU GAG AAU

CAA ACA ACG AAU GUA GAC UCA ULU GAA AUG AW GCU GAG AAU

WMAMAAM_IMMCUCAUMWMMGQJGAGW

CEAACAACAMCGJAGACMWWM-GIJG&IGAGW

CAA

CAA

CAA

VAL
AUAQ%MWW&MWN?WMGW
Lwat]
ACAAtAAAgGMﬂEUCEMNAUGENGGJMGW
Lvai]
mAtAAA!GMﬂCWEWGAAAUGENGCUMGW

LAI.A GLU ALA LYS ASN GLU ILE SER ASP ASP GLU TRP GLU ASN THR] [LYS THR THR ASP VAL ASN THR PHE GLU ILE VAL ALA SER SER|
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AAA ACU ACG GAC GUA AAC ACA UWU GAG AW GW GCG UCG ucu
ACA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AAA ACU ACG GAU GUA AAC ACA LU GAG AW GWJ GCG UCG ucu
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU MAACUACGGACGJEAEJACAUNMGAU:MGCGUCGUCU
SER
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AMACUAtGﬂCGIEALEJIACAMquAMGCGWGW
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AAA ACU ACG GAU GUA AAC ACA LU GAG AUU GWU GCG LCG ucu
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AAA ACU ACG GAU GUA AAC ACA ULU GAG AW GWU GCG UCG UCU
GCA GAA GCU AAA AAU GAG AUU UCA GAU GAU GAA UGG GAA AAU ACU AAA ACU ACG GAC GUA AAC ACA U GAG AW GW GCG UCG ucu

[THR GLU ALA ALA THR

GLU ILE ASN ASP ASN SER TRP

LYS ASP THR]

[Lev

THR THR ASP THR ASN THR PHE GLU GLU VAL ALA THR ALAI

ACU GAA GCA GCA ACA
ACU GAA GCA GCA ACA
ACU GAA GCA GCA ACA
ACU GAA GCA GCA ACA
ACC GAA GCA GCA ACA
ACU GAA GCA GCA ACA
ACU GAA GCA GCA ACA
ACU GAA GCA GCA ACA

ACU GAA GCA GCA ACA

GAA AUA AAU GAU AAU UCA UGG
GAA AUA AAC GAU AAC UCA UGG
GAA AUA AAU GAU AAU UCA UGG
GAA AUA AAU GAU AAU UCA UGG
GMAUAAAUGAUWSCALM
GAA AUA AAU GAU AAC UCA UGG
WMMMUWMEUCAUGG
WMWWMEUCAWG

WN.IAMUGAUM&UCAUGG

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

AAG GAU ACA

CuA

CuA

cuG
-

CUA

CUA

e

CUA

CUA

ACU ACU GAU ACA AAC ACG UUU GAA GAA GUU GCA ACA GCU
ACUAGJGMJACAMEACLJIN&WGMMGCAACAGCU
AUJAUJGAUACAAAEAC!INSGMGAAG.IJGCAACAGCU
ACU ACU GAU ACA AAU ACU WUC GAA GAA GUU GCA ACA GCU
ACU ACU GAU ACA AAC ACG UUC GAA GAA GUU GCA ACA GCU
ACUACUWACAAM.JAQJG.EWWGMGCAACAW
ACU ACU GAU ACA AAU ACU UUC GAA GAA GLU GCA ACA GCU
ACU ACU GAU ACA AAU ACU LUC GAA GAA GUU GCA ACA GCU

AWAOJWACAAA!ADJ_G’EWWGJJGCAACAGCU

ISEI GLU ALA PRO THR

GLN ILE SER ASP THR GLU TRP

LYS Asp THR |

THR THR ASN THR ALA THR PHE GLU THR VAL ALA ASP SEII

UCA GAA GCU CCA Acu
LqWWCuAW
UCA GAA GCU CCA ACU
W-IWGCUCCAACU
UC!_JWGC"CCAAGJ
UCEMEGCUCCAACU
UCEGMGCUCCAACU
UCA GAA GCU CCA ACU
UCA GAA GCU CCA ACU

UCA GAA GCU CCA ACU

CAA AUU AGU GAC ACU GAA UGG
CAA AUU AGU GAC ACU GAA UGG
CAA AU AGU GAC ACU GAA UGG
CAA AUU AGU GAC ACU GAA UGG
CAA AUU AGU GAC ACU GAA UGG
CAA AUU AGU GAU AAC GAA UGG
CAA AUU AGU GAC ACU GAA UGG
CAA AUU AGU GAC ACU GAA UGG
CAA AUU AGU GAC ACU GAA UGG

CAA AUC AGU GAC ACU GAA UGG

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

AAA GAU ACA

UCAGAAGCUCCAACUCMM!EAGUGACACUGAAUGGAMGAUACA

£ 8 8 8 8 8 B¢

ACG ACA AAU ACA GCU ACU UUU GAA ACA GUW GCU GAU AGC
ACG ACA AAU ACA GCU ACU ULU GAA AUA GWU GCU GAU AGY
ACG ACA AAU ACA GCU ACU ULU GAA ACA GUU GCU AAU AGU
ACGICAWACAGCUM:UMWACAMGCUGAUAQ

ACG ACA AAU ACA GCU ACU UUU GAA ACA GWU GCU GAU AGU

AC&LOEW&MGQ’ACUWWM-JG_GJ&WMEAQ
ACGACAANJACAGCUAGJMWACAMGCUWAQ
ACG ACA AAU ACA GCU ACU UUU GAA ACA GUWU GCU GAU AGC
ACG ACA AAU ACA GCU ACU ULU GAA ACA GUWU GCU GAU AGY

ACG ACA AAU ACA GCU ACU UUU GAA ACA GUWU GCU GAU AGC

ACG ACA AAU ACA GCU ACU UWU GAA ACA GUWU GCU GAU AGC
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were located at positions to which amino acid substitutions
in monoclonal antibody-selected variants had been mapped.
In addition, sequence analysis was performed in these two
divergent regions of the gene approximately 400 bases apart
to determine whether field isolates maintained serotype-
specific sequences throughout the gene or whether recombi-
nation of divergent regions occurred. Evidence for chimeric
VP7 sequences was not obtained. Each of the 25 isolates
possessed both of the variable region sequences of the
reference rotavirus it most closely resembled. In addition,
the isolates matched closely with the reference virus in other
regions of the VP7 gene (including nucleotides 163 through
198 and 745 through 774) shown to be variable among
different serotypes (data not shown). However, since the
neutralization specificity of VP7 appears to be dependent on
protein conformation (2, 14), it is possible that strains may
exist which contain mixed divergent regions which yield a
new serotype specificity.

Taniguchi et al. (22), using monoclonal antibodies specific
for the VP7 of rotaviruses from serotypes 1 through 4,
identified the serotype of rotaviruses in 38 out of 57 rota-
virus-positive stool specimens examined. Of the 19 speci-
mens studied that were not typed, 10 of these appeared to
contain two viruses, 4 were nonreactive with the VP3
common antigen control antibody, and 5 reacted with the
VP3 common antigen control antibody but did not react with
any of the serotype-specific monoclonal antibodies. These
latter viruses could represent either new serotypes or natu-
rally occurring variants. Coulson (6) has described the
existence of serotype 1 rotaviruses with various reactivity
patterns with three different serotype 1-specific monoclonal
antibodies and has proposed that these variants be desig-
nated monotypes. It is apparent from sequence data pre-
sented here and previously that although there is a high
degree of sequence conservation within rotaviruses of the
same serotype, there are sites in the VP7 gene where genetic
variation occurs. The emergence of variants from the genetic
pool of rotaviruses could explain the different reactivities of
some rotaviruses with certain monoclonal antibodies, i.e.,
monotypes. It is not known whether existing host antibody
pressures play a role in the emergence of these variants.
However, it is evident that care must be used in the selection
of monoclonal antibodies for a serotyping assay. For exam-
ple, serotype 1-specific monoclonal antibody 2C9, described
by Shaw et al. (21), neutralizes serotype 1 strain D but does
not neutralize serotype 1 strain M37 by PRN. Strain M37
contains an amino acid substitution (Asn — Ser) at residue
94 when compared with strain D and thus could represent a
naturally occurring variant which would not be recognized
by monoclonal antibody 2C9, which maps to residue 94.

The serotype of each test strain predicted by the sequence
analysis in this study correlated in each case with the
serotype of the strain determined by a monoclonal antibody
serotyping ELISA. Furthermore, PRN assays performed
with a number of these specimens also yielded results
indicating concordance with sequence analyses. Although
sequence analysis may not be a practical method for routine
typing in most laboratories, sequencing of VP7 genes has
several features of practical interest. (i) If sufficient virus is
present in the stool, rotavirus particles can be partially
purified and transcribed from the stools without adaptation
of the virus to growth in tissue culture and, if not, two
passages in tissue culture will provide sufficient virus. (ii)
Comparison with the reference strains will reveal at the
molecular level whether the strain is a variant or a new
serotype. Sequence analysis has been used recently in
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another virus system for a similar purpose. Subgrouping of
foot-and-mouth disease virus by sequence analysis revealed
that several outbreaks of the disease in Europe were likely
caused by a subtype of the virus identical to the vaccine
strain (4). Genotyping of poliovirus is now being used for
epidemiologic studies (20). In the latter case, direct sequence
analysis was performed on an area of the genome relevant to
serotype. Similar studies with rotaviruses are in progress in
our laboratory using sequence analysis as an epidemiologic
tool.
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