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A Serotype 10 Human Rotavirus
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Rotaviruses with genome rearrangements isolated from a chronically infected immunodeficient child (F.
Hundley, M. McIntyre, B. Clark, G. Beards, D. Wood, I. Chrystie, and U. Desselberger, J. Virol
61:3365-3372, 1987) are the first recognized human isolates of serotype 10. This was shown by both a direct
enzyme-linked immunosorbent assay and virus neutralization assays using serotype specific monoclonal
antibodies. The serotype was confirmed by sequence analysis of the gene encoding VP7, which revealed a 96%
amino acid homology to the bovine serotype 10 isolate B223.

Rotaviruses are the major cause of acute viral gastroen-
teritis in human infants and in the young of a wide variety of
mammalian and avian species (13). Viruses in the genus
Rotavirus have been classified into groups (A to E) (16),
subgroups (I, II, I+II, and non-I non-II) (8, 9, 22), and
serotypes (1 to 14) (4, 6, 24). The two proteins in the virion
outer shell, VP4 and VP7, have been shown to elicit a
neutralizing antibody response. Although the possibility of
classifying virus serotypes on the basis of epitopes present
on VP4 (P specific) is being actively investigated (7, 10, 15,
18, 23, 24), currently virus serotypes are defined on the basis
of epitopes present on glycoprotein VP7 (G specific) (6).
Virus isolates from a number of serotypes, e.g., 3, 4, and 5,
have been obtained from both humans and animals, whereas
others such as 1 and 10 have to date been found only in
humans and cattle, respectively (3, 11, 21).
We have previously described a number of rotavirus

isolates, obtained from chronically infected children, con-
taining a variety of concatemeric rearrangements in their
genome segments (12, 17). Serological analyses carried out
at the time of their original isolation showed these isolates to
be of subgroup II and to be unreactive with a panel of
monoclonal antibodies covering serotypes 1 through 4 (12).
During the course of defining the precise molecular nature of
the genomic rearrangements of these viruses (1), their sero-
logical classification has been reanalyzed. This report pres-
ents the results of these studies, which have revealed that
these viruses belong to a virus serotype previously found
only in cattle.

MATERIALS AND METHODS

Viruses and antibodies. Human rotavirus isolates A28 and
A64 (1), which carry rearrangements in RNA segments 8, 10,
and 11, were propagated in MA104 cells as previously
described (12). The following virus isolates were used as
controls in enzyme-linked immunosorbent assays (ELISAs)
and virus neutralization assays: human isolate Wa (serotype
1), human isolate DS-1 (serotype 2), simian isolate SAl
(serotype 3), human isolate Hochi (serotype 4), porcine
isolate OSU (serotype 5), bovine isolate UKtc (serotype 6),
human isolate 69M (serotype 8), and bovine isolate B223
(serotype 10).
The monoclonal antibodies used in this study and their
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specificities were as follows: A3M4 (VP6), group A specific;
631/9/104/56 (VP6), subgroup I specific; 255/60/125 (VP6),
subgroup II specific; 60-F2D4 (VP7), cross-reactive; RV4:2
(VP7), serotype 1 specific; RV5:3 (VP7), serotype 2 specific;
RV3:1 (VP7), serotype 3 specific; ST3:1 (VP7), serotype 4
specific; 50SU (VP7), serotype 5 specific; 5632 UK7 (VP7),
serotype 6 specific; B37:1 (VP7), serotype 8 specific; and
5725 B223 (VP7), serotype 10 specific (5, 19, 21, 25).

Serotyping by ELISA. ELISA serotyping was carried out
by using serotype-specific monoclonal antibodies basically
as previously described (2). Polystyrene microtiter plates
were coated overnight at 4°C with 100 [I of a 1/10,000
dilution of hyperimmune serum obtained from a rabbit
immunized with a mixture of virus isolates covering sero-
types 1 to 4. Virus samples for testing were diluted 1/4 in
TBS-T-BSA (0.1 M Tris-buffered saline [TBS], pH 7.5,
containing 0.1% [vol/vol] Tween 20 and 3% [wt/vol] bovine
serum albumin [BSA]) and added to each of 16 wells in pairs
across each plate. The plates were again incubated overnight
at 4°C, the virus samples were removed, and the wells were
washed six times with TBS-T. Ascitic fluids containing
monoclonal antibodies to serotypes 1 to 6, 8, and 10 (5, 19,
21, 25) were diluted 1/10,000 in TBS-T-BSA, and 100 ,ul of
diluted antibody was added to two wells for each antibody.
The plates were incubated at 37°C for 2 h and then washed
six times with TBS-T. Goat anti-mouse alkaline phosphatase
conjugate (Sigma) was diluted 1/1,000 in TBS-BSA, and 100
RI was added to each well. The plates were incubated at 37°C
for 90 min and then washed six times with TBS-T. Alkaline
phosphatase NADP substrate (100 ,u; IQ Bio Ltd., Cam-
bridge, United Kingdom) was added to each well, and the
plates were incubated at room temperature for 15 min. Two
hundred microliters Ethanol-INT violet amplifier (IQ Bio
Ltd.) was then added, and incubation was continued at room
temperature for another 15 min before the reaction was
stopped by the addition of 100 ,ul of 3 M sulfuric acid. Optical
densities at 492 nm were read with a Flow plate reader. A
sample was considered to yield a positive result with a
particular monoclonal antibody if the optical density was at
least 2.5 times the average density obtained with the other
antibodies when that average was less than 0.1.

Serotyping by virus neutralization. This serotyping proce-
dure was done by a modification of the method described by
Beards et al. (3). Briefly, 50 ,l of serial fourfold dilutions
(1/100 to 1/102,400 in phosphate-buffered saline [PBS]) of
serotype-specific neutralizing monoclonal antibodies cover-
ing serotypes 1 to 6, 8, and 10 (5, 19, 21, 25) were mixed with
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TABLE 1. Reactivities of serotype-specific monoclonal
antibodies with human rotavirus isolates A28 and

A64 in an ELISA

Reactivity of monoclonal antibody' specific for serotype:
Virus

1 2 3 4 5 6 8 10

A28 0.04 0.12 0.12 0.07 0.03 0.32 0.19 0.40
A64 0.01 0.06 0.11 0.15 0.05 0.23 0.25 0.52

a The particular serotype-specific monoclonal antibodies used are listed in
Materials and Methods.

an equal volume of virus suspension (in Eagle's minimal
essential medium) containing 200 fluorescent focus-forming
units of virus. After 1 h of incubation at 37°C, the virus-
antibody mixtures were added to confluent monolayers of
MA104 cells in tissue culture microtiter plates. After adsorp-
tion for 1 h at 37°C, the virus inocula were removed and
replaced with Eagle's minimal essential medium containing
10% fetal calf serum. Incubation was continued at 37°C for a
further 18 h. The monolayers were then washed three times
with PBS and fixed with cold 75% methanol containing
0.75% hydrogen peroxide. The fixative was removed after 20
min, and the monolayers were allowed to air dry. One
hundred microliters of a group A-specific peroxidase-la-
belled monoclonal antibody conjugate, diluted 1/1,000 in
PBS containing 3% BSA, was added to each well, and the
plates were incubated overnight at 4°C. The plates were then
washed six times with PBS containing 0.01% Tween 20, and
100 ,ul of peroxidase substrate (0.1 mg of 3,3',5,5'-tetrameth-
ylbenzidine in 0.1 M citrate-phosphate buffer, pH 6.0, con-
taining 1.3 mM hydrogen peroxide) was added to each well.
After 15 min of incubation at room temperature, the reaction
was stopped by the addition of 50 ,ul of 3 M sulfuric acid, and
the optical density at 450 nm was read with a Flow plate
reader.
The neutralization titer was defined as the highest mono-

clonal antibody dilution giving a 60% or greater reduction in
the optical density in comparison to that of the nonneutral-
ized controls.
cDNA cloning and sequence analysis of the VP7-encoding

gene. Cloning and sequence analysis were carried out by the
strategy described by Xu et al. (27). In brief, a confluent
monolayer of MA104 cells in one well of a six-well dish
(approximately 3 x 106 cells) was infected with the A64 virus
isolate at a multiplicity of infection of 1 to 5, and virus
growth was allowed to continue at 37°C for 16 h. Cells were
then harvested by scraping them into the medium and
concentrated by centrifugation. The cell pellet was resus-

pended in lysis buffer (100 mM Tris-HCI buffer [pH 8.0], 50
mM NaCl, 10 mM EDTA, 0.5% Nonidet P-40) and incubated
at 4°C for 10 min. Nuclei and unlysed cells were then
removed by centrifugation (Beckman GPR centrifuge; 2,000
rpm, 10 min, 4°C). The cytoplasmic extract present in the
supernatant was then incubated at 37°C with 200 p.g of
proteinase K per ml for 3 h before being extracted twice with
phenol saturated with 50 mM Tris-HCl buffer (pH 8.0). After
the residual phenol was removed by ether extraction (four
times), the extracted nucleic acids were concentrated by
ethanol precipitation. Viral mRNA and genomic double-
stranded RNA for the gene encoding VP7 were then reverse
transcribed and amplified by polymerase chain reaction with
gene 8-specific terminal primers as previously described
(27). The amplified cDNA was then cloned after G-C tailing
as described by McCrae and McCorquodale (14), except that
Bluescribe (Stratagene) was employed as the cloning vector.
Screening for clones containing viral inserts was done on the
basis of the blue or white color of colonies on L agar plates
containing X-Gal (5-bromo-4-chloro-3-indolyl-p-D-galacto-
pyranoside) and IPTG (isopropyl-o-D-thiogalactopyrano-
side). Sequencing of a cDNA clone shown to contain a

full-length insert of gene 8 was carried out by the dideoxy
sequencing technique (20) with a series of gene 8-specific
sequencing primers as previously described (28). Both
strands of the clone were completely sequenced and all
primer positions were sequenced through.

Nucleotide sequence accession number. The nucleotide
sequence in Fig. 1 has been deposited in the EMBL data
base under accession number X63156.

RESULTS AND DISCUSSION

The initial serotyping of the A28 and A64 virus isolates
was carried out by an ELISA using monoclonal antibodies
specific for serotypes 1 to 6, 8, and 10. The results (Table 1)
revealed that the highest reactivity was obtained with the
serotype 10-specific antibody, although in both cases there
was some reactivity with the antibodies specific for sero-

types 6 and 8. To further investigate this, serotyping assays
were performed on the A28 isolate by a completely different
assay procedure, namely, neutralization of virus infectivity.
The results of these assays (Table 2) confirmed those of the
ELISA in that the highest neutralization titer was obtained
with the serotype 10-specific monoclonal antibody. A low
level of neutralization was seen with the serotype 6-specific
monoclonal antibody (Table 2); however, because it showed
a titer 16-fold lower than that with the homologous virus, we
tentatively concluded that A28 and A64 were serotype 10
viruses.

TABLE 2. Results of cross-neutralization studies of human rotavirus strain A28

Virus Virus neutralization titers with monoclonal antibodya specific for serotype:
isolate Serotype 1 2 3 4 5 6 8 10

A28 200 <200 200 <200 200 800 <200 51,200
Wa 1 51,200
DS-1 2 51,200
SAl 3 51,200
Hochi 4 51,200
OSU 5 > 102,400
UKtc 6 12,800 <200
69M 8 12,800
B223 10 <200 51,200

a The particular serotype-specific monoclonal antibodies used are listed in Materials and Methods.
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1 GGCTTTAAAAGCGAGAATTTCCGTTTGGCTAGCGGTTAGCTCCTTTTAATGTATGGTATT

E Y T T F L I Y L I S I I L F N Y I L K
61 GAATATACCACATTTCTAATCTACTTAATATCAATTATATTGTTTAATTACATATTAAAA
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301
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541
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841
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961

S I T R M H D Y I I Y K F L L I I T I T
AGCATAACTAGAATGATGGACTACATAATTTACAAGTTTTTACTTATAATTACGATCACC

S I F D S A Q N Y G I N L P I T G S M D
TCGATTTTCGATAGTGCCCAGAATTATGGAATCAACTTGCCAATAACTGGATCAATGGAT

V S Y V N A T K D E P F L T S T L C L Y
GTGTCATATGTGAACGCTACAAAGGACGAACCATTCTTAACGTCGACACTATGTCTATAC

Y P T E A R T E I N D N E W T S T L S Q
TATCCGACTGAGGCTAGAACAGAAATAAATGATAATGAGTGGACGAGCACATTGTCACAG

L F L T K G W P T G S V Y F R E Y D D I
TTGTTTCTGACAAAAGGGTGGCCAACTGGTTCAGTATACTTTAAAGAATACGATGATATA

P T F S V D P Q L Y C D Y N I V L M R Y
CCTACCTTCTCAGTAGATCCGCAACTGTATTGTGATTATAATATAGTTTTAATGCGGTAC

N S S L K L D M S E L A N L I L N E W L
AATTCAAGTTTAAAGCTAGACATGTCAGGAATCCTTAATACTTA

C N P M D I T L Y Y Y Q Q T D B A N R W
TGCAATCCAATGGATATCACACTATATTATTATCAACAAACGGATGAAGCAAATAAATGG

I A M G Q S C T I K V C P L N T Q T L G
ATAGCAATGGGACAATCQTGCACAATAAAAGTGTGTCCATTGAATACTCAAQCTGGGG

I G C Q T T N T G T F E E V A T A E R L
ATAGGATGTCAGACCACAAATACTGGGACATTTGAAGAGGTAGCAACAGCTGAAAAACTG

V I T D V V D G V N H K L D V T T A S R
GTAATTACTGACGTAGTTGACGGTGTAAATCATAAACTAGATGTCACTACCGCGTCTCGT

T I R N C R R L G P R E N V A V I Q I G
ACTATTAGAAATTGTAAGAAATTGGGGCCGAGAGAGAACGTGGCAGTAATACAAATTGGC

G A D I L D I T S D P T T T P Q T E R M
GGTGCTGACATTCTTGATATAACATCTGATCCAACGACTACTCCACAAACAGAGCGGATG

M R I N W K K W W Q V F Y T I V D Y V N
ATGCGAATAAATTGGAAAAAATGGTGGCAAGTATTTTACACTATAGTAGATTACGTAAAC

Q I V Q T M S RRSR S L D S A A F Y Y
CAAATTGTACAAACAATGTCCAAAAGGTCCAGATCACTAGATTCTGCAGCATTTTACTAT

R V *

1021 AGAGTGTAGATATTATGTAGATTAGAGTTGTATGATGTGACC
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720

1062

FIG. 1. Nucleotide and derived amino acid sequences of the VP7
gene of human rotavirus isolate A64.

Unfortunately, the currently available panel of serotype-
specific monoclonal antibodies (19) covers only a subset of
the 14 rotavirus serotypes that have been defined to date.
Therefore, direct sequencing of the VP7 gene was per-

formed. This allowed the exclusion of two possibilities: first,
that these viruses belonged to a serotype not covered by the
serological assays carried out, and second, that they repre-
sented a completely new serotype. Gene sequencing has
shown that genes encoding VP7 of virus isolates in the same
serotype exhibit less than 7% sequence divergence at the
amino acid level, whereas the VP7s from different serotypes
diverge by between 20 and 30% (13). The sequence of the
VP7 gene of isolate A64 is shown in Fig. 1. Like other
VP7-encoding genes, the gene was 1,062 nucleotides long
and contained a single long open reading frame extending
from nucleotide 49 to 1026 (Fig. 1). A comparison of the
sequence with those of the VP7 genes of other virus isolates
is shown in Table 3. This revealed that A64 had a 94 to 96%
amino acid homology and an 86 to 87% nucleotide homology
to bovine isolates 61a and B223, the latter of which has been
defined as the type isolate of serotype 10 (21, 26). By
contrast, the homologies with virus isolates representing the
12 other serotypes for which sequence information is cur-

rently available were between 73 and 83% at the amino acid
level and 73 and 77% at the nucleotide level. On the basis of
these results, it is concluded that the A64 virus is the first
recognized human isolate of serotype 10.

TABLE 3. Levels of sequence homology between human
rotavirus strain A64 and other rotavirus strains

Virus Species of % Homology to A64'
isolate Serotype origin Nucleotide Amino acid

61a 10 Bovine 86.7 94.2
B223 10 Bovine 86.5 95.7
Wa 1 Human 75 77.3
Hu-5 2 Human 72.9 72.7
SAl 3 Simian 77.3 82.8
ST-3 4 Human 74.7 74.5
OSU 5 Porcine 74 81
UKtc 6 Bovine 75.6 80.1
69M 8 Human 75.1 79.8
WI-61 9 Human 76.7 81.3
YM-1 11 Porcine 74.1 80.7
L-26 12 Human 73.6 77.9
L338 13 Equine 73.6 74.8
F-123 14 Equine 74.7 77.9

a The sequence data necessary to construct this table were taken from the
relevant entries in the EMBL data base.

It was of great interest to find that the viruses isolated
from a chronically infected immunodeficient child were of a
serotype which had previously been isolated only from cattle
(21). It could be speculated that immunodeficient hosts are
more tolerant for the replication of viruses originating from a
different host species than for replication of virus from the
same species. Future virus isolations from immunocompro-
mised hosts will confirm or deny this hypothesis.
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