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During a 2-year study of diarrhea among children in Blantyre, Malawi, greater than 50% of rotavirus strains genotyped by
using reverse transcription—polymerase chain reaction possessed previously unrecognized combinations of the neutral-
ization proteins VP7 and VP4. Serotype G8 rotaviruses, which have been identified recently in several African countries, were
found to possess P[4] or P[6] VP4 genotype specificity. Two of these short electropherotype rotaviruses were further
investigated: these comprised a P[6], G8 representative strain (MW23) and a P[4], G8 representative strain (MW333). The
VP7 gene sequences of both strains exhibited greatest homology to human and animal serotype G8 rotaviruses. Sequence
analysis of the VP4 gene of MW23 indicated closest identity to the P2A[6], G9 strain US1205 from the United States. The VP4
gene of MW333 was most closely related to the P[4], G12 strain L26 isolated in the Philippines and the Australian P[4], G2
strain RV-5. The NSP4 gene sequences of both strains were classified in NSP4 genetic group I. RNA-RNA hybridization
demonstrated that each of these two strains is related to the DS-1 genogroup of human rotaviruses. Subgroup analysis and
virus neutralization confirmed complete antigenic characterization of MW23 as subgroup I, P2A[6], G8 and MW333 as

subgroup I, P1B[4], G8. The similarity of the VP7 gene sequences of the prototype strains described in this report to bovine

human
serotype G8 rotaviruses suggests that they may represent

INTRODUCTION

Group A rotaviruses cause an estimated 870,000
deaths from acute, dehydrating gastroenteritis in chil-
dren in developing countries each year (De Zoysa and
Feachem, 1985). In industrialized countries, relatively few
deaths can be directly attributed to rotavirus infection,
but the morbidity and economic losses are substantial
(Tucker et al., 1998). In view of the global impact of
rotaviruses, the development of effective rotavirus vac-
cines has long been considered a priority (Institute of
Medicine, 1986). To this end, a number of vaccines have
been produced, most of which have been designed to
provide serotype-specific protection against the most
prevalent rotavirus serotypes (Midthun and Kapikian,
1996). Four serotypes (G1 to G4), representing the most
globally common rotavirus strains, were incorporated
into a tetravalent vaccine that proved highly effective in
the prevention of severe rotavirus diarrhea in field trials
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in the United States, Finland, and Venezuela (Rennels et
al., 1996; Joensuu et al., 1997; Perez-Schael et al., 1997).

In view of the serotype-specific protection thought
necessary to confer maximum protection against rotavi-
rus diarrhea, the formulation of effective rotavirus vac-
cines is critically dependent on knowledge of the diver-
sity of circulating strains. Rotaviruses possess dual se-
rotype specificity, determined by neutralizing antibody
responses to the two outer capsid proteins, VP7 encoded
by RNA segment 7, 8, or 9 and VP4 encoded by RNA
segment 4. Fourteen VP7 (or G, for glycoprotein,) sero-
types and 11 VP4 (or P, for protease-sensitive) serotypes
are recognized (Estes, 1996; Okada et al., 2000). Genetic
characterization of VP4 genes indicates that there are at
least 20 distinct P genotypes, including the genes cor-
responding to the 11 known P serotypes (Estes, 1996). Of
these, 10 G serotypes and 8 P serotypes have been
identified in humans.

Historically, rotavirus surveillance studies have been
conducted using VP7-specific neutralizing monoclonal
antibodies (N-MAbs) directed to the common human G
serotypes (Taniguchi et al., 1987). However, N-MAbs are

only readily available to the common serotypes, and an
increasing number of rare G types renders this form of
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typing less effective. Recently, molecular methods, espe-
cially reverse transcription-polymerase chain reaction
(RT-PCR) and probe hybridization (Gouvea et al., 1990;
Gentsch et al., 1992; Gunasena et al., 1993; Flores et al.,

990; Larralde and Flores, 1990), have been utilized in
ield studies to examine the genes encoding VP7 and
P4 (genotyping), which have served as proxies for se-

otype determination by N-MAbs. While an absolute cor-
elation between serotype and genotype exists for VP7,
he correlation for VP4 is less clear, and a complete
escription of VP4 requires both molecular and antigenic
nalysis. By convention, VP4 genotype is differentiated

rom VP4 serotype by placing the former within square
rackets (Estes, 1996).

Numerous field studies of rotavirus strain diversity
ave documented that two main groups of strains pre-
ominate in many countries: G types 1, 3, and 4 possess
[8] VP4 specificity and serotype G2 strains carry the
[4] VP4 genotype (Gentsch et al., 1996). These reports
upport earlier studies using liquid hybridization tech-
iques, which suggested that reassortment between the

wo major human rotavirus genogroups (designated Wa
nd DS-1) was relatively uncommon (Flores et al., 1985).
owever, more unusual G and P types, an expanding
umber of G/P type combinations, and reassortment
etween genogroups are now being reported with in-
reasing frequency. For example, serotype G5 has been

dentified in Brazil (Gouvea et al., 1994a; Leite et al.,
996), and serotype G9 may be an emerging global
erotype since recent reports have documented its pres-
nce in the United States (Ramachandran et al., 1998),

ndia (Ramachandran et al., 1996), Bangladesh (Unicomb
t al., 1999), and Malawi (Cunliffe et al., 1999). In the
angladeshi study, five distinct G9 reassortants were
haracterized based on the identification of P and G type,
ubgroup, and electropherotype (Unicomb et al., 1999).
he VP4 P[6] genotype is also now recognized as an

mportant P type in infants with diarrhea (Timenetsky et
l., 1994; Ramachandran et al., 1996; Cunliffe et al., 1999).
aken together, these data suggest that rotavirus strain
iversity is much greater than previously appreciated.

In a recently completed 2-year study of viral gastroen-
eritis in children in Blantyre, Malawi, we identified a
emarkable diversity of rotavirus strains (Cunliffe et al.,
999). Serotype G8 rotaviruses were identified in 51% of
otaviruses detected between 1997 and 1998; the major-
ty of these strains possessed P[6] VP4 specificity and
ome were of P[4] VP4 specificity. Our study was the first

o describe serotype G8 as a predominant rotavirus
train; moreover, the combinations of P[6], G8 and P[4],
8 genotypes were previously unrecognized, suggesting

hat these strains were novel viral reassortants in re-
pect to their surface neutralization proteins VP7 and
P4. Given the local importance of these two strains,

310 CUNL
ogether with recent reports of serotype G8 rotavirus in
frica and elsewhere (Adah et al., 1997; Santos et al.,

e
g

998; Holmes et al., 1999; Nakata et al., 1999; Steele et
l., 1999; Palombo et al., 2000), we considered it impor-

ant to examine these strains in more detail. Specifically,
e sequenced the genes encoding the neutralization
roteins VP7 and VP4, and the nonstructural protein
SP4, of a representative of the P[6], G8 genotype

trains (designated MW23) and a representative of the
[4], G8 genotype strains (designated MW333). We also
haracterized the strains antigenically by subgrouping
nd virus neutralization, and examined the overall ge-
etic relatedness of these strains to other human and
nimal strains by RNA-RNA hybridization (genogroup-

ng).

RESULTS

equence analysis

The complete nucleotide (nt) and amino acid (aa) se-
uences of the gene segment encoding VP7 were deter-
ined for MW23 and MW333, and compared with the

orresponding sequences of strains representing G
ypes 1 to 14 (Table 1). The VP7 gene of both strains was
062 nt in length. A single open-reading frame (ORF)
xtended from nt 49 to nt 1026, encoding a protein of 326
a in length. Sequence comparisons (Table 1) and phy-

ogenetic analysis (Fig. 1) indicated that the VP7 se-
uences of MW23 and MW333 were most closely related

o human and animal serotype G8 rotaviruses. Both
trains exhibited closest identity with the VP7 gene of the
igerian serotype G8 strain HMG89 (.97% nt and aa

dentities), and the closest identities with VP7 genes of
nimal rotaviruses were with bovine strain A5 (93.6% aa

dentities for both strains). Rotavirus strains representing
ther G serotypes exhibited much less nucleotide and
mino acid homology (,82%) with MW23 and MW333.

Complete gene 4 sequence, encoding VP4, was de-
ermined for MW23 and MW333 and compared with
trains representing various P types (Table 2). Gene 4 of
oth strains was 2359 nt in length. The ORF extended

rom nt 10 to nt 2334, encoding a protein of 775 aa. The
P4 sequence of MW23 showed closest homology to

otaviruses of P[6] VP4 genotype, with greatest identity to
he recently characterized United States P2A[6], G9
train US1205 (97.1% nt and 97.5% aa identities). The VP4
equence of MW333 displayed closest homology to ro-

aviruses of P[4] VP4 genotype and was most closely
elated to Filipino P[4], G12 strain L26 (95.3% nt and 96.1%
a identities) and Australian P[4], G2 strain RV-5 (94.1% nt
nd 95.9% aa identities). Phylogenetic analysis con-

irmed the VP4 assignments (Fig. 2).
A 739-bp fragment of gene 10 was sequenced for each

train, encoding the nonstructural protein, NSP4. The
RF for both strains extended from nt 42 to nt 566,
ncoding a protein of 175 aa. Both strains showed great-

T AL.
st nucleotide and amino acid NSP4 homologies with
enetic group I (DS-1-like) viruses (Table 3).
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Antigenic characterization

Subgroup analysis of culture-adapted strains MW23
and MW333 was performed by enzyme immunoassay.
Both strains were of subgroup I specificity (data not
shown).

The P serotypes of MW23 and MW333 were deter-
mined by plaque reduction neutralization assays using
hyperimmune serum raised to five reassortant rotavirus
strains, each representing a different P serotype (Table
4). Strain MW23 was neutralized to a significant level
only by hyperimmune antisera raised against strain
ST3 3 DS-1 (P2A[6], G2), indicating that MW23 belongs
to serotype P2A. Strain MW333 was neutralized to a
significant level only by antisera raised against strain
S2 3 UK (P1B[4], G6), indicating that MW333 belongs to
serotype P1B. Further antigenic analysis of the VP4 pro-
tein of MW23 was undertaken with neutralization exper-
iments using the three VP4-specific N-MAbs HS-6, HS-
16, and F45:4. The neutralization results were compared
with those obtained by Kirkwood et al. (1999) for the

enetically closely related strain US1205 and standard

T

Comparison of the Gene Encoding VP7 of Malawi Rotavirus S

Straina

Species of
origin

G
type nt identity (%

MW23 Human 8 —
MW333 Human 8 98.0
HMG89 Human 8 97.6
EGY1850 Human 8 89.1
HAL1166 Human 8 83.8
QEH14262 Human 8 87.5
GR570/85 Human 8 91.1
DG8 Human 8 84.0
69M Human 8 84.2
B37 Human 8 83.1
A5 Bovine 8 86.4
Cody-I801 Bovine 8 83.0
Wa Human 1 72.2
S2 Human 2 71.9
HCR3 Human 3 76.3
HOCHI Human 4 71.9
OSU Porcine 5 75.5
UK Bovine 6 74.3
116E Human 9 75.6
I321 Human 10 73.7
YM Porcine 11 75.0
L26 Human 12 74.2
L338 Equine 13 72.7
FI23 Equine 14 72.8

a The accession numbers of the reference sequences were: HMG
R570/85, AF143688; DG8, AF034852; B37, J04334; A5, D01054; Cody-I8
04613; UK, X00896; 116E, L14072; I321, L07658; YM, M23194; L26, M582

rom Green et al. (1989).

CHARACTERIZATION OF SEROT
trains M37, ST3, and F45 (Table 5). In contrast to strains
37 and ST3, neither MW23 nor US1205 was neutralized
with HS-6 or HS-16. Furthermore, the P1A, P2A cross-
reactive N-MAb F45:4 neutralized MW23 and US1205 to
low titer compared to the much higher titers obtained
with M37 and F45. Thus, MW23 and US1205 share sim-
ilar VP4 antigenic profiles, which differ from the standard
P2A[6] strains M37 and ST3.

A single VP7-specific N-MAb (B37:1) raised against
the serotype G8 strain B37 neutralized MW23 to high
titer, indicating that MW23 belongs to serotype G8 (data
not shown).

Genogroup analysis

The standard short electropherotype profiles of strains
MW23 and MW333 suggested a relationship to DS-1
genogroup strains. To investigate this, we used probes
derived from the standard human strains Wa and DS-1,
representing the Wa genogroup and the DS-1 geno-
group, respectively (Fig. 3A), and from Malawi strains
MW23 (P[6], G8) (Fig. 3B) and MW333 (P[4], G8) (Fig. 3C).
Analysis of MW23, MW333, and several other related
Malawi genotype P[6], G8 strains confirmed a strong

W23 and MW333 with Other Human and Animal VP7 Genes

23 MW333

aa identity (%) nt identity (%) aa identity (%)

— 98.0 97.9
97.9 — —
97.2 97.8 97.9
95.1 89.3 95.1
94.2 84.4 94.2
93.6 87.9 93.3
93.9 91.2 93.9
92.9 84.7 92.9
92.9 84.9 92.9
90.5 83.6 90.5
93.6 86.9 93.6
92.3 83.5 92.3
77.3 72.1 77.6
73.6 71.9 73.9
81.9 76.5 81.6
72.4 72.0 72.4
80.7 75.3 80.1
81.0 74.8 81.3
78.5 75.4 78.2
78.8 73.9 78.8
81.3 74.8 80.7
76.1 74.8 76.7
75.2 73.0 75.5
78.2 73.1 78.2

8918; EGY1850, AF104102; HAL1166, L20882; QEH14262, AF143689;
999; Wa, K02033; S2, M11164; HCR3, L21666; HOCHI, ABO12078; OSU,
8, D13549; FI23, M61876. The nt sequence of strain 69M was obtained
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trains M
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relationship with the DS-1 genogroup; 7–9 strong hybrid
bands (corresponding to segments 2–10) were observed
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between the DS-1 probe and the Malawi strains. In
contrast, only 1–2 weak hybrid bands were observed
between the Wa probe and the Malawi strains. In the
reciprocal experiments, probes from Malawi strains
MW23 and MW333 formed 7–11 hybrid bands with each
other and 6–7 weaker hybrid bands with strain DS-1 but
formed 0–1 faint hybrids with Wa and AU-1 strains. Thus,
this experiment confirmed the genetic relatedness of
these strains to the DS-1 genogroup but suggested that
divergence has occurred between the Malawi strains
and prototype DS-1. In addition, different hybridization
patterns were noted between the Malawi strains; diver-
gence between MW23-like and MW333-like strains was
observed not only in the expected difference between
their VP4 genes but also in other high and low-molecu-
lar-weight RNA bands. Finally, this experiment confirmed
the relationship of DS-1 genogroup strains such as

FIG. 1. Neighbor-joining protein distance tree for amino acid residues
by using CLUSTALX and analyzed by using the PROTDIST and NEIGH

312 CUNL
MW23 and MW333 to the P4[10], G8 strain 69M, which
has been previously documented (Ohshima et al., 1990).
A reciprocal experiment confirmed that strain 69M probe
gave a similar pattern of binding to 3 of 4 Malawi strains
(data not shown).

DISCUSSION

Because serotype G8 appears to be the most common
rotavirus serotype in Blantyre, Malawi, we characterized
two serotype G8 rotavirus strains, MW23 and MW333,
that were recently detected in stool specimens of chil-
dren with diarrhea. These short electropherotype rotavi-
ruses were characterized by using RT-PCR analysis of
the VP7 and VP4 genes as genotypes P[6], G8 (MW23)
and P[4], G8 (MW333). When we used a combination of
nucleotide sequence analysis, subgrouping, and virus
neutralization, MW23 was confirmed as subgroup I, se-

enting complete VP7 of the indicated strains. Sequences were aligned
rograms in PHYLIP.

T AL.
IFFE E
rotype P2A[6], G8 and MW333 was characterized as
subgroup I, serotype P1B[4], G8. RNA-RNA hybridization
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demonstrated that both strains were related to the DS-1
genogroup of human rotaviruses.

The VP7 sequences of both strains were most closely
related to known serotype G8 rotaviruses of human and
bovine origin; their closest relationships were to each
other and to Nigerian strain HMG89 (Adah et al., 1997)
.97% aa identity), strongly suggesting that the Malawi
trains belong to serotype G8. The ability of the MAb
37:1 to neutralize MW23 strongly supports the se-
uence data and confirms their serotype assignment as
8. Both MW23 and MW333 were also quite closely

elated to serotype G8 human rotaviruses detected in
gypt (EGY1850; 95.1% aa identity) and South Africa

GR570/85; 93.9% aa identity), raising the possibility of a
ommon lineage for the African serotype G8 strains.
hylogenetic analysis, indicating some clustering of the
frican strains, lends support to this hypothesis (Fig. 1).
he VP7 sequence relationships of both strains to bovine

otaviruses A5 (93.6% aa identity) and Cody (92.3% aa

T

Comparison of the Gene Encoding VP4 of Malawi Rotavirus S

Straina

Species of
origin

P
type nt identity (

MW333 Human 4 73.8
L26 Human 4 74.3
RV-5 Human 4 74.0
MW23 Human 6 —
US1205 Human 6 97.1
RV-3 Human 6 95.7
M37 Human 6 95.3
ST3 Human 6 95.5
1076 Human 6 94.8
GOTTFRIED Porcine 6 82.7
A5 Bovine 1 70.0
SA11 Simian 2 71.6
RRV Simian 3 71.1
UK Bovine 5 67.4
OSU Porcine 7 69.4
Wa Human 8 75.0
AU-1 Human 9 64.9
69M Human 10 70.5
116E Human 11 59.7
H2 Equine 12 70.4
MDR-13 Porcine 13 68.6
HAL1166 Human 14 65.8
Lp14 Ovine 15 71.0
Eb Murine 16 65.1
993/83 Bovine 17 62.4
L338 Equine 18 71.4
4F Porcine 19 75.5
EHP Murine 20 68.2

a The accession numbers of the reference sequences were L26, M
33895; 1076, M88480; GOTTFRIED, M33516; A5, D13395; SA11, D1634

M60600; 116E, L07934; H2, L04638; MDR-13, L07886; HAL1166, L2087
U08424.

CHARACTERIZATION OF SEROT
dentity) confirm the well-reported similarity between hu-
an and bovine VP7 genes (Gerna et al., 1994).
Nucleotide sequencing of the VP4 gene of MW23, and
neutralization using hyperimmune serum to different sin-
gle VP4 gene reassortant rotaviruses, confirmed that
MW23 belongs to P serotype P2A and genotype P[6]. The
VP4 sequence relatedness (97.5% aa identity) of MW23 to
the P2A[6], G9 strain US1205 described by Kirkwood et
al. (1999) was also reflected in similar antigenic profiles
using the VP4-specific N-MAbs HS-6, HS-16, and F45:4.
Sequence analysis of MW333 and P-serotyping studies
confirmed its VP4 antigenic type as P1B[4]. The closest
related published strains were the Filipino P[4], G12
strain L26 described by Taniguchi et al. (1990) and P[4],
G2 strain RV-5 isolated in Australia (Kantharidis et al.,
1987).

Sequence analysis of a 739-bp gene 10 fragment of
strains MW23 and MW333 confirmed their expected
classification in NSP4 genetic group I, which comprises
DS-1 like rotaviruses (Cunliffe et al., 1997). As for its VP4
gene, the sequence of MW23 NSP4 was very closely

W23 and MW333 with Other Human and Animal VP4 Genes

W23 MW333

aa identity (%) nt identity (%) aa identity (%)

77.0 — —
77.3 95.3 96.1
76.8 94.1 95.9
— 73.8 77.0

97.5 73.9 77.7
96.5 73.7 77.2
96.1 73.4 77.7
95.0 73.8 77.0
94.3 73.4 75.7
89.2 74.9 77.0
73.6 69.9 72.4
73.6 70.9 72.0
74.2 68.9 72.7
70.3 67.4 68.9
71.4 69.4 70.4
78.3 87.1 89.0
66.1 66.1 65.5
74.5 70.8 72.4
58.1 61.3 60.3
74.5 71.4 71.7
70.5 68.9 69.9
66.2 64.5 66.8
74.3 69.9 71.7
67.7 66.0 68.0
61.5 62.4 60.2
73.6 70.5 70.4
82.3 75.4 79.1
72.5 66.5 71.6

RV-5, M32559; US1205, AF079356; RV-3, U16299; M37, L20877; ST3,
, M18736; UK, M22306; OSU, X13190; Wa, L34161; AU-1, D10970; 69M,
, L11599; Eb, L18992; 993/83, D16352; L338, L26888; 4F, L10359; EHP,

313HUMAN ROTAVIRUS STRAINS
ABLE 2

trains M

M

%)

36397;
6; RRV

YPE G8
related (99.4% aa identity) to the United States strains
US1205 and US1261, and recent Australian isolate E210.
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In contrast, the MW333 NSP4 sequence was slightly
more divergent (96.0% aa identity to MW23 and 96.6% aa
identity to US1205, US1261, E210, and bovine strain UK).
Together, these sequence data support an unusually
close relationship between P2A[6], G9 strains isolated in
the United States and P2A[6], G8 strains from Malawi.

RNA-RNA hybridization confirmed that both MW23 and
MW333 belong to the DS-1 genogroup. Detectable dif-
ferences between MW23-like (P2A[6], G8) and MW333-
like (P1B[4], G8) strains were evident; the observed dif-
ferences in hybridization patterns of specific lower and
higher molecular weight RNA segments suggest that
these genes could have originated from differing
sources. The close homology of MW23 VP4 and NSP4
genes, and of the MW333 NSP4 gene, with United States
P2A[6], G9 strains identified by sequence analysis raises
questions on the overall homology between these re-
cently isolated strains.

The novel combinations of the VP7 and VP4 proteins of
MW23 and MW333 are most likely to have arisen by
reassortment between the corresponding genome seg-

FIG. 2. Neighbor-joining protein distance tree for amino acid residues
y using CLUSTALX and analyzed by using the PROTDIST and NEIGH

14 CUNL
ments of two distinct rotaviruses. Rotavirus gene reas-
sortment occurs readily in vitro (Graham et al., 1987) and
is likely to be an important mechanism whereby rotavi-
ruses evolve (Nakagomi and Nakagomi, 1993; Taniguchi
and Urasawa, 1995). Typical short electropherotype, DS-
1-like P[4] rotaviruses possess serotype G2 VP7 speci-
ficity: the P[4], G8 strains detected in Malawi (prototype
strain MW333) may therefore represent single VP7 gene
substitution reassortants, perhaps resulting from a dual
infection of a DS-1-like P[4], G2 rotavirus and a serotype
G8 rotavirus. Similarly, the P[6], G8 strains (prototype
MW23) may possibly have formed as a result of reas-
sortment between a G8 rotavirus and a short electro-
pherotype P[6] strain, e.g., a P[6], G9 strain from Malawi
(Cunliffe et al., 1999). This raises the possibility that
MW23 is a multigene reassortant between Wa and DS-1
genogroups. While in vitro experiments suggest that re-
assortment across genogroups is restricted (Ward and
Knowlton, 1989), evidence is growing that intergeno-
group reassortants may occur and persist in nature more
frequently than expected (Ward et al., 1990; Krishnan et
al., 1994; Unicomb et al., 1999; Ramachandran et al.,
unpublished). The failure to detect serotype G2 rotavi-

enting complete VP4 of the indicated strains. Sequences were aligned
rograms in PHYLIP.

T AL.
IFFE E
ruses in Malawi in surveillance between 1997 and 1999
(Cunliffe et al., unpublished) allows us to speculate that
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the formation of these strains may potentially mark an
evolutionary change in the genetic make-up of DS-1-like
rotaviruses.

The sequence homology between the VP7 genes of
MW23 and MW333, and serotype G8 rotaviruses of bo-
vine origin, prompts speculation that the VP7 genes of
the prototype strains described in this report may have
originated from a bovine source. The possibility of inter-
species transmission of rotaviruses, either as whole viri-
ons or by genetic reassortment, was reviewed by Nak-
agomi and Nakagomi (1993). Serotype G8 rotaviruses are
well-known pathogens in cattle (Snodgrass et al., 1990;

T

Comparison of the Gene Encoding NSP4 of Malawi Rotavirus S

Straina

Species
of origin

Genetic
group nt identity (%

MW23 Human I —
MW333 Human I 93.8
US1261 Human I 99.3
US1205 Human I 99.1
E210 Human I 97.4
KUN Human I 96.1
S2 Human I 97.2
RV-5 Human I 94.6
1076 Human I 91.5
UK Bovine I 93.0
NCDV Bovine I 88.5
SA11 Simian I 88.6
RV-4 Human II 83.1
Wa Human II 83.1
M37 Human II 83.9
YM Porcine II 81.3
ST3 Human II 82.5
AU-1 Human III 82.7
RRV Simian III 81.7

a The accession numbers of the reference sequences were US1261,
59103; 1076, U59105; UK, K03384; NCDV, X06806; SA11, K01138; RV-4,
RV, L41247.

TABLE 4

Reciprocal of 60% Fluorescent Focus Neutralization Antibody Titer
f Guinea Pig Hyperimmune Antiserum to Indicated Reassortant for
trains MW23 and MW333

Hyperimmune antiserum to
reassortant

Virus strain

MW23 MW333

Wa 3 DS-1 (P1A[8], G2) 160 80 (2560)a

S2 3 UK (P1B[4], G6) ,80 1280 (5120)a

ST3 3 DS-1 (P2A[6], G2) 2560 80 (2560)a

K8 3 DS-1 (P3[9], G2) ,80 ,80 (2560)a

69M 3 DS-1 (P4[10], G2) 320 80 (10240)a

CHARACTERIZATION OF SEROT
a Reciprocal of 60% fluorescent focus neutralization antibody titer to
P4-homologous virus (e.g., Wa virus vs anti-Wa 3 DS-1, 1:2560)
Taniguchi et al., 1991; Sato et al., 1997) and have also
een detected in pigs (Gouvea et al., 1994b) and a horse

Isa et al., 1996). Initially suggested by Taniguchi et al.
1990), the possibility of interspecies transmission of VP7
enes between cattle and humans has frequently been
onsidered (Ohshima et al., 1990; Taniguchi et al., 1991;
rowning et al., 1992; Gerna et al., 1994; Sato et al., 1997;
olmes et al., 1999; Palombo et al., 2000). The sharing of
uman and bovine VP4 genes was suggested for the
ovine-like P[11] VP4 gene of Indian neonatal strain 116E

Gentsch et al., 1993), and the recent identification of this
P4 type in cow and buffalo calves in India strengthens

his hypothesis (Gulati et al., 1999). The transfer of VP7
enes, or whole virions, between humans and cattle is

W23 and MW333 with Other Human and Animal NSP4 Genes

23 MW333

aa identity (%) nt identity (%) aa identity (%)

— 93.8 96.0
96.0 — —
99.4 94.2 96.6
99.4 93.9 96.6
99.4 93.9 96.6
98.9 94.7 96.0
98.3 94.2 95.4
94.3 94.3 94.3
92.6 91.6 92.6
96.6 92.7 96.6
94.3 89.6 94.3
93.1 91.3 94.3
84.6 84.0 82.9
84.6 83.7 82.9
84.6 84.3 82.9
83.4 82.5 82.9
82.3 83.5 80.6
84.0 82.7 83.4
83.4 82.2 82.9

51; US1205, AF079358; E210, U59107; KUN, D88829; S2, U59104; RV-5,
8; Wa, K02032; M37, U59109; YM, X69485; ST3, U59110; AU-1, D89873;

TABLE 5

Neutralization Resistance Pattern of MW23 and US1205 by VP4-
Specific N-MAbs Compared to Standard Strains

Virus strain

N-MAb

HS-6 (aa 72) HS-16 F45:4 (aa 392)

MW23 410 ,200 3,500
US1205a 780 580 2,600
ST3a 17,000 170,000 2,400
M37a 2,300 160,000 10,000
F45a 810 ,100 51,000
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theoretically possible in Malawi, where in some regions
they live in close proximity. It will be of interest to search
for these novel strains in animal reservoirs in Malawi.

Since the first detection of serotype G8 human rotavi-
ruses in Indonesia (Hasegawa et al., 1984; Matsuno et
al., 1985; Albert et al., 1987), reports have documented
he presence of this serotype in Europe (Gerna et al.,
990; Beards and Graham, 1995; Steele et al.); Brazil
Santos et al., 1998), and Australia (Palombo et al., 2000).

Importantly, several reports of serotype G8 rotaviruses in
African countries have now been published (Adah et al.,
1997; Cunliffe et al., 1999; Holmes et al., 1999; Nakata et
al., 1999; Steele et al., 1999). It is not known whether

FIG. 3. (A–C) Hybridization patterns between genomic RNAs from the
prepared from strains Wa and DS-1 (A), MW1-023 (B), and MW1-333 (C)
genomic RNAs from the indicated strain. Faint bands represent aberran
and correspond to the hybrid bands appearing on the autoradiograph
(B), and MW1-333 (C) are indicated to the left. Throughout this manusc
to as MW333.
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current reassortant rotavirus vaccines (that do not in-
clude the VP7 gene of a serotype G8 rotavirus) will afford
protection against serotype G8 strains. This is an impor-
tant question, since G8 may be an emerging serotype
globally, and especially in African countries, where the
need for effective rotavirus immunization is great (Cun-
liffe et al., 1998).

MATERIALS AND METHODS

Rotavirus strains

Human rotaviruses characterized as P[6], G8 and P[4],
G8 were detected by enzyme immunoassay (Rotaclone,
Meridian Diagnostics, Cincinnati, OH) in stool speci-
mens obtained from children hospitalized with rotavirus

ted virus strains and the 32P-labeled, plus-strand transcription probes
um bromide-stained gels under UV light illumination (panel a) revealed
rating hybrid bands formed between the probe and the genomic RNAs
). Approximate positions of the RNA segments of strains Wa (A), 69M

ain MW1-023 is referred to as MW23, and strain MW1-333 is referred

T AL.
indica
. Ethidi
tly mig

(panel b
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diarrhea in Blantyre, Malawi. Strains MW23 (detected in
the stool of an 8-month-old infant) and MW333 (detected
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in the stool of a 6-month-old infant) were selected for
more detailed characterization as representative mem-
bers of their respective genotypes on the basis of their
electrophoretic mobilities on a 10% polyacrylamide gel.
The strains were adapted to culture in monkey kidney
(MA104) cells in the presence of trypsin.

Strain B37 (serotype G8) was used in N-MAb studies.
Viral reassortants used in neutralization experiments
were Wa 3 DS-1 (P1A[8], G2), S2 3 UK (P1B[4], G6),
ST3 3 DS-1 (P2A[6], G2), K8 3 DS-1 (P3[9], G2), and
69M 3 DS-1 (P4[10], G2). Strains Wa (P1A[8], G1), DS-1
(P1B[4], G2), AU-1 (P3[9], G3), 69M (P4[10], G8), and M37
(P2A[6], G1) were used in RNA hybridization studies.
Strains DS-1 (subgroup I) and Wa (subgroup II) were
used in subgrouping experiments.

Reverse transcription-polymerase chain reaction

Rotavirus dsRNA was obtained from infected cell cul-

FIG. 3—Continued
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tures by using phenol/chloroform extraction and ethanol
precipitation followed by partial purification with a gua-
nidine and silica method (Gentsch et al., 1992). The
dsRNA gene segments 9, 4, and 10 encoding proteins
VP7, VP4, and NSP4, respectively, were denatured, re-
verse transcribed, and then amplified by PCR. Using
degenerate primer pair beg9 and end9, full-length gene
9 was obtained for both strains (Gouvea et al., 1990). For
gene 4, primers con2 and con3 were used to amplify an
877-bp fragment covering the VP8* region of both MW23
and MW333 (Gentsch et al., 1992). The 59 terminal gene

sequences of both strains were amplified by using
egative-sense primers designed from MW23 and
W333 sequence, in RT-PCR together with primers de-

igned from the respective published 59 terminal se-
uences of strain RV3 (Kirkwood et al., 1996) and L26

(Taniguchi et al., 1990). The VP5* fragment of MW23 was
amplified by using a primer complementary to con2 and
the 39 end primer NnendG4 described by Kirkwood et al.
(1999). For MW333, the VP5* fragment was amplified as
a 1496-bp product (encompassing bases 864–2359) us-
ing primers jrg124 (59-att ggg ata taa atg gtc tga aat-39)
and jrg125 (59-ggt cac atc ctc gat gac att-39). A 739-bp
fragment of the NSP4 gene 10 was amplified by using
primers described previously (Cunliffe et al., 1997).

Nucleotide sequencing

Complementary DNA obtained for each gene was pu-
rified by using gel extraction or spin columns (Qiagen,
Chatsworth, CA). For VP7, since weak beg9/end9 product
gave poor sequence when used directly, the purified
beg9/end9 products of both strains were first cloned into
a PGEMT plasmid vector and then sequenced by using
universal and reverse primers in addition to VP7-specific
primers. For VP4 and NSP4, purified PCR products were
sequenced directly with VP4- and NSP4-specific primers.
Each gene or gene fragment was sequenced completely
in both directions by using the PRISM ready big dye
terminator cycle sequencing kit (Perkin-Elmer Applied
Biosystems, Foster City, CA) with an automated se-
quencer (Applied Biosystems Model 377). Sequence
analysis was performed by using the Sequencher pro-
gram (Gene Codes Corp., Inc., Ann Arbor, MI) and the
Wisconsin Genetics Computer Group computer pro-
grams (Devereux et al., 1984; Felsenstein, 1989). Se-
quences were aligned with DNASTAR (Madison, WI), and
phylogenetic trees were drawn by using PHYLIP version
3.5c (copyright J. Felsenstein and the University of Wash-
ington) and CLUSTALX (EMBL, Heidelberg, Germany).

The nucleotide sequences of strains MW23 and
MW333 have been submitted to the EMBL Nucleotide
Sequence Database. The accession numbers of the
NSP4, VP4, and VP7 nucleotide sequences for strain
MW23 are respectively AJ278252, AJ278253, and
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AJ278254; and for strain MW333 are respectively
AJ278255, AJ278256, and AJ278257.
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Subgroup analysis

Subgroup determination was performed by using sub-
group I- and subgroup II-specific MAbs in an enzyme
immunoassay method that has been previously de-
scribed (Greenberg et al., 1993).

Neutralization assays

VP4 serotype determination was performed by a 60%
fluorescent focus neutralization assay that used hyper-
immune antiserum prepared by intramuscular injection
of guinea pigs to single VP4 gene reassortants (Hoshino
et al., 1984).

Antigenic analysis of VP7, and further antigenic anal-
ysis of VP4, utilized VP7- and VP4-specific N-MAbs that
employed an immunofluorescent technique with MA104
cells grown in 96-well microtiter trays (Coulson et al.,
1985). The VP7-specific N-MAb B37:1 used in this study
has been described previously (Tursi et al., 1987). The
VP4-specific N-MAbs HS-6, HS-16, and F45 were de-
scribed by Padilla-Noriega et al. (1993) and Kirkwood et
al. (1996).

Genogroup analysis

RNA-RNA hybridization was performed as previously
described (Nakagomi et al., 1989). Briefly, the 32P-la-
beled, single-stranded RNA probes from strains Wa,
DS-1, MW23, and MW333 were hybridized to the dena-
tured genomic RNAs from a panel of human rotavirus
strains. Hybridization was allowed to occur at 65°C for
16 h in a buffer containing 25 mM Tris-HCl, 100 mM NaCl,
1 mM EDTA, and 0.1% sodium dodecyl sulfate (pH 8.0).
The resulting hybrids were then precipitated with ethanol
and were separated on a 10% polyacrylamide gel. Rean-
nealed genomic RNAs were visualized by staining with
ethidium bromide under UV illumination. Autoradio-
graphs were prepared by exposing dried gels to BioMax
MS films (Eastman Kodak Co., Rochester, NY).
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