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Rotavirus strains that caused severe diarrhea in 4,634 (2,533 male) children aged less than 5 years and
admitted to major hospitals in eight centers throughout Australia from 1993 to 1996 were subject to antigenic
and genetic analyses. The G serotypes of rotaviruses were identified in 81.9% (3,793 of 4,634) children. They
included 67.8% (from 3,143 children) serotype G1 isolates (containing 46 electropherotypes), 11.5% (from 531
children) serotype G2 isolates (27 electropherotypes), 0.8% (from 39 children) serotype G3 isolates (8 elec-
tropherotypes), and 1.6% (from 76 children) serotype G4 isolates (9 electropherotypes). G6 (two strains) and
G8 (two strains) isolates were identified during the same period. G1 serotypes were predominant in all centers,
with intermittent epidemics of G2 serotypes and sporadic detection of G3 and G4 strains. With the exception
of two strains (typed as G1P2A[6] and G2P2A[6]) all serotype G1, G3, and G4 strains were P1A[8] and all
serotype G2 strains were P1B[4]. Two contrasting epidemiological patterns were identified. In all temperate
climates rotavirus incidence peaked during the colder months. The genetic complexity of strains (as judged by
electropherotype) was greatest in centers with large populations. Identical electropherotypes appeared each
winter in more than one center, apparently indicating the spread of some strains both from west to east and
from east to west. Centers caring for children in small aboriginal communities showed unpredictable rotavirus
peaks unrelated to climate, with widespread dissemination of a few rotavirus strains over distances of more
than 1,000 km. Data from continued comprehensive etiological studies of genetic and antigenic variations in
rotaviruses that cause severe disease in young children will serve as baseline data for the study of the effect of
vaccination on the incidence of severe rotavirus disease and on the emergence of new strains.

Group A rotaviruses are the single most important cause of
severe acute diarrhea in young children throughout the world.
Hospital-based studies reveal that they are the cause of acute
diarrhea in 20 to 70% of children less than 5 years old in
developed and developing countries and the cause of death in
approximately 800,000 children annually in developing coun-
tries (28).

Rotaviruses are members of the family Reoviridae. Most
human infections are caused by group A rotaviruses that are
classified into serotypes by a dual classification system based on
neutralizing antigens on two outer capsid proteins, VP7 (G
serotype) and VP4 (P serotype) (7, 15). To date, 10 G types
and more than 5 P types have been identified in infected
humans. There is great genetic diversity within each G and P
type on the basis of the gel electrophoretic analysis of gene
patterns (electropherotypes). Epidemiological and molecular
studies in many countries show complex patterns of change
from year to year in the serotypes and electropherotypes that
cause diarrhea in hospitalized children from the same geo-
graphical areas (2, 9). To date, the majority of severe disease
worldwide has been caused by serotypes G1, G2, G3, G4, and
P1A (genotype P[8]) and serotype P1B (genotype P[4]) (19).

Recent epidemiological studies in Bangladesh (33), Brazil (17,
30), India (1), Kenya (19), and the United States (29) show
that other G and P types (G5, G6, G8, G9, G10, P2A[6],
P8[11]) can be common and may be of emerging importance in
some communities (12).

Rotavirus vaccines are being developed to reduce the huge
impact of this disease. The current live oral vaccines focus on
the prevention of severe disease caused by the four major
human rotavirus serotypes, serotypes G1, G2, G3, and G4 (15).
These vaccines could show reduced effectiveness in countries
where “novel” rotavirus strains are common. Detailed world-
wide epidemiological studies are required to identify the rota-
virus serotypes that cause severe disease and to map annual
changes in strains in different communities. Results can be
used to select areas for vaccine trials and to serve as baselines
for identification of new strains should they emerge.

Australia is a large island continent whose area is approxi-
mately equal to that of the continental United States, with a
total population of 19 million residing predominantly in urban
centers separated by distances ranging from 800 to 2,000 km
(Fig. 1). The populations served by these centers include
17,000 to 216,000 children ,5 years of age. Approximately
10,000 Australian children are admitted to a hospital annually
for treatment of severe acute rotavirus diarrhea (4). Australia
provides an ideal setting in which to conduct annual surveil-
lance of rotavirus strains in widely dispersed urban centers,
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with different population densities experiencing tropical (Dar-
win), hot and arid (Alice Springs), and temperate climates and
having different lifestyles; these populations include children
living in isolated aboriginal communities (Darwin, Alice
Springs). This study aimed to collect all rotavirus-positive fecal
specimens from children less than 5 years of age who were
admitted to a hospital in eight urban centers during 4 succes-
sive years from January 1993 to December 1996. The results
show different epidemiological patterns in relation to popula-
tion size, climate, and/or lifestyle and establish the existence of
widespread dissemination of some rotavirus strains. The re-
sults also establish baseline data that could be used to choose
appropriate centers for testing of the efficacies of rotavirus
vaccines and monitoring of the changes in the prevalent rota-
virus strains after introduction of rotavirus vaccines.

MATERIALS AND METHODS

Patients and sample collection. Feces were obtained from all children (aged
,5 years) admitted for treatment of acute diarrhea in hospitals in eight Austra-
lian cities. Fecal specimens were collected between January 1993 and December
1996. Specimens were obtained within 48 h of admission to a hospital from
children with a primary diagnosis of acute diarrhea and were initially processed
in the routine diagnostic laboratories of each participating hospital. Children
with nonsocomial infections were excluded. Diagnosis of rotavirus infection was
made by a variety of assays, including electron microscopy, enzyme immunoassay
(EIA), and latex agglutination. All rotavirus-positive fecal specimens were stored
at 220 or 270°C in each laboratory for 2 to 3 months, transported frozen to
Royal Children’s Hospital Melbourne, stored at 270°C, and thawed immediately
prior to further testing.

During the 4 years, rotavirus-positive fecal specimens were received from
4,634 patients of whom 2,533 (55.7%) were male. The numbers of rotavirus-
positive specimens examined each year from each center are listed in Table 1.

Assays. The presence of detectable rotavirus antigen was confirmed in all
specimens after transport to the Royal Children’s Hospital laboratories by an
in-house EIA that incorporates monoclonal antibodies specific for group A
subgroup I and subgroup II antigens (5). Rotaviruses were serotyped by an EIA
that incorporates neutralizing monoclonal antibodies specific for G1, G2, G3,
and G4 antigens and for P1A, P1B, and P2 antigens (5, 18); the EIA was

supplemented by reverse transcription-PCR assays (10, 11) for nonserotypeable
strains. The genetic compositions of rotavirus-positive specimens were analyzed
by polyacrylamide gel electrophoresis of extracted genomic double-stranded
RNA (6). Rotaviruses were assigned an electropherotype on the basis of the
pattern formed by migration of the 11 genes. Assignment of electropherotype
was done visually. Coelectrophoresis of extracted genomic double-stranded
RNA was used to compare apparently identical electropherotypes that appeared
in more than one geographical location.

All rotavirus-positive fecal specimens were assayed to determine the rotavirus
G type. Polyacrylamide gel electrophoresis was performed with specimens con-
firmed to be EIA positive in our laboratories and included all EIA-positive
specimens identified in 1993, all nontypeable strains identified from 1994 to 1996,
and representative G-typeable strains identified from 1994 to 1996 (i.e., each fifth
rotavirus strain sequentially identified), provided that sufficient fecal material
was available. A total of 232 representative rotavirus-positive specimens (select-
ed on the basis of G type and electropherotype) were assayed to determine the
rotavirus P type. These included specimens positive for at least one representa-
tive of all of the most common rotavirus electropherotypes identified and com-
prised 155 strains of G1 (representing 27 electropherotypes), 54 strains of G2 (15
electropherotypes), 7 strains of G3 (5 electropherotypes), and 16 strains of G4 (5
electropherotypes).

RESULTS

Peak rates of incidence of rotavirus infection occurred in the
colder months (April to October) in all six centers located in
temperate regions of the country (Perth, Adelaide, Hobart,
Melbourne, Sydney, Brisbane). Patterns of occurrence have
been published elsewhere for each of these centers (4). Peaks
of rotavirus disease were consistently observed 1 to 2 months
earlier in the western city of Perth compared with the times of
peak incidence in the eastern states.

There was no consistent seasonal pattern in the tropical
center of Darwin or the hot, arid center of Alice Springs (Fig.
2). They had similar temporal occurrences of peaks that varied
from January to November in different years, including two
separate peaks of rotavirus activity during 1994 in both centers
and in 1996 in Alice Springs alone. Epidemic peaks occurred
simultaneously in late 1994 and in 1995. Sequential epidemic
peaks implied the spread of rotavirus from Darwin to Alice
Springs in 1993 and from Alice Springs to Darwin in 1993 and
1994, despite the 1,200-km distance between the two centers.
Characterization of strains (see below) confirmed the spread of
strains between these centers during the latter epidemics.

Characterization of strains. The G serotypes of rotavirus
were identified overall in 81.9% (3,793 of 4,634) of the chil-
dren, including serotype G1 rotaviruses in 3,143 (67.8%), se-
rotype G2 in 531 (11.5%), serotype G3 in 39 (0.8%), and

FIG. 1. Locations of urban centers in Australia from which rotavi-
rus-positive stool specimens were obtained. The map is superimposed
on a map of the continental United States drawn to the same scale.
The values in parentheses represent numbers of children aged ,5
years residing in each center or in the Northern Territory (inclusive of
Alice Springs and Darwin). The values are approximate and are cal-
culated on the basis of 1996 census results.

TABLE 1. Numbers of rotavirus-positive fecal specimens from
hospitalized children in eight urban centers in

Australia, 1993 to 1996

Center
No. of rotavirus-positive specimens

1993 1994 1995 1996

Perth 255 293 307 290
Darwin 41 97 61 21
Alice Springs 101 109 77 91
Adelaide 196 180 342 206
Brisbane 113 73 135 61
Sydney 134 89 160 74
Melbourne 165 331 242 246
Hobart 24 32 30 58

Total 1,029 1,204 1,354 1,047
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serotype G4 in 76 (1.6%). In addition, a single G6 strain was
identified in Melbourne in 1993 and in Adelaide in 1996 (24).
A single G8 strain was identified in Darwin in 1996 and in
Brisbane in 1996 (26). All except one of the strains of serotypes
G1, G3, and G4 were identified as type P1A[8]; the exception
was a Melbourne G1 strain (1995), identified as P2A[6]. All
except one of the strains of serotype G2 were type P1B[4]; the
exception was an Alice Springs strain (1995), identified as
P2A[6]. The rotaviruses in 841 (18.1%) fecal specimens were
not typeable.

Electropherotypes were assigned to the rotaviruses in 1,845
of 2,206 (83.6%) of the specimens examined. Overall, 90 dif-
ferent electropherotypes were identified, including 46 within
serotype G1, 27 within serotype G2, 8 within serotype G3, and
9 within serotype G4. In general, the electropherotypes of
untypeable strains were identical to those of the typeable
strains simultaneously present in the same locations.

Composite results indicating an electropherotype that was
inconsistent with the subgroup, together with a failure to react
with G1 to G4 neutralizing monoclonal antibodies, led to the
identification of unusual rotaviruses that were investigated fur-
ther by RT (reverse transcription)-PCR and by determination
of the nucleic acid sequences of the relevant genes. Electro-
pherotypes present in Alice Springs and Darwin in 1994 were
shown to be antigenic variants of G2 strains that resulted from
human-human G1 and G2 reassortment and have been de-
scribed elsewhere (25).

Patterns of occurrence of rotavirus strains. The relative
frequencies of individual serotypes varied from year to year in
the same center and from center to center during the same
year (Fig. 2 and 3).

(i) G1 serotypes. Strains of the G1 serotype were predomi-
nant (prevalence, 30 to 98%) in all centers in all years with the
exception of Perth in 1993 and Melbourne in 1994. Most cen-
ters showed the coexistence of 3 to 11 G1-associated electro-
pherotypes, with .50% of the strains identified during an

epidemic peak being of one to two dominant electrophero-
types. In general, fewer electropherotypes (one to three) were
identified simultaneously in centers with smaller populations
(Alice Springs, Darwin, Hobart), whereas five or more elec-
tropherotypes were identified during annual epidemics in the
larger centers. Within each center dominant electropherotypes
coexisted with less-common electropherotypes that appeared
to be unique to that locality.

There was no evidence that dominant electropherotypes had
appeared in small numbers in the same city during the preced-
ing winter epidemic. The gene patterns of the dominant elec-
tropherotypes that occurred sequentially in the same center
showed variations in mobility involving 2 to 11 genes, with the
most common visible changes occurring in genes 7 and 8.
Twenty-one of the total 46 G1-associated electropherotypes
identified Australia-wide appeared concurrently in more than
one state during a single year. The patterns of occurrence of
the six most common G1-associated electropherotypes identi-
fied from 1993 to 1996 are shown in Fig. 4. There was no
evidence of a consistent direction of spread of individual elec-
tropherotypes either from west to east or from south to north.
Three electropherotypes (types G105, G106, and G128) were
first identified in Perth prior to their identification in the east-
ern states. Three electropherotypes (types G101, G125, and
G149) were identified in eastern states before they appeared in
Perth. Only two of the electropherotypes (types G105 and
G106) persisted in the same center for more than one epidemic
season. One electropherotype (type G106) persisted in Perth
during all 4 years of surveillance and in Adelaide, Sydney,
Melbourne, and Hobart during 2 or 3 of the 4 years. Dual
peaks in the incidence of rotavirus disease in Perth noted in
1994, in April and in December, were associated with two
different electropherotypes (types G105 and G106).

(ii) G2 serotype. Strains of the G2 serotype were identified
in most urban centers in most years but showed marked fluc-
tuations in frequencies (1 to 52%) and were more common

FIG. 2. Frequencies of rotavirus G1 and G2 serotypes in diarrheal stools from children hospitalized each month in Alice Springs and Darwin.
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overall during 1993 and 1994 than in the following 2 years. G2
strains were consistently present throughout the 4 years in
Perth and Adelaide, with intermittent epidemics in each of the
other centers. G2 strains (of different electropherotypes) were
the dominant strains in Perth in 1993 and in Melbourne in 1994
with the number of G2 strains identified exceeding the number
of G1 strains identified. Seven of the 27 electropherotypes of
G2 identified during the period of surveillance appeared con-
currently in more than one state. The G2 electropherotypes
that arose in Alice Springs in 1993–1994 and 1995 were later

identified in Darwin and Adelaide, respectively. In general,
strains with G2-associated electropherotypes exhibited more
limited geographic spread than G1-associated electrophero-
types and did not persist in the same center for more than one
epidemic season (Fig. 4).

G3 and G4 serotypes. Strains of the G3 and G4 serotypes
were uncommon in all centers throughout the 4 years studied.
Electropherotypes associated with G3 (8 types) and G4 (9
types) appeared sporadically in small numbers. There was no
apparent spread of any electropherotypes between centers.

FIG. 3. Relative frequencies of occurrence of rotavirus G1, G2, G3, and G4 serotypes in hospitalized children in temperate urban centers
throughout Australia, 1993 to 1996.
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DISCUSSION

The study described here was a month-by-month, 4-year-
long, comprehensive view of rotavirus infection in hospitalized
children living in widely separate areas on an island land mass
equal in size to the continental United States. The 4,632 chil-
dren resided in tropical, arid, or temperate climates in centers
with widely different populations of susceptible children less
than 5 years old, ranging from less than 100 in aboriginal
communities in central and northern Australia to more than
100,000 in centers on the eastern coast. Rotaviruses of the G1
to G4, P1A[8], and P1B[4] types caused disease in .80% of
patients in all centers during the 4 years studied. Overall the
epidemiological patterns identified in temperate climates (as-
sociated with urban populations) differed from the patterns in
tropical centers caring for children from small dispersed ab-
original communities.

All centers in temperate climates showed seasonal peaks of
rotavirus infections that coincided with the cooler months of

the year. These alternated with periods of 2 or more consec-
utive months (including most summer months) when rotavi-
ruses were seldom detected or not detected at all (4). The
western city of Perth had peaks of prevalence in the colder
months that always preceded those in the eastern states by 1 or
2 months. A similar (unexplained) phenomenon has been re-
corded in multicenter studies in North America, where the
peak prevalence of rotavirus disease occurs 3 to 4 months
earlier in Mexico and the southwestern United States than in
the northeastern United States (32). Seasonal differences in
ambient temperature alone cannot account for the occurrence
of epidemic peaks. For example, the timing of annual winter
peaks in Brisbane and Melbourne is similar, despite mean
midwinter (July) temperature ranges of 9.4 to 20.6 and 5.2 to
12.9°C, respectively. Perhaps diurnal fluctuations in minimum
and maximum temperatures at a particular center exert an
important influence on seasonal patterns by influencing host
susceptibility. Such an effect has been observed in pigs infected

FIG. 4. Monthly occurrence of dominant rotavirus electropherotypes of serotypes G1 (six strains) and G2 (two strains) identified in Australian
urban centers from 1993 to 1996. The areas of the circles are proportional to the number of isolates. Per, Perth; Dar, Darwin; ASp, Alice Springs;
Adl, Adelaide; Bris, Brisbane; Syd, Sydney; Mel, Melbourne; Hob, Hobart.
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with transmissible gastroenteritis virus, in which diarrhea is
most severe in animals reared at temperatures that fluctuate
between 4 and 20°C every 24 h (31).

Centers located within the tropics and caring predominantly
for aboriginal children (Alice Springs, Darwin) showed epide-
miologic patterns different from those of all other Australian
centers and from the year-round patterns of rotavirus disease
usually seen in tropical areas (2, 15, 28). Rotavirus disease in
Alice Springs and Darwin exhibited unpredictable peaks
(sometimes twice per year) in months ranging from January to
November interspersed with periods of 1 to 8 months when no
severe rotavirus disease was detected. Factors other than am-
bient temperature, humidity, and rainfall must have influenced
the rotavirus prevalence since the two centers have disparate
hot, arid (Alice Springs) and tropical, humid (Darwin) cli-
mates. The explosive nature of rotavirus disease outbreaks
with relatively long intervening absences of rotavirus disease
could be due to temporary eradication of rotaviruses from
these small communities once all susceptible children have
been infected, followed by the rapid spread of newly intro-
duced rotavirus strains once the numbers of susceptible infants
have increased. Further, more detailed study of sequential
epidemic strains in Alice Springs and Darwin could throw light
on the contribution of genetic change to the epidemiology of
rotavirus disease.

The majority (82%) of rotavirus strains could be assigned a
G serotype and a P serotype, with more than 95% of typeable
strains identified as G1P1A[8] or G2P1B[4]. Rotaviruses of
type G1P1A[8] were ubiquitous, usually dominant in all cen-
ters, and genetically heterogeneous with some strains that
spread Australia-wide. There was no consistent direction of
spread of individual strains from city to city. Only two strains
persisted Australia-wide for more than 12 months. G2P1B[4]
strains were also ubiquitous, but they were less persistent and
exhibited limited intercity spread. G3 and G4 strains were
relatively uncommon. Sporadic epidemics of G2, G3, and G4
rotaviruses appear to be common in many locations worldwide
including the United Kingdom (20), the United States (35),
France (8), Japan (34), Ireland (21), Brazil (9, 30), and Chile
(22). Previous statistical analysis of the monthly incidence of
rotavirus infections in Melbourne from 1977 to 1993 presents
evidence for the existence in Australia of a biennial peak in the
incidence of rotavirus, with evidence of an interepidemic cycle
of 4.6 to 5.2 years’ duration (13). Identification of G1, G2, G3,
and G4 rotaviruses as a cause of severe pediatric diarrhea over
almost 30 years (3, 9) emphasizes that rotavirus vaccines must
(at least) be effective in protecting against disease due to these
serotypes. The occasional identification of G6 and G8 rotavi-
ruses in Australia together with the occurrence of G5, G8, G9,
and G10 strains in many countries (9) emphasizes the potential
for some of the currently minor strains to become dominant in
many communities, as illustrated by the recent emergence and
spread of G9 rotaviruses in Bangladesh (33), North America
(9, 29), and Australia (27) after completion of this study.

It was not possible in this study to predict the dominant
serotypes (or electropherotypes) likely to emerge from strains
present during the preceding winter. The mobilities of 6 or
more of the 11 genes of dominant strains that appeared se-
quentially each year were different from those of the genes of
strains from the preceding year. Alterations in the migration of

genes 7 and 8 (which code for nonstructural proteins impli-
cated in RNA binding) occurred most commonly. The impor-
tance of changes in these genes should be investigated further
since gene substitution involving genes that code for nonstruc-
tural proteins have also been detected in G2 strains that ap-
pear sequentially in Japan (14). The extent of sequence
changes within individual genes could not be assessed by the
comparatively crude technique of gel electrophoresis. Previous
analysis of genes that code for outer capsid structural proteins
VP7 and VP4 has shown limited nucleotide (and deduced
amino acid) changes over 4 to 5 years in Australian rotaviruses
of the same serotype (23). Factors that influence the continual
generation of genetically different strains from year to year in
the same locality are unexplained. Dominant strains may
emerge as escape mutants selected during replication in adults
who possess preexisting neutralizing antibody, as described
previously for influenza virus (16). New dominant strains can
also arise as the result of reassortment of genes between dif-
ferent strains of the same or different G types. The unusual G2
strains that caused outbreaks in Alice Springs and Darwin in
1993 and 1994 were shown to be derived by reassortment
between subgroup I and subgroup II human strains (25). The
extent of reassortment between human strains and between
human and animal strains in the generation of epidemiologi-
cally dominant rotaviruses requires further study.

This study supports the need for multicenter surveillance of
rotavirus strains, particularly those that cause severe disease in
young children. Such studies may give an incomplete picture of
the rotavirus strains in a community, since they will not identify
strains that cause mild and/or asymptomatic infections in chil-
dren and/or adults. Nevertheless, these studies are justified
since they are relevant to the selection of strains for inclusion
in vaccines aimed at prevention of severe rotavirus disease.
Surveillance studies should be ongoing to provide baseline
data against which vaccine effectiveness can be continually
evaluated in order to monitor the emergence of new rotavirus
strains.
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