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1 Introduction 

The Rotavirus genus of the Reoviridae consists of a number of antigenically related and 
morphologically identical viruses that cause enteritis, primarily in young mammals and 
avians. The genus was established by the International Committee on Taxonomy of 
Viruses at the Fourth International Congress for Virology in 1978 (Matthews 1979). Type 
species, such as human and bovine rotavirus, have been proposed, but because there are 
multiple serotypes and cross-infection of heterologous species may occur these names 
may be difficultto formalize. It is clear that an acceptable nomenclature for rotavirus spe
cies is needed. 

We support the scheme suggested by Rodger and Holmes (1979), which is based on 
the nomenclature for influenza viruses. This scheme would utilize a cryptogram and 
would include the following information: species of animal from which the virus was 
isolated/geographical origin (country, state, city) of virus/strain identification num
ber/year of isolation/serotype number/electropherotype letter. 

Synonyms in the literature for viruses that have previously been a taxonomic 
problem and are now known to be rotaviruses are: murine rotavirus - epidemic diarrhea 
of infant mice (EDIM); bovine rotavirus - Nebraska calf diarrhea virus, neonatal 
diarrhea reovirus, and Nebraska or neonatal calf diarrhea (scours) virus; and human ro
tavirus - orbivirus, orbivirus-like, duovirus, reo-like agent, and infantile gastroenteritis 
virus. For convenience in this review, rotaviruses will be named after the mammalian or 
avian species from which they were isolated. 

The earliest reported work on what was probably rotavirus gastroenteritis was done 
by Light and Hodes (1943,1949). They isolated a ftlterable agent from stools of infants with 
gastroenteritis and showed that it produced diarrhea in newborn calves. Subsequent elec
tron microscopic (EM) analysis of a specimen of calf feces from these early experiments 
that had been lyophilized and stored since 1943 revealed morphologically typical ro
tavirus, but it could not be established whether the virus was of human or calf origin be
cause the isolate was not infectious after so long a period of storage (Hodes 1977). After 
the work of Light and Hodes, other viruses with characteristics of the Reoviridae were 
isolated, including the viruses causing epizootic diarrhea of infant mice (EDIM, murine 
rotavirus) (Cheever and Mueller 1947; Kraft 1957; Adams and Kraft 1967; Banfield et al. 
1968), simian virus SAll, the "0" agent (Malherbe and Stnckland-Cholmley 1967), and 
bovine rotavirus (calf diarrhea, scours) (Mebus et al. 1969). These viruses were subse
quently shown to be rotaviruses. 

In 1973 medical researchers recognized that a virus similar to the one described by 
Mebus and colleagues in calves caused diarrhea in young children. The virus was detect
ed in Australia by Bishop et al. (1973) when they examined duodenal biopsies from chil
dren ill with gastroenteritis by thin-section EM. They reported rmding orbivirus-like par
ticles in mucosal epithelial cells. Shortly thereafter in England, Flewett et al. (1973) detect
ed the virus in fecal extracts by negative-contrast EM. Subsequent reports of rotavirus 
infections of humans in Canada (Middleton et al.I974), the United States (Kapikian etal. 
1974), and Australia (Holmes et al. 1974; Bishop et al. 1974) showed that rotavirus was a 
major cause of enteritis among young children throughout the world (EditonaI1975). 
A virus similar in morphology to the one described from calves in the United States 
(Mebus et al. 1969) was also isolated from calves in Great Britain (Woodeet al.1974). Rota
viruses have now been isolated from many mammalian and some avian species. The 
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increasing number of reports associating rotaviruses with new clinical situations (Hal
vorsrud and Orstavik 1980; Holzel et al.1980; Linhares et al.1981; Yolken etal. 1982) empha
sizes the fact that important unanswered questions about the epidemiology, infection, 
transmission, and significance of the rotaviruses remain. 

Because of the established importance of the rotaviruses as human and veterinary 
pathogens, a global effort has emerged to develop effective methods of disease treatment 
and prevention. This need has stimulated basic studies on the molecular biology of the 
rotaviruses required to understand the replication strategies of these viruses. Our 
knowledge of the mechanisms of replication and infection and of the origin, characteris
tics, and functions of the rotavirus proteins in infection and immunity has increased 
rapidly in the last few years. Several other reviews have discussed the clinical and 
epidemiological aspects and preliminary biochemical characterization of the rotaviruses 
in the past several years (F1ewettand Woode 1978; Walker-Smith 1978; McNulty 1978; Estes 
and Graham 1979; Holmes 1979; Steinhojfl980; World Health Organization 1980; Green
berg et al. 1981b; Kapikian et al. 1980, 1981b). In this review we shall emphasize recent stu
dies which serve to bring into focus important areas for future research efforts. These stu
dies suggest that continued research on the rotaviruses will not only help develop preven
tive measures but will also reveal novel virus-host interactions and virus replication 
mechanisms. 

Viruses that resemble rotaviruses in size, morphology, number of genome segments, 
and tropism for enterocytes, but which are antigenically distinct, have recently been re
proted in swine (Saif et al. 1980; Bridger 1980; Bridger et al. 1982; Bohl et al. 1982), 
chickens (McNulty et al. 1981), and humans (Rodger et al. 1982; Nicolas et al. 1983; 
Dimitrov et al., to be published). These antigenically distinct rotaviruses may eventually 
constitute separate subgroups within the Rotavirus genus. While the origin, prevalence, 
and significance of the antigenically distinct rotaviruses remain unclear, their descrip
tion is importent in the interpretation of all studies that have diagnosed rotaviral infec
tions by EM alone because in these studies antigenically distinct rotaviruses would 
have been called rotaviruses. Although these new rotaviruses will not be discussed 
further in this review, their origin and importance clearly are of interest. It should be 
emphasized that until immunologic reagents are available to detect this new group of 
rotaviruses, their presence will be recognized only if researchers screen stool samples by 
both electron microscopy and an immunologic assay and pursue those viruses that are 
rotaviruses by EM but are not detectable by the immunologic assay. 

2 Prevalence of the Virus in Nature and Host Range 

Rotaviruses have been isolated from mice (Kraft 1957; Adams and Kraft 1967), monkeys 
(Malherbe and Hmwin 1963; Malherbe and Strickland-Cholmley 1967; Stuker et al. 1979, 
1980), calves (Mebus et al.1969; Woodeetal.1974), humans (Bishop etal.1973; F1ewettet 
al. 1973), foals (F1ewett et al. 1975; Dickson et al. 1979), sheep (McNulty et al. 1976c; 
Snodgrass et al.1976a, b, 1977a), goats (Scott et al.1978), rabbits (Bryden et al.1976; Petricet 
al. 1978), pigs (Leece et al. 1976; Leece and King 1978; Woode et al. 1976a; McNulty et al. 
1976f), deer (Tzipori et al. 1976), pronghorn antelopes (Reed et al. 1976), apes (Ashley et al. 
1978), impala, Thompson's gazelles, and addax (Eugster et al. 1978), dogs (Eugster and 
Sidwa 1979; England and Poston 1980), kittens (Snodgrass et al. 1979), turkeys (Bergeland 
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et al. 1977; McNulty et al. 1979), and chickens (Jones et al.1979; McNulty et al. 1979). The 
"0" agent (Malherbe and Strickland-Cholmley 1967) is an unclassified rotavirus that was 
isolated from intestinal washings of sheep and cattle. 

In addition to those viruses that have been either isolated and characterized or direct
ly visualized, there is serological evidence indicating that guinea pigs and bears (Panel Re
port 1978), ducks (McNulty et al. 1979), and other mammalian and avian species can also 
be infected. Preliminary studies (Gary et al. 1980b) indicate that some wild birds in the 
United States have rotavirus antibody. We expect future reports of rota virus isolation 
and suspect that rotaviruses will be shown to infect virtually every mammalian and avian 
species. 

The significance of these multiple strains of virus remains unknown. It is now evident 
that many of the viruses isolated from different mammalian and avian species can be dis
tinguished by neutralization tests and that these viruses represent different serotypes 
(Woode et aI. 1976b; Thouless et al. 1977b; Estes and Graham 1980a; McNulty et al. 1980; 
Hoshino et al. 1981; Wyatt et al. 1982). Many rotavirus serotypes, therefore, apparently 
exist. The present data suggest that under natural conditions these viruses are species 
specific, although interspecies infectivity has been demonstrated for some strains by ex
perimental inoculation. For example, experimental inoculation has shown that human 
rotavirus infects conventional (Middleton et al.1975; Davidson et al.1977) and gnotobiotic 
(Middleton et al. 1975; Bridger et al. 1975; Torres-Medina et al. 1976) piglets, monkeys 
(Wyatt et al. 1976b; Mitchell et al. 1977; Majer et al. 1978), lambs (McNulty et al. 1976c; 
Snodgrass et aI. 1977b), calves (Mebus et al. 1976, 1977), and dogs (Tzipori 1976), but 
apparently not suckling mice (Bridgeret al.1975; Noble et al.1980) or gnotobiotic rabbits 
(Petricetal.1978; E. Palmer, unpublished data). Bovine rotavirus has been found to infect 
piglets (Woode et al.1974, 1975; Hall et al. 1976) and mice (Noble et al. 1980). Simian ro
tavirus causes infection in the rhesus monkey, chimpanzee, and baboon (Soike et al. 
1980) and has been suggested to be pathogenic for gnotobiotic piglets and young calves 
(Rodger et al. 1977), but it does not infect lapine species (Petrie et al. 1978). 

The recent reports that the simian, rhesus and canine rotaviruses are serologically 
similar and that they are included in one of the human rotavirus serotypes (Wyatt et al. 
1982; Gaul et al. 1982) provide further indirect evidence for the hypothesis that the rota
viruses are transmitted across species boundaries. 

It should be emphasized that, while infection of heterologous animals can be demon
strated by recovery of virus or detection of viral antigens in intestinal contents, clinical ill
ness is rarely observed following experimental inoculation of conventional animals. This 
observation therefore suggests that the current lack of direct evidence of cross-species 
infection in nature is not surprising. While the question of whether domestic or non
domestic animals serve as reservoirs of infection for man remains unanswered, the seg
mented nature of the rotavirus genome suggests the possibility that animals could be a 
source of new virus serotypes through genetic recombination (gene reassortment) as is 
now recognized for the influenza viruses (Webster and Laver 1980) and has been suggest
ed for the more closely related orbiviruses (Gorman 1979; SUgiyama et al. 1982). The po
tential and preliminary evidence for the emergence of new strains of virus by genetic 
recombination has been demonstrated in the laboratory (Matsuno et al. 1980; Greenberg 
et al. 1981a; Clarke and McCrae 1982). 
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3.1 Morphology 
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When seen by negative-stain-contrast electron microscopy, rotaviruses can be dis
tinguished from reoviruses and orbiviruses (Flewett et al. 1973; Middleton et al. 1974) by 

Fig. 1. a, Double-shelled human rotavirus strain Wa purified by density gradient centrifugation in 
glycerol-potassium tartrate gradients. b, Single-shelled human rotavirus strain Wa purified by 
density gradient centrifugation in glycerol-potassium tartrate gradients 
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their sharply defmed outer layer. The morphology of intact particles is distinctive and 
suggestive of a wheel (from the Latin rota, a wheel) with the core forming a hub, cap
someres radiating from the core forming spokes, and the precisely marginated outer 
layer forming the rim (Flewett et al. 1974). Rotaviruses from various mammalian species 
are morphologically indistinguishable from each other and, like other members of the 
Reoviridae, they have a double-shelled capsid composed of an outer layer, an inner cap
sid, and an icosahedral core. Both double- and single-shelled particles (Fig. la, b) are seen 
in most preparations (Bridger and Woode 1976). The complete human rotavirus particle 
was found to be 67-68 nm in diameter when measured in relation to a catalase crystal 
internal calibration standard (Palmer et al. 1977). 

The inner capsid is composed of capsomeres that radiate from an icosahedral core 
approximately 38 nm in diameter (Fig. 2) (Palmer et al. 1977). As with the reoviruses, the 
arrangement of these capsomeres and the defmition ofthe capsomere unit itself have not 

Fig. 2. Core particles produced by treatment of purified single-shelled simian rotavirus SAn with 
1.5 M CaCI2, followed by purification through a sucrose cushion as in Bican et al. (1982). (Courtesy 
of B. Petrie) x 99 000 
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been frrmly resolved. The structure of rotavirus has been difficult to defme because cap
someres are formed by the sharing of subunits. Defmition of actual vertex points used to 
determine T number is necessary for a clear understanding of the structure of ico
sahedral viruses. With viruses such as herpesvirus, distinct columnar capsomeres can be 
seen aligned in a row between two neighboring vertex capsomeres. On the other hand, 
actual vertex points used to determine T number for viruses of the Reoviridae are holes 
around which are arrayed trimeric subunits. These subunits form large "capsomeres," 
two subunits of which are always shared by the adjacent capsomeric structure. This shar
ing of subunits gives the surface of the virus a honeycomb-like appearance. 

Martin et al. (1975) concluded that the capsomere surface of human rotavirus single
shelled particles conformed to a trimer surface arrangement of aT = 9 icosadeltahedron 
composed of 540 structural units arranged as 180 wedge-shaped trimer subunits. These 
subunits were, in turn, clustered into 32 morphological units or capsomeres arranged as 
T = 3 and which, at low magnification, appeared to be ring-shaped. The capsomeres 
were formed by sharing of subunits. Palmer et al. (1977) found that this type of surface 
arrangement was common to both rotavirus and orbivirus single-shelled particles. 
However, Stannard and Schoub (1977) interpreted the large ring-like structures described 
by Martin et al. (1975) on the inner capsid as moire-pattern artifacts; they disregarded 
these and considered the smaller units as true capsomeres. They proposed that the inner 
capsid was an icosahedron consisting of180 morphological units arranged in an open lat
tice formation with the vertex spaces surrounded by five capsomeres. 

Esparza and Gil (1978) calculated a different number of subunits for the rotavirus cap
sid and therefore derived a different T number, T = 16. They presented a model in which 
five holes exist on each edge of the virus icosahedron and calculated the total number of 
holes in the virus capsid to be 162, formed by the lattice-like arrangement of320 subunits. 
They found the subunits to be trimeric structures, thereby giving a total of 960 pro
tomeres per virion. 

Kogasaka et al. (1979) noted that peripheral capsomeres were enhanced by 10 or 12 ro
tations, according to the direction of view. These represented 20 or 24 capsomeres, and 
they noted one sixfold axis between two fivefold axes. They therefore proposed a cap
somere number of 42, T = 4, for rotavirus. 

Roseto et al. (1979) examined rotaviruses with freeze-fracture techniques instead of 
negative staining and obtained good preservation of rotavirus particles. Superimposition 
of images was also avoided. Two fivefold axes could be seen on the surface of many 
single-shelled particles, and the minimum number of sixfold axes between two vertices 
was 3. The sixfold axes were not symmetrical to the edges, but were just to the center of 
them. They proposed that single-shelled particles corresponded to an icosadeltahedron 
of the skew class (T = 13) with 132 capsomeres. 

The outer layer of rotavirus was described by Hewett et al. (1973, 1974) as a layer of 
short T -shaped capsomeres attached directly to the ends of the capsomeres of the inner 
capsid. Palmer et al. (1977) did not discern individual capsomeres but described the layer 
as a covering attached to the main capsid layer. The outer layer was depicted by Stannard 
and Schoub (1977) as a three-dimensional honeycomb layer, 3.5-4.0 nm in diameter, in 
which septa of the honeycomb meet the capsomeres of the inner capsid and the spaces 
coincide. Esparza and Gil (1978) proposed that the outer layer is more or less planar and 
suggested that a free-lying lattice arrangement with large 8-nm holes seen in rotavirus 
preparations may represent the outer coat of the virion. The spacing of the holes of this 



130 M.K. Estes et al. 

Fig. 3. Tubular structures which are frequently found in rotavirus preparations. Subunits are in 
lattice-like arrays. 

type oflattice, like the honeycomb model of Stannard and Schoub, would correspond to 
that of the holes of the inner capsid. Roseto et al. (1979) showed micrographs of freeze
etch-prepared, double-shelled particles which indicate that the outer layer is a shell with 
small holes that correspond one-by-one with those ofthe inner capsid. They were 3 nm in 
diameter and were regularly organized around five- and sixfold axes. These data are con
sistent with the smooth surface seen by negative-stain EM. More recently Palmer and 
Martin (1982) have shown that the capsomeres of the outer layer are shaped like the type 
of pin (pushpin) commonly used to mark locations on a map. These are covered by a thin 
layer of glycoprotein so that the capsomeres cannot be seen unless particles are 
degenerated. 

Free-lying lattice sheets with lO-nm lattice spacing, the same as that of the virion, are 
frequently seen in rotavirus preparations (Fig. 3). These lattices, which vary in size, may 
result from the fragmentation of rotavirus particles during specimen preparation. They 
may also be formed by the reassembly of subunits after the disruption of rotavirus par
ticles (Esparza and Gil 1978). Tubular forms of rotavirus also occur in fecal material 
(Kimura and Murakami 1977), and they have been reported in infected tissue cultures 
(Adams and Kraft 1967; Banfield et al. 1968; Altenburg et al. 1980). Holmes et al. (1975) 
initially described these as 54-100 nm in diameter with a 10-nm lattice spacing. The 
significance of these tubular forms is not known, but both the tubular forms and the lat
tice sheets appear to be composed of viral subunits arranged in a hexagonal pattern. 

Immunoelectron microscopic studies of tubules 50 nm in diameter and larger ones 
75-80 nm in diameter in fecal extracts from children with diarrhea have shown these 
tubules to be antigenically related to the inner capsid of the virion (Kimura 1981). 
Additional types of rotavirus particles (including enveloped particles) have been describ
ed in studies on the morphogenesis of rotaviruses in cell culture (see Sect. 10.2), and these 
morphogenetic intermediates can be detected in samples of crude virus. 
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3.2 Physicochemical Properties 

Early information about the chemical and physical properties of rotavirus was obtained 
with virus purified from feces. Purification procedures involved dilution and homogeni
zation of the starting material and removal of gross material by low-speed centrifugation. 
A fluorocarbon extraction was usually necessary to remove lipid and other debris which 
entrapped virus particles. Viruses could be concentrated by high-speed centrifugation or, 
if large volumes were used, by polyethylene glycol precipitation. Final purification 
involved banding of the virus in CsCl density gradients. 

It is now apparent that all the mammalian rotaviruses have similar physicochemical 
properties, although no extensive comparative studies have been performed. Double
shelled particles have a buoyant density of1.36 g/ml in CsCl, and single-shelled particles 
have a density of 1.38 g/ml in CsCl (Petrie et al. 1975; Kapikian et al. 1976a; Bridger and 
Woode 1976; Elias 1977b). Double-shelled particles have a sedimentation coefficient of 
500-530 S (Petrie et al. 1975; Newman et al. 1975), and single-shelled particles have a 
sedimentation coefficient of380-400 S (Tam et al. 1976). The icosahedral core (Palmeret 
al. 1977) has recently been isolated from bovine rotavirus and has a buoyant density of 
1.44 g/ml in CsCl and a sedimentation coefficient of 280 S (Biean et al. 1982). 

3.3 Virus Stability and Inactivation 

It is anticipated that, being enteric viruses, the rotaviruses would be relatively stable 
entities. Virus stability has been evaluated by monitoring virus morphology (Palmeretal. 
1977) and infectivity (Malherbe and Striekland-Cholmley 1967; Welch and Thompson 1973; 
Estes et al. 1979a; Shirley et al. 1981). 

The infectivity of simian rotavirus SA11 is stable to low pH (pH 3.5), ether, chloro
form, Genetron, freeze-thawing, and sonication. However, infectivity is labile to pH 
values above 10.0 and to treatment with low concentrations (5 roM) of the chelating 
agents ethylenediamine tetra-acetic acid (EDTA) or ethyleneglycobis (~-aminoethyl
ether)-N,N-tetra-acetic acid (EGTA), or with high concentrations (2 M) of calcium 
chloride. Infectivity is also lost by heating at 50°C in 2 MMgC12, but it is stabilized by 
heating in 2 M MgS04 (Estes et al. 1979a). 

A study of human rotavirus demonstrated that virus infectivity is stabilized by low 
levels (0.15-1.5 roM) of calcium chloride and strontium chloride (1.5 roM), but not by 
magnesium chloride; magnesium sulfate was not tested (Shirley et al.1981). A role for cal
cium in maintaining virus integrity has been implicated from these studies, and this 
hypothesis is supported by the demonstration that the outer capsid glycoproteins are 
removed by calcium chelation ( Cohen et al. 1979). These studies are consistent with the 
observation that only double-shelled particles are infectious (Elias 1977b). 

Viral infectivity is enhanced by treating the virus with the proteolytic enzymes pan
creatin, trypsin, or elastase, and this treatment has been required for successful cul
tivation of these relatively fastidious viruses (see Sect. 11). 

The morphology of rotavirus does not appear to be altered by heat, and it is also stable 
to treatment with most proteolytic enzymes except in the presence of EDT A (Palmeret 
al.1977). Virus morphology is degraded by chaotropic agents such as sodium thiocyanate 
(Almeida 1979; Almeida et al. 1979) and high concentrations (> 1 M) of calcium chloride, 
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which remove the inner capsid of the particle and produce viral cores (Rican et al. 1982). 
Simian and bovine rotaviruses are rapidly degraded by high concentrations of alcohol 
(Bishai et al. 1978; Bastardo and Holmes 1980), and a comparative study of the effects of 
common disinfectants on the infectivity ofSAll concluded that 95% ethanol is an effec
tive skin disinfectant for handwashing (Tan and SchnagI1981). Brade et al. (1981) have 
confrrmed the effectiveness of ethanol as a disinfectant against SAll and also found a 
phenol compound to be useful. In a smaller study, Snodgrass and Herring (1977) found 
formalin, lyso~ and an iodophor preparation (but not chlorine) to be useful disinfectants, 
particularly if a relatively long exposure time (2 h) was possible. Purified simian rotavirus 
SAll is rapidly inactivated by chlorine treatment CR. Floyd, personal communication). 
This suggests that mechanisms such as virus aggregation or virus adsorption to solids 
must be important for rotavirus survival in sewage treatment plants, or in chlorinated 
tapwater (Smith and Gerba 1982), or in the disinfectant study mentioned above. 

4 Rotavims Serotypes and Viral Antigens 

Recent studies have shown that serotypes of rotaviruses can be discriminated by serum 
neutralization tests. Plaque-reduction assays are able to distinguish bovine, canine, 
feline, human, simian, and porcine rotaviruses that are cultivable (Estes and Graham 
1980a; Hoshino et al. 1981; Murakami et al. 1981; Wyatt et al. 1982), and neutralization of 
fluorescent cell-forming units has been used for rotaviruses that are not capable of suffi
cient replication in culture to permit plaquing (Flewett etal.1978; Thouless et al.1978; Zis
sis and Lambert 1978; Beards et al. 1980; McNulty et al. 1980). These studies have demon
strated that there are at least four, and possibly more, serotypes of human rotavirus, two 
serotypes of bovine rotavirus, and three serotypes of avian rotavirus. More complete anti
genic characterization will be possible when a large number of isolates are cultivated in 
tissue culture. Knowledge of whether a fmite number of rotavirus serotypes exists is criti
cal for vaccine development, and the recent success of culturing many human rotavirus 

Table 1. Human Rotavirus Serotypes 

Serotypea Species of Strainsb Subgroupc RNA 
isolation pattemd 

1 humans Wa, KU, K8, Birmingham I, Ph 2 long 
2 humans DS-l, S2, KUN, HN-126, 1 short 

Birmingham IT 
3 humans M, P, YO, MO, 14, Birmingham ill 2 long 

animals rhesus, SAll, canine rotaviruses 1 long 
4 humans St. Thomas 4 2 long 

humans Hochi, Ito, Hosokawa, Nemotoe NTf NT 

a Serotypes as designated by Hewett et aI. (1978); b Compiled from Hewett et aI. (1978), Gaul et aI. 
(1982), Sato et aI. (1982), Thouless et aI. (1982), Urasawa et aI. (1982), Wyatt et aI. (1982) and 
R. Wyatt (personal communication); C Data from Greenberg et aI. (1983); d Refers to the overall 
migration of the 11 genome segments in polyacrylamide gels (Kalica et aI., 1981); e These four 
strains from Japan have been distinguished by plaque reduction assays from serotype 2 (Wa) and 
serotype 3 (SAll) viruses. They have not been compared to viruses of the other 2 serotypes 
(Sato et aI., 1982); f NT, not tested 
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strains (Sato et al.1981a; Urasawa etal.1981) will clearly help answer this question. Table 1 
presents a summary of the current classification of a limited number of human rotavirus 
strains into serotypes. 

Early reports suggested the ability to classifY virus serotypes by non-neutralization 
assays such as complement-fIXation and enzyme-linked immunosorbent assay (ELISA) 
with selected postinfection sera (Yolken et al. 1978b; Zissis and Lambert 1978, 1980, 1981). 
Further analyses have revealed that these tests do not recognize the same antigens de
tected in serum neutralization tests and therefore they do not identify serotypes (Kapi
kian et al. 1981a). It has now been reported that ELISA and an immune adherence 
hemagglutination assay (lAHA) can be used to distinguish a subgroup antigen that is 
encoded by the sixth genome segment (Kalica etal.1981b), and two subgroups have been 
characterized with the use of selected convalescent antisera. It should be clearly recog
nized that ELISA and lARA tests are nonspecific tests based on the detection of any 
antigen-antibody reaction, and their ability to act as specific tests depends solely on the 
specificity of the antisera used. The initial report described lARA -ELISA subgroup 2 as 
consisting of two strains of human rotavirus (D and Wa), while one other human rota
virus strain (DS-l), two bovine (UK and NCDV), one porcine (OSU), three simian (SAll, 
rhesus 1 and 2), and the "0" agent belong to IAHA-ELISA subgroup 1. The murine rota
virus (EDlM) could not be typed in this test. These results have emphasized the impor
tance offollowing standard classification methods to defme virus serotypes. Knowledge 
of the biological or epidemiological significance, if any, of the subgroup antigen( s) will 
require further evaluation with multiple virus isolates. This task will be simplified by the 
recent development of monoclonal antibodies with defmed specificities for the two sub
group antigens (Greenberget al.1983). Until further antigenic characterization is reported, 
the epidemiological studies that have characterized disease outbreaks or serologic re
sponses reportedly to serotypes 1 and 2, which are now subgroups 1 and 2 (Zissis and 
Lambert 1978, 1980; Yolken et al. 1978e; Rodriguez et al. 1978; Brandt et al. 1979), must be 
interpreted with caution. 

In addition to their type-specific or neutralizing antigens, mammalian and avian rota
viruses share common antigens that can be detected by a variety of serological tests, 
including complement fIXation, immunofluorescence, gel diffusion, immune electron 
microscopy, lARA, ELISA, and radioimmunoassays. The common rotavirus antigens 
are not shared with viruses of the other genera of the Reoviridae (Kapikian etal.1976b; 
Woode et al. 1976b; McNulty et al. 1979). The common antigens are located on the inner 
capsid ofthe virus, whereas the type-specific antigens are located on the outer capsid of 
the virus, as demonstrated by the agglutination of only single-shelled particles with 
antisera prepared against heterologous viruses (Bridger 1978). The existence of the com
mon antigens has made it possible to use cultivable animal rotaviruses (or antisera to 
them) as substitute reagents in diagnostic tests for human rotaviruses in stools or in 
serological tests to detect evidence of infection (Kapikian et al. 1976b; Matsuno et al. 
1977a; Schoub et al. 1977; Bishai et al. 1979; Brade and Schmidt 1979). 

Recent efforts have attempted to defme the polypeptides that possess type-common 
antigenic determinants. Using monospecific antisera prepared against purified SAll 
structural polypeptides, preliminary experiments have demonstrated that several of the 
capsid polypeptides possess common determinants as detected by immunofluorescence 
assays and immunoprecipitation experiments performed with cells infected with 
homologous and heterologous viruses (Ester et al., unpublished data). Monoclonal anti-
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bodies are also being produced (Roseto et al. 1982; Greenberg etal. 1983). These antibodies 
should ultimately be useful as diagnostic reagents and as powerful research tools to probe 
antigenic diversity and virus morphogenesis. Since oral administration of rotavirus anti
body has resulted in resistance to rotavirus challenge in various animal models (Snodgrass 
et al. 1977b; Bridger and Brown 1981), and since it was reportedly effective in stopping 
chronic excretion of rotavirus in a limited number of immunosuppressed children 
(Saulsbury et al. 1980), neutralizing monoclonal antibodies might also prove useful as 
passive disease therapy in children. 

5 Hemagglutination 

Some bovine rotavirus isolates, simian rotavirus (SAll), one human rotavirus isolate, and 
chicken and turkey rotaviruses hemagglutinate (HA) human "0," guinea pig, and chick
en erythrocytes (Spence et al. 1976; Inaba et al. 1977; Fauvel et al. 1978; Kalica et al. 1978a; 
Burtonboy et al. 1978; Shinozaki et al. 1978; Bishai et al. 1978; Hancock et al. 1983), and 
various other erythrocytes. Treatment of erythrocytes with receptor-destroying enzyme 
blocks HA by simian rotavirus SAll, suggesting that the virus interacts with neuraminic 
acid-containing receptors (Bastardo and Holmes 1980). The HA of bovine rotavirus is 
inactivated by heat up to 45 °C, pH 2.0, freeze-thawing, and chloroform without discem
able changes in virus morphology (Bishai et al. 1978). 

Salo et al. (1978) found that serum albumin was indispensable for effective hemagglu
tination of one strain of bovine rotavirus, but this has not been a general observation. 
Hemagglutination inhibitors present in culture fluids can be abolished by treating pre
parations with fluorocarbon (Inaba et al. 1978). Others have not had this problem with 
simian rotavirus (Kalica et al. 1978; Martin et al. 1979). HA activity is associated with the 
double-shelled particles, and it appears to detect a type-specific antigen, although this has 
not been rigorously tested (Spenceetal.1978). Hemagglutination-inhibition (HI) tests can 
distinguish between bovine and simian viruses, and hyperimmune serum to one human 
virus isolate did not inhibit HA by simian or bovine viruses (Spence et al. 1978). HI and 
neutralizing activities of sera show good correlation (Inaba et al. 1978), so the HI test may 
prove useful in differentiation of rotavirus serotypes. Again, this remains to be demon
strated experimentally. 

Spence et al. (1976) found that some sera which had complement-fIxing (CF) anti
body did not react in HI, so they suggested that HI was more specific than CF. An alter
native explanation is that HI using bovine rotavirus antigen is less sensitive than CF in 
detecting seroconversion to human rotavirus. We have attempted to demonstrate HA 
activity with several human rotavirus isolates, including the tissue-culture-adapted Wa 
virus, with negative or equivocal results (Palmeret al., unpublished data). Shinozaki et al. 
(1978) found an isolate of human rotavirus that agglutinated chicken red blood cells, and 
they were able to demonstrate seroconversion with several acute and convalescent ill
ness-phase sera using HI. 

Recent studies suggest the outer capsid VP3 is the polypeptide with hemagglutinat
ing activity, since gene four encodes the hemagglutinin of rhesus rotavirus (H. Greenberg, 
personal communication). 
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6 The Rotavirus Genome 

Preliminary characterization of bovine, murine, and human rotaviruses showed that 
these viruses contained RNA (Welch 1971; Much and Zajac 1972; Petric et al.1975) which 
was double-stranded (Welch and Thompson 1973; Petric et al. 1975; Todd and McNulty 
1976). Subsequent studies by Rodger et al. (1975) and Newman et al. (1975) confirmed 
those data by separating bovine rotavirus RNA into eight bands by sodium dodecyl sul
fate-polyacrylamide gel electrophoresis (SDS-PAGE). One band (6) had a molar ratio 
indicating that it contained multiple RNA species. It was concluded that the genome of 
bovine rotavirus consists of 11 segments ranging in molecular weight from 2.2 x l(r to 
0.2 x 1<f, with a total molecular weight of 11-12 x 106• 

It should be noted that all of these determinations of RNA molecular weights were 
performed under experimental conditions where secondary structure of the RNA mole
cules could remain. Only one study has been performed under totally denaturing con
ditions by using methyl mercury-agarose gel electrophoresis (Bernstein and Hruska 1981). 
They compared the rotavirus RNA segments to ribosomal RNAs and reported the mole
cular weights of the segments were 2.8-0.78 x 1<f and 3.4-0.80 x 1<f for the bovine and 
SA11 rotavirus respectively, values higher than those previously reported. These molecu
lar weight determinations show a large discrepancy for the smaller RNA segments when 
compared with previous reports. It is possible that the migration of the smaller RNA tran
scripts in this study was nonlinear, but that this was not recognized due to the use oflarger 
ribosomal RNAs as molecular weight markers. 

Electrophoretic analyses of a number of rotavirus strains have shown that all ro
taviruses contain 11 segments of double-stranded RNA. These segments can be divided 
into four size-classes (groups I-IV) based on contour-length measurements of the RNAs 
by EM and electrophoretic patterns in PAGE (Kalica et al. 1976; Barnett et al. 1978). Ro
tavirus strains can be distinguished on the basis of differences in the migration patterns of 
the genome segments by PAGE (the RNA electropherotype) (Kalica et al.1976), as illus
trated in Fig. 4. A classiftcation scheme to analyze isolates has been proposed by Louren
co et al. (1980); it compares the relative migration of RNA bands within each group by a 
small letter, and patterns observed to date have been described (Lourenco etal.1981). The 
electropherotype of an isolate can be expressed as the combination ofits patterns, e.g., an 
isolate might demonstrate the pattern Ia, lla, rna, Na. This system has the advantage of 
avoiding the tedious comparison of the migration of each segment relative to the mi
gration of the segments of a standard such as simian rotavirus SA11. Acceptance of this 
classiftcation system should help investigators in widely separate regions determine 
whether isolates are similar. 

Extensive genome diversity of rotavirus isolates from man and animals has been 
demonstrated in studies in Australia (Schnagl and Holmes 1976; Rodgerand Holmes 1979; 
Rodger et al. 1981; Schnagl et al. 1981), England (Clarke and McCrae 1981, 1982), France 
(Verly and Cohen 1977; Lourenco et al. 1981), Ireland (Todd et al. 1980), Mexico (Espejo et 
al. 1979, 1980a), New Zealand (Croxson and Bellamy 1979), Scotland (Cash 1982), and the 
United States (Kalica et ai.1978b, c; Dimitrov et al., to be published). Nineteen and 29 dif
ferent human rotavirus electropherotypes respectively were detected in a 6-year study in 
Australia (Rodger et al. 1981) and in a I-year study in France (Lourenco et al. 1981). The 
most comprehensive study (Rodgeret al.1981) extended the earlier observations of Espe
jo et al. (1980a) that certain rotavirus electropherotypes may persist for more than 2 years. 
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Fig. 4. Comparison of the RNA genomes of (A) simian 
rotavirus SAn strain SIIS. Africa/H96158 and (B) a human 
rotavirus strain Hu/Texas/81 by electrophoresis in a 10% 
Laemmli polyacrylamide gel. Migration was from top to 
bottom, and the RNA segments were visualized after 
staining with I pg/ml ethidium bromide. RNA segments 
are numbered from the top and, in the case of SAn, 
segments 7, 8, and 9 comigrated. For this human strain 
segments 2 and 3 comigrated. The RNA electropherotype 
for SAn is called a "long" pattern, while the RNA pattern 
for the human strain is called a "short" pattern. (Courtesy 
of D. Dimitrov) 

These studies did not confirm the speculation that rotavirus electropherotypes cycle over 
a 3- to 4-year period (Kalica et al. 1978b). In contrast to the diversity of electropherotypes 
from children and adults, rotavirus specimens from neonates were limited to two elec
tropherotypes and one of these persisted for 4 years (Rodgeret al. 1981). No explanation 
for the persistence of a few virus strains in the neonatal nurseries has emerged, but the 
observation is intriguing, especially since rotavirus infection in at least one nursery is 
seasonal. 

The demonstration that a number of electropherotypes may be present concurrently 
within a city has suggested that dual infections could result in the appearance of new virus 
strains by reassortment of genes. This suggestion has been supported by the observation 
that stools from some children have revealed genome proflles with more than 11 genome 
segments (Lourenco et al. 1981; Rodger et al. 1981). Evidence for the occurrence of 
genome segment reassortment between rotaviruses in nature has been obtained from 
one-dimensional structural analyses of individual genome segments of bovine virus field 
isolates (Clarke and McCrae 1982). 

In addition to describing the rotavirus genome diversity, these studies have empha
sized the usefulness of studying genome variation to obtain detailed epidemiologic 
information on rotavirus disease outbreaks and to help monitor modes of disease trans-
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mission. More comprehensive molecular epidemiological studies of RNA profIles of 
rotaviruses may now be possible by direct extraction of double-stranded RNA from 
stools with optimized methods of extraction and detection (Espejo et al.1978; Clarke and 
McCrae 1981; Croxson and Bellamy 1981; Theil et al. 1981). A method using 3' terminal 
labeling of extracted RNA with 32p and T4 RNA ligase has been developed, permitting 
analysis of genomes directly from feces without a virus purification step (Clarke and 
McCrae 1981). This method reportedly can be used to obtain RNA profIles on a 1-mI 
sample containing as little as 2-5 x 1~ particles/mi. 

The high level of genome variation observed for the rotaviruses is analogous to the 
heterogeneity of genome profIles observed in influenza virus and reovirus isolates 
(Palese 1977; Hrdy et al. 1979). In influenza viruses, gene reassortment between two 
viruses upon infection of a single animal is one mechanism that explains genome 
variation and accounts for the rapid appearance of new pandemic strains of virus (Web
ster and Laver 1980). It should be emphasized that the rotavirus genomic variation does 
not necessarily reflect antigenic variation. There have been some attempts to correlate 
rotavirus serotypes with electropherotypes, but this area has not been thoroughly in
vestigated, due primarily to the difficulty in propagating these fastidious viruses. Since it 
has been clearly demonstrated with the related reoviruses and orbiviruses that different 
electrophoretic patterns of double-stranded viral genomes do not necessarily reflect 
changes in serotypes (Hrdy et al.1979; Gorman et al.1981), studies to correlate the electro
pherotype(s) with serotypes are important. 

One interesting observation resulting from the analysis of RNA electropherotypes is 
that some human viruses exhibit an altered migration of RNA segments 10 and 11. Two 
overall patterns of migration of the 11 rotavirus genes have been detected, and they have 
been termed ''long" and "short" electropherotypes (see Fig. 4). All animal viruses 
analyzed to date [except EDIM virus (Smith and Tzipori 1979; Smee et al. 1982)] exhibit 
long electropherotypes. Hybridization analysis and in vitro translation of genes 10 and 11 
from human viruses with long and short patterns have demonstrated that these patterns 
result from a change in the migration of gene 11 (Dyall-Smith and Holmes 1981a; G. Flores, 
personal communication). Based on the size of the primary polypeptide product they 
encode, the short pattern is the pattern that corresponds to gene products being produced 
in the "correct" order. The significance of these gene alterations remains unknown, butit 
has been reported that the long and short electropherotypes of a virus correlate with the 
subgroup antigen detected in the ELISA-IAHA test (Kalica et al. 1981a; Rodger et al. 
1981; Kutsuzawa et al. 1982). Since genome segment 6 codes for the subgroup antigen 
(Kalica et al. 1981b), there is no obvious reason why this association exists. It is possible 
that with further testing of more strains the association will not hold up. Characterization 
of a limited number of recently cultivated human isolates with the short RNA elec
tropherotype suggests these are distinguishable by serum neutralization from viruses 
with long RNA electropherotypes. Although it is now known that viruses with long elec
tropherotypes represent more than one serotype, not enough isolates with short elec
tropherotypes have been examined to conclude that all viruses with a short electrophero
type will represent a single serotype (Kalica et al. 1981a; Wyatt et al. 1982). 

The recent observation of unusual short RNA patterns in this laboratory from 
samples of human rotavirus collected in South America (Dimitrov et al., to be published) 
and the demonstration that the murine rotavirus RNA exhibits unique migration pat
terns for gene segments 10 and 11 (Smith and Tzipori 1979; Smee et al. 1982) suggest that 
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further investigation will continue to detect more genome diversity. Again, the remain
ing critical question concerning RNA electropherotypes is whether the diversity reflects 
antigenic diversity caused by gene reassortment. Ifit does, this will have a profound effect 
on the strategies to be used to prevent rotavirus disease. 

7 Rotavirus Proteins 

7.1 Viral Structural Polypeptides 

The protein composition of rotavirus particles was fIrst examined in 1975 by two groups 
of workers (Rodger et al. 1975; Newman et al. 1975). These and many subsequent studies 
(Bridgerand Woode1976; Todd and McNulty 1977; Monette et al. 1979; Obijeskietal.1977; 
Rodgeret al. 1977; Cohen et al.1979; Kalica and Theodore 1979; Matsuno and Mukoyama 
1979; Thouless 1979; Esptjo et al. 1980b, 1981; Mason et al. 1980; Smith et al. 1980; Estes 
et al. 1981a; McCrae and Faulkner-Valle 1981; Novo and Espana 1981; Bican et al. 1982) 
described the rotavirus structural polypeptides following electrophoresis of the poly
peptides in polyacrylamide gels containing sodium dodecyl sulfate. These studies analyz
ed the polypeptides of rotavirus particles of several species obtained both from stool 
samples and from tissue culture cells infected with cultivable rotaviruses. 

These numerous studies yielded conflicting data with respect to the number (5-10) of 
polypeptide species in rotavirus particles and to the apparent molecular weights of the 
structural polypeptides. The reported discrepancies were thoroughly summarized by 
McNulty (1979), and we shall emphasize the unifying data from recent studies. Most of 
the early discrepancies probably reflect differences in methodology rather than actual 
large differences in the polypeptide composition of different rotavirus strains. The 
methodology differences included: (a) the diversity in the resolution ofthe PAGE sys-

Table 2. Polypeptide composition of simian rotavirus SAll particlesa 

Double capsid particles Double capsid particles Polypeptides 
cultivated without exposed to trypsin during (mol. wt. X lcr) 
proteolytic enzymes cultivation or in vitro 

VPl VPl 125 
VP2b VP2 94 
VP3c VP3 88 

VP4*d 84 
VP5~ 60 

VP6b VP6 41 
VP7c,e VP7 38 

VP8*d 28 
VP9c, f VP9 27 

a Modified from data in Estes et al. (1981a); b Major polypeptides; c Outer capsid polypeptides; 
d Asterisk denotes a cleavage product; e Glycosylated; the occurrence of one or two glyco
proteins and the molecular weight (VP7, VP7a) of the outer capsid glycoprotein(s) can vary from 
36 K to 38 K, depending on the plaque isolate and passage history of the virus analyzed (Estes et al. 
1982); f A very minor component, also reported for SAll by Rodgeret at. (1975) but not by Espejo 
et at. (1981) 
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tems used, (b) the failure to use molecular weight standards, or (c) the analysis ofhetero
geneous virus preparations obtained from either fecal specimens or tissue cultures where 
the virus had different exposure to proteolytic enzymes before analysis, resulting in an 
alteration of the polypeptide pattern. 

The simian rotavirus SAIl has been the most thoroughly studied. The polypeptide 
composition of purified SAIl particles (Estes et al. 1981a) is summarized in Table 2. This 
table emphasizes that the number of polypeptides detected may vary, depending on 
whether virus has been exposed to trypsin or proteolytic enzymes during cultivation or 
purification. Although no consensus on rotavirus polypeptide nomenclature yet exists, 
we followed the original suggestion of Rodger et al. (1975) and termed the structural poly
peptides ofthe virus as viral polypeptides (VP), with VP1 representing the largest, and VP2 
and VP6 the major polypeptides (Mason et al. 1980). Our original studies examined virus, 
produced in the presence of trypsin, and VP1-VP8 were characterized; the minor com
ponent VP9 was not detected. These studies compared the SAIl structural polypeptides 
with polypeptides synthesized in an in vitro translation system derived from rabbit reticu
locyte lysates and programmed with rotavirus mRNA. Several ofthe viral structural poly
peptides (VP4, and VP5, and the glycosylated VP7) were not synthesized in vitro as 
primary gene products, which was the flrst evidence for post-translational processing of 
some structural polypeptides (Mason et al. 1980). Subsequent studies demonstrated that 
VP4*, VP5*, and VP8* were proteolytic cleavage products, and cleavage products are 
now denoted by an asterisk (*). 

Detailed comparisons of rotavirus polypeptides synthesized in infected cells and 
those synthesized in vitro from virus-speciflc RNA transcripts have established that post-

Table 3. Summary of SA11 polypeptides and their modificationsa 

Genome Primary Designation Modification Modified 
segmentb product product(s) 

SI 125K VPl (inner) None None 
S2,3 94K VP2 (inner) Cleaved VP3*, VP4* 

(88 K, 84K) 
S4 88K VP3 (outer) Cleaved VP5*, VP8* 

(60K, 28 K) 
S5 53K N onstructural None None 
S6 41K VP6 (inner) None None 
S7 34K N onstructural None None 
S8 35K N onstructural None None 
S9 37 KC VP7 (outer Glycosylated VP7d 

precursor) and trimmed (38 K) 
SlO 20Ke N onstructural Glycosylated 28K,29K 

(precursor) and trimmed 
Sl1 26K VP9 (outer Yes, type ~27K 

precursor) unknown 

a Modified from Ericson et a!. (1982); b Gene assignments from Mason eta!. (1981, 1983); C Contains 
a signal sequence (Ericson et al. 1983); d The molecular weight of the structural glycoprotein can 
vary from 36 K to 38 K, depending on the plaque isolate of virus analyzed (Estes et a!. 1982); 
e Contains a nonc1eavable signal sequence (Ericson et a!. 1983) 
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translational modification (glycosylation and/or proteolytic cleavage) of the rotavirus 
primary gene products occurs (McCrae and Faulkner-Valle 1981; Arias et al. 1982; Ericson 
et al. 1982). Our current understanding of the relationships between the primary gene 
products detected in SAn-infected cells and their subsequent modifications and fmal 
products is summarized in Table 3. 

It should be noted that other terminologies for the structural polypeptides in the 
literature have included: (a) designating the polypeptides in the outer and inner capsids 
as "0" and "I" respectively (Thouless 1979; Smith et al. 1980), (b) designating the polypep
tides simply by their apparent molecular weights (Cohen et al. 1979; Novo and Esparza 
1981), or ( c) a combination, designating each primary gene product as VP and the capsid 
polypeptides as "I" or "0" and cleavage products as "c" (McCrae and Faulkner-Valle 1981). 
Most of the confusion in the studies utilizing the 0 and 1 terminology has come about be
cause the polypeptide designated OlA detected in infected cells was a nonstructural poly
peptide and was not analogous to VPS* detected in purified virus. In addition, when OlA 
was found as a cleavage product in purified virus, its precursor (VP3) was not detected as 
a major outer capsid polypeptide (Thouless 1979; Smith et al. 1980; Dyall-Smith and 
Holmes 1981a, b). 

Two major polypeptides - VP2 and VP6 - have been consistently observed in all 
strains analyzed to date. These two proteins, both of which are found in single-shelled 
particles, have been reported to comprise about 80010 of the total virus protein com
position, based on densitometer tracings of stained viral proteins ( Obijeski et al. 1977) and 
99% of the protein was in single-shelled particles (Novo and Espana 1981). The largest 
viral polypeptide, VPl (molecular weight US 000; US K), is a minor protein associated 
with single-shelled particles and viral core particles. It remains controversial whether a 
fourth high-molecular-weight polypeptide (that is not a proteolytic cleavage product) is 
associated with single-shelled particles. The existence or fate of the fourth high-molecu
lar-weight primary gene product, which is predicted from the four high-molecular-weight 
genome segments, has not been clearly demonstrated in any studies to date. 

A few studies have attempted to localize the polypeptides in the capsid. It has been 
suggested from iodination experiments with bovine rotavirus particles that the VP2 
(91 K) polypeptide is the most exposed polypeptide of the inner capsid (Novo and Espana 
1981). This conclusion has been challenged by the demonstration that single-shelled par
ticles can be converted into icosahedral core particles by treatment with high concen
trations of chaotropic agents such as CaCl2 or sodium thiocyanate (Almeida 1979; Bican 
et al. 1982); this conversion results in the selective loss ofVP6, suggesting that VP6 and 
not VP2 may be the most externally located polypeptide in single-shelled particles (Bican 
et al. 1982; Estes and Cohen, unpublished observations). One plausible explanation for 
these apparently different results is that VP6 contains a low number of tyrosine residues 
or inaccessible tyrosine residues that would not be iodinated by the lactoperoxidase 
method. The inner core particles derived from single-shelled particles contain a minor 
amount of one high-molecular-weight polypeptide in addition to VPl and VP2 (Bican et 
al. 1982). It remains to be established whether this additional polypeptide represents the 
''missing'' fourth high-molecular-weight polypeptide or whether it is a cleavage product 
of VP2 that has been described previously (Estes et al. 1981a). 

The polypeptides of the outer capsid are of particular interest due to their possible 
roles in virus infectivity and virulence, and as antigens that might elicitneutraIizing anti
bodies for disease protection. Three to five proteins have been associated with only the 
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outer capsid, a variation that is explained in part by the fact that the outer capsid high
molecular-weight polypeptide (VP3) is susceptible to proteolytic cleavage, yielding the 
cleavage products VP5* (60 K) and VP8* (28 K) (Espejo etal.1981; Estes et al. 1981a; Clark 
et al. 1981). This cleavage apparently is required for viral infectivity (Estes et al. 1981a) (see 
Sect. 11). 

One or two outer capsid polypeptides have been reported to be glycosylated (Rodger 
et al. 1977; Cohen et al. 1978, 1979; Matsuno and Mukoyama 1979; Estes et al. 1981a). Re
cent studies have demonstrated heterogeneity in the simian rotavirus SAn glycoprotein 
VP7. The molecular weight (36000-38000) and the ability to detect one or two glycopro
teins vary according to the virus stock analyzed (Estes et al. 1982). This heterogeneity 
apparently reflects mutations in the glycoprotein gene, but whether heterogeneity in the 
glycoprotein has any biologic significance, such as antigenic drift in influenza viruses 
(Webster and Laver 1980), remains unknown. The heterogeneity is of interest, however, 
since it helps explain discrepancies in the reported polypeptide patterns. 

The fmal outer capsid polypeptide (VP9) has not been consistently found by all 
groups (Arias et al. 1982). Defmitive proof of the relationship of VP9 to a primary gene 
product is lacking, although one study in our laboratory suggests that it is modified from 
the 26-K primary gene product in an unknown manner (Ericson et al. 1982). Others have 
speculated that this minor outer capsid polypeptide is glycosylated (Dyall-Smith et al. 
1981a). 

This review of the rotavirus structural polypeptides has summarized and focused on 
the studies with SAn and the bovine rotavirus where the conclusions of the number of 
structural polypeptides in purified virus have been similar. It should be mentioned that, 
after extensive studies with the United Kingdom strain of the bovine rotavirus, McCrae 
and Faulkner-Valle (1981) and McCrae and McCorquodale (1982) concluded that 10 of the 
n primary gene products were viral structural polypeptides. Whether this result reflects 
differences between the UK strain and SAn remains to be determined. 

It is clear that some of the structural proteins of rotaviruses isolated from different 
species, and even polypeptides from different virus strains of the same species, may have 
different molecular weights (Thouless 1979; Espejo et al. 1980b), so strain differences still 
may explain some of the discrepancies in the reports on polypeptides. 

7.2 Rotavirus Polypeptides in Infected Cells 

In addition to the structural polypeptides, several other polypeptides are detectable in 
cells infected with rotaviruses. These polypeptides represent nonstructural polypeptides 
or precursors or intermediates to structural or nonstructural polypeptides. We have de
fmed nonstructural polypeptides by their absence in purified virus preparations, by their 
inability to be immunoprecipitated with hyperimmune antisera prepared against purified 
virus, and by comparison of their partial protease maps with those generated from poly
peptides of similar molecular weight synthesized in vitro from viral RNA transcripts 
(Ericson et al. 1982). We suggest designating the nonstructural polypeptides as NS, fol
lowed by their molecular weight (i.e., NS53, NS35, NS34, gNS29, and gNS28 for the SAn 
nonstructural polypeptides; Table 3). Other designations in the literature have included 
NSI-4 (Thouless 1979; Smith et al. 1980; Dyall-Smith and Holmes 1981a, b), and NCVP for 
noncapsid viral polypeptides 1-3 (Matsuno and Mukoyama 1979; Matsuno etal.1980), and 
NCVP 1-6 (Arias et al. 1982). 
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The pattern of polypeptide synthesis reported for SAll (Ericson et al. 1982) is in 
general agreement with other recent studies of the polypeptides in SAll or bovine ro
tavirus-infected cells (Matsuno and Mukoyama 1979; Thouless 1979; Carpio et al. 1981a; 
McCrae and Faulkner-Valle 1981; Urquidi et al. 1981; Arias et al.1982). Rotavirus infection 
(at high multiplicity and in conjunction with actinomycin-D) greatly decreases host cell 
protein synthesis, which allows easy detection of virus-specific polypeptides. Post-trans
lational modifications (glycosylation and proteolytic cleavage of polypeptides) are 
readily demonstrated by using sugar labels, by performing pulse-chase experiments, and 
by using inhibitors of glycosylation and amino acid analogs (Ericson et al. 1982). Detec
tion of all the precursors to the glycoproteins requires the use of the antibiotic tunicamy
cin, which blocks glycosylation. 

These studies have revealed a second virus-specified glycoprotein (molecular weight 
29 (00), synthesized in SAll-infected cells from a 20 000 molecular weight precursor, in 
addition to the structural glycoprotein VP7, which is synthesized from a precursor of 
35 500 molecular weight. Both these glycoproteins are glycosylated co-translationally 
and then post-translationally modified. The fInal post-translational polypeptide modi
fIcations result from carbohydrate trimming (Ericson et al. 1983). 

These results with SAll have been extended further by examining the polypeptide( s) 
synthesized in MA-I04 cells infected with bovine (Lincoln strain) and porcine (OSU 
strain) rotaviruses in the presence and absence of tunicamycin (Ericson and Estes, unpub
lished data). These studies confIrm SAll as a general rotavirus model. The molecular 
weights for the individual polypeptides differ for the different virus strains, thus agreeing 
with otherreports (Rodgeretal.1977; Thouless 1979), and the relative migration of the pre
cursor to the structural glycoprotein may differ both between and within virus strains. In 
some strains the glycoprotein precursor migrates more slowly than the 35-K nonstruc
tural protein, and in other strains it migrates between the 35-K and 34-K nonstructural 
polypeptides. The different migration of these precursors may explain the reports that 
the hypothesized precursor to the bovine virus glycoprotein (UK strain) migrates more 
rapidly than the bovine proteins designated VP8 and VP9 by McCrae and Faulkner-Valle 
(1981), and that the precursor to the SAll glycoprotein co-migrated with the nonstruc
tural NCVP3 in a study by Arias et al. (1982). 

Our present understanding of rotavirus polypeptide maturation is summarized in 
Table 3. It remains to be determined whether the extensive modifications of the rota
virus polypeptides (McCrae and Faulkner-Valle 1981; Arias et al. 1982; Ericson et al. 1982) 
modulate or affect the biological activities of these proteins. Although our knowledge of 
the molecular biology of the rotaviruses and the events regulating virus synthesis is still in 
its infancy, it is apparent that some of the differences in the amounts of the polypeptides 
synthesized in vivo and in vitro which have been interpreted as gene regulation are the 
result of post-translational modifications. 

7.3 Protein-Coding Assignments of the Rotavirus Genome Segments 

The proteins encoded by each of the 11 segments of the rotavirus RNA genome have 
been investigated by biochemical techniques. Rotavirus polypeptides have been syn
thesized in vitro from virus-specific RNA transcripts (Mason et al. 1980, 1981, 1983; Estes 



Rotaviruses: A Review 143 

Table 4. Rotavirus gene-coding assignments based on in vitro translation of isolated denatured 
genome segments 

Genome segment Virus 

1 
2 
3 
4 
S 
6 
7 
8 
9 

10 
11 

113(11) 
96 (12) 
91 (13) 
84 (I4) 
S7 (OlA) 
42 (IS) 

{ 
34 (02)d } 
33 NSld 
31 (NS2)d 
21 (NS3) 
2S (04) 

VPl (I) 
VP2 (I) 
VP3 (0) 
NCVPl + 13 K 
NCVP2 
VP6 

{ 
pVP7d } 
NCVP3d 
NCVP4d 
pNCVPS -+ NCVPS 
NDe 

Bovinec 

VPl (I) 
VP2 (I) 
VP3 (I) 
VP4 (0) 
VPS 
VP6 (I) 
VP8 (I) 
vpr7 (0) -+ VP7c 
VP9 nonstructural 
VP12 -+ VPlO -+ VPlOc 
VPll -+ VPllc 

a Smith et aI. (1980) and Dyall-Smith and Holmes (1981a); b Arias et aI. (1982); C McCrae and 
McCorquodale (1982); d Individual assignments from genes 7-9 have not been made; e No 
products detected 

et al. 1981b) or from denatured double-stranded genome RNA (Smith et al. 1980; Dyall
Smith and Holmes 1981a; Arias et al. 1982; McCrae and McCorquodale 1982). The syn
thesized products have been identified as virus specific by immunoprecipitation and by 
comparison of peptide maps with those generated from authentic viral polypeptides from 
purified virus. The protein-coding assignments for the SAIl genome as defmed by Mason 
et al. (1981,1983) are also summarized in Table 3. Different coding assignments for SAIl 
and for the UK strain of bovine rotavirus, reported by others and based on the trans
lation of denatured isolated genome segments, are shown in Table 4. Controversy 
persists over the SAIl coding assignments of genome segments 2 and 3. Although we 
have detected only one defmitive gene product from transcripts of these two segments, 
others have reported that segments 2 and 3 encode two inner capsid polypeptides (Smith 
et al. 1980) or one inner and one outer capsid polypeptide (Arias et al. 1982). Gene seg
ment 4 has also been reported to encode an inner capsid polypeptide (Smith et al.1980) or 
a nonstructural polypeptide and a low-molecular-weight polypeptide (Arias et al. 1982). 
The complete protein-coding assignments of the UK strain of bovine rotavirus have re
cently been reported (McCrae and McCorquodale 1982). The assignments for the bovine 
rotavirus agree, in general, with our assignments for SAIl and extend them by suggesting 
that segment 3 encodes a polypeptide that is translated poorly and is cleaved, but whose 
identity in infected cells remains undetermined. In addition, protein assignments were 
made for the UK gene segments 7-9. Segment 7 encoded a polypeptide VP8 which is a 
structural polypeptide of the inner capsid, segment 8 encoded the precursor to the viral 
structural glycoprotein VP7, and segment 9 encoded the only gene product VP9 describ
ed as being nonstructural in this system. Although exact correlations between these two 
viral systems may not be possible, comparisons of the polypeptide patterns for SAIl, the 
bovine (Lincoln) and porcine (OSU) strains (Ericson and Estes, unpublished data) 
predict that VP8 and VP9 of the UK virus should be analogous to the SAIl NS35 and 
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NS34. Completion of the SAn gene map should determine whether the SAn and UK 
protein-coding assignments are identical. 

Identical protein-assignment maps between rotavirus strains cannot be assumed. 
This has already been emphasized in the rotavirus system by the demonstration that the 
proteins encoded by genes 10 and n of viruses with a long electropherotype (i. e., SAn and 
human strain Wa) were NS3 and 04, while the proteins encoded by a human strain (M) 
with a short electropherotype were of the opposite assignment (Dyall-Smith and Holmes 
1981a). These results would suggest that the rotavirus gene maps may not be universal. 

The ability to distinguish rotavirus strains by RNA electropherograms and poly
peptide patterns has stimulated comparisons of the RNA electropherotypes and of the 
structural polypeptides of different rotavirus strains in an attempt to determine which 
RNA segments code for the polypeptides that represent type-specific antigens (Kalica et 
al.1978b; RodgerandHolmes 1979). No such correlation has been achieved, and the exist
ing mapping studies suggest that these attempts to use relative migration patterns on 
polyacrylamide gels as a method of relating a viral polypeptide to the "coding" RNA 
genome segment are doomed because of oversimplification. For example, the initial 
failure of investigators to recognize that several of the viral structural polypeptides are not 
primary gene products led to mismatching of polypeptides and genome segments. In 
addition, this approach was unsuccessful because the size of the polypeptide encoded by 
an RNA segment cannot be predicted by direct comparison of migration patterns. 
Although direct coding assignments have been made for a few rotavirus strains, caution 
must be exercised in generalizing between gene maps for different virus strains because 
of the possibility of gene rearrangements, as has been demonstrated for the reoviruses 
(Sharpe et al. 1978). 

ConfIrmation of the rotavirus gene map by the genetic approach has made slower 
progress. A series of temperature-sensitive mutants of SAn (Ramig 1982) and the bovine 
UK virus have been isolated ( Greenbelg et al. 1981a; Faulkner-Valle et al. 1982), but these 
mutants have not yet been exploited to their full potential. Preliminary studies with reas
sortants between temperature-sensitive mutants of the UK virus and noncultivable hu
man rotaviruses have indicated that the neutralization gene for the Wa strain of human 
rotavirus is gene segment 9, gene segment 8 for human rotavirus strain DS-1, and gene 
segment 8 or 9 for the UK virus (Kalica et al. 1981b; H. Greenberg, personal communi
cation). The assignment for the UK neutralization gene is consistent with biochemical 
assignment of gene 8 as encoding the precursor to the structural glycoprotein (McCrae 
and McCorquodale 1982). The assignment of different genes of human rotavirus strains as 
neutralization genes suggests that switching in the migration of RNA species in the 7-9 
complex may be a common phenomenon, and it emphasizes the importance of perform
ing complete and critical analyses on several rotavirus strains before general conclusions 
about the rotavirus gene maps are made. 

7.4 Rotavirus Glycoproteins 

The recognition that the rotaviruses code for two glycoproteins (one structural and the 
other, tentatively, a nonstructural glycoprotein) is of interest since these viruses are not 
enveloped. The occurrence of glycoproteins in nonenveloped viruses is rare, so the ro
taviruses may represent novel models for probing glycoprotein biosynthesis and func-
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tion. The fact that the rotaviruses acquire a transient envelope as they bud into the lumen 
of the endoplasmic reticulum (Saif et al. 1978; Altenburg et al. 1980) is consistent with the 
hypothesis that the precursor to the structural glycoprotein is co-trans1ationally glycosy1-
ated, and it suggests that the glycoprotein(s) may playa role in viral morphogenesis. 

This is also supported by the observation that the structural glycoprotein VP7 is lo
calized by irnmunoe1ectron microscopy at the endoplasmic reticulum with monospecific 
antisera to VP7 (Petrie et al. 1982). Since the transient envelope does not appear to be 
essential for viral infectivity, and since preparations of nonenve10ped particles exhibit 
specific infectivities similar to most mammalian viruses (50-100 physical particles: 1 pla
que-forming unit), a role for the envelope remains to be defmed. 

The rotavirus glycoproteins are also of interest because they represent a class of 
relatively few viral glycoproteins that do not contain oligosaccharides of the complex 
type (Kornfeld and Kornfeld 1980). Both of the rotavirus glycoproteins have been charac
terized biochemically as containing N-linked high-mannose oligo saccharides based on 
their sensitivity to digestion by endo-~-N-acety1g1ucosaminidase H and by the fact that 
their synthesis is blocked by treatment with tunicamycin (McCrae and Faulkner-Valle 
1981; Arias et al. 1982; Ericson et al. 1982; Ericson et al. 1983). These results are supported 
by the observations that; (a) these glycoproteins incorporate radio1abe1ed mannose and 
glucosamine, but not galactose, fucose, or glucose; (b) the structural glycoprotein VP7 
is not altered by treatment with neuraminidase (Ericson et al. 1982); and (c) agglutination 
of bovine rotavirus particles with various 1ectins suggested mannose as a terminal residue 
(Cohen et al. 1978). 

The structural glycoprotein (VP7) is also of interest because it is thoughtto elicitneu
tralizing antibody. This hypothesis is supported by genetic studies with the human Wa 
strain and with the bovine UK strain that assign the neutralizing gene to a genome seg
ment of the 7-9 complex (Kalica et al. 1981b), and by biochemical studies with SAll, 
showing that these genome segments encode the precursor to the viral structural gly
coprotein and two nonstructural polypeptides (Arias et al. 1982; Ericson et al.1982; Mason 
et al. 1983). Additional evidence to support this hypothesis is the fact that monospecific 
antisera prepared against VP7 neutralize viral infectivity (Bastardo et al. 1981; Killen 
and Dimmock 1982). It must be recognized, however, that the necessary comprehensive 
studies with proven mono specific antisera to the other outer capsid polypeptides to 
determine whether or not other virus capsid polypeptides can also elicit neutralizing 
antibodies have not been performed. 

Knowledge of the gene (8 or 9 in the few strains examined to date) coding for the 
structural glycoprotein that elicits neutralizing antibodies will undoubtedly be applied 
through recombinant DNA technology in attempts to develop modem vaccines. 

8 Virion Enzymes 

Rotavirus particles contain an RNA-dependent RNA polymerase, which is consistent 
with their classification as members of the Reoviridae. The polymerase was ftrst demon
strated in bovine rotavirus by Cohen (1977). He showed that the RNA synthesized in vitro 
was single-stranded, based on its sensitivity to pancreatic RNase, and that it represented 
the entire genome because it hybridized completely with double-stranded virion RNA. 
Purifted virus banding at a density of 1.359 g/ml (double-shelled virus) had low po1y-
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merase activity, but enzymatic activity was stimulated by heat-shock (56°C for 30 min) 
or treatment of the particles with 1 mMEDT A, which also resulted in a shift in the density 
of the particles to 1.378 (single-shelled virus). Optimal polymerase activity was found 
between 45° and 50°C at pH 8 in the presence of8-10 mM magnesium ions. Hruska et al. 
(1978) later confrrmed the presence of polymerase activity in single-shelled bovine ro
tavirus particles (density 1.38) purified from tissue culture fluids and in human rotavirus 
samples derived from stool extracts. Activation of the polymerase was further charac
terized when Cohen et al. (1979) showed that the cation Ca ++ plays a major role in stabiliz
ing the outer capsid of the virus at near-neutral pH values. At very low calcium ion con
centration, or after treatment of the virus with chelating agents, the external glycopro
teins (two in their bovine virus) were solubilized (molecular weights 34and31 X leP) and 
the polymerase activity was stimulated. Although proteolytic enzymes playa role in 
activating viral infectivity (see Sect. 11), they have not been shown to stimulate poly
merase activity. 

The properties of the RNA polymerase of human rotavirus (Spencer and Arias 1981) 
are similar to those of the bovine virus. Optimum polymerase activity requires all four ri
bonucleoside triphosphates, a preference for magnesium over manganese as the divalent 
cation, and a pH of8.5. Polymerase activity is inhibited by sodium pyrophosphate but not 
by actinomycin-D, a-amanitin, or rifampin (Cohen 1977; Spencer and Arias 1981). An obli
gate requirement for a hydrolyzable form of ATP was also reported for transcription with 
human viruses, and it has been suggested that ATP is important not only for polymeriza
tion but also for initiation and elongation of RNA molecules (Spencer and Arias 1981). 

Studies of the enzymes in related reovirus and cytoplasmic polyhedrosis virus sug
gest that rotavirus particles may contain other enzymes (nucleotide phosphohydrolase, 
guanylyl transferase, and methyl transferases) required for the formation ofvirus-spe
cific messenger RNAs with a 5' -terminal cap (Shatkin 1976). To date, there have been no 
reports of these enzymes in rotavirus particles and no direct demonstration of capping of 
rotavirus messenger RNAs. Localization of the polymerase activity was addressed by 
examining the core particles prepared from single-shelled particles by treatment with 
chaotropic agents (Bican et al. 1982) and no activity was found. Whether the lack of poly
merase activity in the cores was due to its inactivation by the CaCl2 or due to structural 
changes caused by the removal ofVP6 was not clear, but purified VP6 did not possess 
detectable polymerase activity. The proteins involved in this enzymatic function there
fore remain obscure. 

A poly(A) polymerase activity has been detected in human rotavirus particles (Gor
ziglia and Esparza 1981). Interestingly, this enzymatic activity was associated only with 
complete double-shelled particles, in contrast to the RNA-dependent RNA polymerase. 
The function of the poly(A) polymerase in particles and its possible relation with the 
virus-associated polymerase remain unknown. 

9 Transcription of Rotavirus RNA 

Our current knowledge of rotavirus RNA transcripts comes from a limited number of 
studies on the transcripts synthesized in vitro with the endogenous RNA polymerase. 
The initial studies (Cohen 1977) showed that the polymerase products synthesized in vitro 
with the bovine rotavirus were sensitive to ribonuclease (i.e., single-stranded), and they 
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hybridized to viral RNA. In later experiments, Cohen and Dobos (1979) showed that the 
transcripts hybridized to all 11 of the genome segments, and that they were active in a 
messenger-dependent, in-vitro translation system derived from rabbit reticulocytes. 
Only the smaller molecular weight « 40 000) polypeptides were synthesized in these ex
periments. 

The products of the rotavirus polymerase in the simian rotavirus SA11 were further 
characterized by Mason et al. (1980), who analyzed the transcripts by sedimentation in su
crose gradients and by electrophoresis in acid-urea-agarose gels. These studies demon
strated the importance of adding an RNase inhibitor to the polymerase reaction mixture 
to increase the synthesis of the larger transcripts. They also demonstrated that the tran
scripts are separable into nine distinct groups when analyzed on acid-urea-agarose gels 
(Fig. 5), but they are not resolved into discrete peaks, as are reovirus transcripts, when 
analyzed on sucrose gradients. The SA11 transcripts were active in a messenger-depen
dent, cell-free translation system derived from rabbit reticulocyte lysates, and 11 polypep
tides were synthesized ranging in molecular weight from 20 000 to 125 000 (Mason et al. 
1980). 

Translation of all the primary gene products was stimulated by the use of transcripts 
synthesized in the presence of S-adenosyl methionine (SAM), suggesting that rotavirus 
transcripts might contain a 5' -methylated cap. SAM did not significantly stimulate the 
polymerase activity and, with the exception of their more efficient translation, no dif
ferences in the transcripts synthesized in the presence or absence of SAM were detected 
(Mason etal.1980). Whether the increased translational efficiency of the RNA transcripts 
synthesized in the presence of SAM reflected an increased stability of the transcripts or 
more efficient initiation of translation remains unknown. 
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Fig. 5. Agarose gel electrophoresis of simian rotavirus 
SAll transcripts synthesized in vitro. SAll transcripts were 
subjected to electrophoresis in a 2% acid-urea-agarose gel, 
according to Mason et al. (1980). Migration was from the 
top to the bottom, and the bands were visualized after 
staining with ethidium bromide. The second and sixth 
transcript bands each contained transcripts from two 
segments. (Courtesy ofB. Mason) 
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Comparison of these proteins synthesized in vitro from the transcripts with the virus 
structural polypeptides and with the polypeptides synthesized in infected cells by mole
cular weights, by partial protease maps, and by immunoprecipitation with hyperimmune 
antiserum to purified SA11 has produced our current understanding of the rotavirus 
primary gene products, as outlined in Sect 7.3. Further translation of individual tran
scripts isolated from the acid-urea-agarose gels and identification of the segment that 
encodes them by hybridization to viral RNA has generated the gene-coding assignments 
for SA11 (Mason et al. 1980, 1983; see Table 3). 

Bernstein and Hruska (1981) have also shown that the in-vitro-synthesized transcripts 
are of one polarity, they are identical in size to the denatured parental double-stranded 
RNA segments and they are not polyadenylated. 

The transcripts synthesized in vitro have also been used to probe the genetic related
ness among rotavirus strains (Matsuno andNakcgima 1982) and to determine the parental 
origin of reassortant viruses constructed in the laboratory ( Greenberg et al. 1982; Flores et 
al. 1982). Genetic relatedness was examined by annealing double-stranded genome 
RNA of two human strains of rota virus (Wa and TK80), ofa bovine strain (NCDV) of 
rotavirus, or of SA11 with 32P-labeled transcripts synthesized in vitro from each virus 
strain. Genetic homology was detected between the two strains of human rotavirus at the 
level of 88%-100010 of the homologous reaction, but it was not known if these two human 
strains represented the same or different serotypes. No transcripts from the Wa virus 
hybridized with genome RNA from NCDV or SA11. Similarly, transcripts from NCDV 
did not hybridize with double-stranded RNA from human rotavirus (strain Wa), but they 
did hybridize with double-stranded RNA from SA11 at a level of30% of the homologous 
value, suggesting a closer relationship of SA11 to NCDV than to human rotavirus 
(Matsuno and Nakajima 1982). These preliminary results indicate that hybridization may 
be a useful tool for identifying closely related viruses. They also demonstrate that the anti
genic similarity observed between all rotavirus strains may not always be reflected in 
homology in the nucleotide sequence as detected by nucleic acid hybridization. A simi
lar discrepancy between genetic and serologic results has been found in reovirus 
(Gaillard and Joklik 1980). 

10 Rotavims Replication Cycle 

Biologically, the rotaviruses are fastidious agents. Unti11981 most human rotaviruses had 
not been successfully cultivated in vitro in most laboratories. Virus cultivation is describ
ed later in Sect. 11, but ftrst we will consider the essential features of the rotavirus replica
tion cycle as determined from studies with the bovine and simian viruses - which have 
been exCellent models for studying rotavirus replication. 

10.1 Growth 

Several studies of the growth of animal rotavirus strains in tissue culture have shown that 
these viruses have a fairly rapid (~12 h) replication cycle. It is not known whether all 
strains (e.g., the still fastidious human strains) will exhibit the same replication patterns, 
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but the animal strains examined in different cells under conditions of high multiplicity of 
infection (MOl) have shown similar growth properties. The viral eclipse phase is 
approximately 2-3 h, with maximal virus production in U h at 37°C. Proteolytic enzymes 
enhance viral infectivity, and the virus growth curves may be altered by the failure to 
pretreat virus inocula with proteolytic enzymes prior to infection of cell cultures. It 
should be recognized that most plaque assays for rotavirus include proteolytic enzymes 
in the overlay as facilitators. The results or titers obtained from these assays therefore re
present the amount of activated virus in a stock. This titer will be artificially high unless 
virus stocks are activated with enzymes prior to inoculation of cell cultures. For example, 
in the absence of preactivation of virus, the input MOIs calculated on plaque assay results 
may be two- to tenfold higher than that observed experimentally by immunofluores
cence assays that monitor the percentage of cells infected at different calculated MOIs 
(Graham and Estes 1980; Estes et al. 1981a). If cells are inoculated with trypsin-activated 
virus at high multiplicity (10-20 plaque-forming units/cell), the replication cycle is com
pleted in 10-U h at 37°C; otherwise, a slow increase in virus yield may be observed up to 
20 h. Viral protein synthesis is maximal at 3-5 h postinfection (McCrae and Faulkner
Valle 1981; Ericson et al. 1982), which is consistent with viral antigens being frrst detec
table by the fluorescent antibody technique by 4-6 h postinfection (Estes et al. 1979b). 

Replication occurs in the cytoplasm of cells, and viral antigens detected in the cyto
plasm are often seen as discrete perinuclear granules. Late in infection, diffuse antigen is 
generally present throughout the entire cytoplasm. Different cell cultures can exhibit a 
marked variability in their susceptibility to rotavirus infection, and observable cytopathic 
effect correlates with the percentage of infected cells in a culture (Estes et al. 1979b). 
Some of the variability in cell susceptibility is overcome if viruses are activated with 
trypsin prior to culture inoculation and if trypsin is maintained in the media throughout 
the infection (Graham and Estes 1980). Progeny genome RNA synthesis is frrst detected 
during the virus latent period at 2-4 h postinfection, and it continues throughout the re
plication cycle without significant differences in the kinetics of production of the various 
genome segments (Estes, unpublished observation; McCrae and Faulkner-Valle 1981). 

10.2 Morphogenesis 

Rotavirus replication has been observed by thin-section EM both in intestinal samples 
from infected animals and in cultured cells inoculated with various strains of rotavirus 
(Adams and Kraft 1967; Banfield et al. 1968; Lecatsas 1972; Bishop et al. 1973; Stair et al. 
1973; Holmes et al. 1975; Hall et al. 1976; Chasey 1977; Saifet al. 1978; McNulty 1978; 
McNulty et al. 1976d, 1979; Pearson and McNulty 1977; A ltenburget al.1980; Esparza et al. 
1980; Carpio et al. 1981a; Petrie et al. 1981, 1982; Suzuki et al. 1981). Several common 
features of morphogenesis have emerged from these studies, and Chasey (1977) has de
scribed five (1 through V) different types of rotavirus particles that can be seen in thin 
sections of rotavirus-infected cells (see Figs. 6-8). 

The few studies of the early stages of infection suggest that incoming virions enter 
the cell by endocytosis and are sequestered into lysosomes (Fig. 6a) (Petrie et al. 1981). 
Uncoating probably occurs in lysosomes, producing Chasey's type N, 50-om subviral 
particles (Fig. 7b) (Petrieet al.1981). After the eclipse phase, virus particles consisting of a 
dense nucleoid (25-35 om) surrounded by a layer ofless-dense material (corresponding 
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Fig. 6. a, SAll rotavirus particles in close proximity to a CV-1 cell, with some in various stages of 
being phagocytized (arrowheads) and single particles enclosed in phagocytic vesicles within the 
cytoplasm. x 55 100 b, Dense core structures (type I) within an area ofviroplasm. x 42 000. c, Por
tion of a cell with viroplasm in ajuxtanuclear position, and distended cisternae of the endoplasmic 
reticulum and large vacuoles filled with vast quantities of SAll particles, mostly type III. X 30000 
Rotavirus thin section EM. (Courtesy of A. Harrison) 

to Chasey's type I particles) are formed near the periphery oflarge, granular cytoplasmic 
inclusions (viroplasms) (Fig. 6b), where newly synthesized viral proteins and possibly 
RNA have accumulated (Altenburg et al. 1979; Petrie et al. 1982). 

Within these inclusions, the viral RNA is packaged into 50-nm "core" particles, and 
viral capsid proteins assemble around the "core." Virus particles bud through ribosome
free areas of the rough endoplasmic reticulum into swollen vesicles, becoming 
enveloped in the process. Perhaps the most characteristic features of rotavirus morpho-
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Fig. 7. a, Particles budding through an intracytoplasmic membrane (arrowhead) and enveloped par
ticles (type II) within a vacuole. X 52 500 b, Type IV particles within a lysosome-like body. X 85 ()()() 
c, A rare paracrystalline array of particles with dense or hollow cores and an electron-lucent envel
ope in a rarified area of a necrotic cell. X 53 000 d, Mass of convoluted smooth membrane and both 
type II and ill virus particles in close proximity. X 76 ()()() 

genesis are the distended cisternae of the rough endoplasmic reticulum and large 
vacuoles filled with vast quantities of virus particles (Fig. 6c). Most of these particles 
'resemble Chasey's type ill particles, having a dense central core with a less-dense halo 
and measuring 57-63 nm in diameter (Fig. 6c). Less numerous larger particles, 74-79 nm 
in diameter (Chasey's type II), possess a well-defmed envelope derived from budding 
through the membrane of the endoplasmic reticulum (Fig. 7a). The envelope is 
apparently lost as virus particles continue to mature. 

Other viral forms seen are similar to Chasey's type V but, like those described by 
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Fig. 8. a, Wide separation of nuclear envelope with accumulation of virus particles between the 
lamellae. x 29 800 b, Filaments in the cytoplasm. x 37 350 c, Filaments in a rarified area of the 
nucleus accompanied by viroplasm and hollow particles. x 64 800 d, Tangentially cutfllaments pro
ducing a moire pattern. x 64 800 

Snodgrass et al. (1977b) in the villous epithelial cells of lambs, they lack the dense outer 
profIle seen by Chasey. These particles, 51-57 nm in diameter, consist of a moderately 
dense core surrounded by an electron-lucent halo with fme, fIlamentous projections 
interconnecting the particles, and are found in association with the two more common 
types of particles. 

A recent study addressed the question of which forms of virus particles seen in thin 
sections of infected cells correspond to the double- and single-shelled particles observed 
by negative-contrast EM. The results suggested that Chasey's type ill particles corres
pond to the double-shelled particles, the single-shelled particles correspond to Chasey's 
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type V particles, enveloped virus particles correspond to Chasey's type II particles, and 
subviral particles produced after viral uncoating correspond to Chasey's type IV particles 
(Petrie et al. 1981). 

A second type of cytoplasmic inclusion seen in rotavirus-infected cells consists of 
masses of convoluted smooth membranes (Fig. 7d). Since these have been seen in other 
viral infections [mouse hepatitis virus (David-Ferreira and Manaker 1965), rubella (Kim 
and Boatman 1967), St. Louis encephalitis (Murphy et al. 1968)J and in a number of 
pathologic tissues (Chandra 1968), they may be a secondary effect of viral alteration of 
cell metabolism and synthetic capacity rather than a specific accumulation of rotavirus 
products. 

Nuclear changes are also prominent late in infection. Irregular, and frequently wide, 
separation of the nuclear envelope is common, with accumulations of virus particles 
between the lamellae (Fig. 8a). Filaments are seen both in the cytoplasm (Fig. 8b) and in 
rare field areas of the nucleus, where they are occasionally accompanied by viroplasm 
and hollow particles 53-56 nm in diameter (Fig. 8c). When sectioned in a favorable orien
tation, cross striations may be seen in the filaments and, when cut tangentially, can 
produce a moire pattern (Fig. 8d). 

Mitochondria containing virus particles have also been observed (Altenburg et al. 
1980; Tektoff et al. 1980). Concomitant with the changes caused by virus replication on 
cellular integrity as monitored by electron microscopy, biochemical evaluation of the 
effects of viral infection on macromolecular synthesis has shown that viral infection 
inhibits host cell functions. Macromolecular synthesis is inhibited as measured by a de
creased incorporation of 3H-thymidine, 3H-uridine, and 3H-amino acids into cellular 
macromolecules ( Carpio et al. 1981a; McCrae and Faulkner-Valle 1981; Ericson et al. 1982). 
Eventually, virus particles are expelled from the cells either by a process of exocytosis or 
by rupture of the plasma membrane. 

The viral specificity of many of these ultrastructural changes has been shown by 
immunocytochemical electron microscopy using polyvalent antisera prepared against 
purified double-shelled particles (Altenburg et al. 1979; Chasey 1980) or monospecific 
antisera against purified viral structural polypeptides (Petrie et al. 1982). These studies 
have shown that rotavirus inner capsid proteins are synthesized throughout the cyto
plasm and become concentrated in viroplasmic inclusions, while the outer capsid gly
coprotein is synthesized only in ribosomes of the rough endoplasmic reticulum. Thus, 
the outer capsid layer appears to be acquired during viral budding into cisternae of the 
endoplasmic reticulum. Although antisera to all the viral capsid polypeptides have not 
yet been tested, these studies begin to offer an understanding of how these viruses are 
assembled in cells (Petrie et al. 1982). 

11 Cell Culture Propagation and Assay 

Simian rotavirus SAll and the "0" agent were propagated in cell culture in the 1960s 
(Malherbe and Strickland-Cholmley 1967), but at that time these viruses were not known 
to be associated with clinical illness. Bovine rotavirus, the cause of neonatal calf diarrhea 
(Mebus et al. 1969), was subsequently grown in calfkidney cells (Mebus et al.1971a). Until 
1981 only a limited number of strains of bovine and porcine rotavirus (Femelius et al. 1972; 
Welch and Twiehaus 1973; Woode et al. 1974; McNulty et al. 1967b, 1977; L 'Baridon and 
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Scherrer 1976; Theil et al. 1977; Babiuk and Mohammed 1978), avian rotavirus (McNulty et 
al.1979), and human rotavirus (strain Wa)(Drozdov et al. 1979; Wyatt et al. 1980) could be 
grown in cell culture. The investigation of rotaviruses isolated from various animals and 
birds has been hampered by their fastidious growth properties in cell cultures. Re
cognition that pancreatic proteolytic enzymes enhance viral replication was a major 
breakthrough for rotavirus detection, isolation, and propagation in cell culture (Babiuket 
al.1977b;BabiukandMohammed1978; Theiletal.1977, 1978b;Brydenetal.1977;Almeida 
etal.1978; Bamettetal.1979; Clarketal.1979; Schoub et al.1979; Graham and Estes 1980; 
Theil and BohI1980). 

During the past year, successful cultivation of several strains of human rotavirus 
(Sato et al. 1981a; Urasawa et al. 1981) and the routine cultivation of strains of bovine ro
tavirus (Fukusho et al. 1981; Bachmann and Hess 1981) have been reported, using a com
bination of trypsin treatment of particles prior to inoculation of cells and the inoculation 
of cells in tubes maintained as rolling cultures with trypsin being additionally present in 
the culture medium during the entire course of infection. The stools that allowed suc
cessful isolation were not selected for extremely high concentrations of virus or for a high 
concentration of double-shelled virus particles. The infected cell culture lysates were, 
however, concentrated by centrifugation prior to the second and third passages in cul
ture. Several human virus isolates have been subsequently adapted to growth in 
stationary cultures, and a plaque assay has been developed for most strains. There is 
variability in the amount of cytopathic effects produced by individual strains (Urasawa et 
al. 1981), and it remains to be determined how many strains can be readily cultivated. This 
successful cultivation of the human rotaviruses has clearly been a major advance in our 
technology, and important basic data required to develop strategies for disease preven
tion will undoubtedly now rapidly appear. 

Although a variety of primary cells or epithelial cell lines (primarily of kidney origin) 
support the growth of rotaviruses isolated from different animal strains, a line of fetal 
rhesus monkey kidney cells (MA-104 cells, Microbiological Associates) has been shown 
to support the replication of virus from almost all strains of animals, either for initial 
isolation or following adaptation of these strains to growth in tissue culture of other cell 
lines. This fact and the ability to plaque rotaviruses from different strains in one cell line 
(Estes and Graham 1980a) should facilitate future attempts to differentiate serotypes and 
to study the replication and genetics of these viruses. 

It has been suggested (Hoshino et al.1981) that, based on their characteristics in cell 
culture, rotaviruses can be divided into two groups: (a) those that can only grow very 
poorly without proteolytic enzyme treatment (human, porcine, chicken, turkey, and 
some strains of bovine rotavirus) and (b) those that can undergo multiple rounds of repli
cation in cell cultures without the aid of proteolytic enzymes (feline, canine, and simian 
rotaviruses, the UK strain of bovine rotavirus). Since viruses in the second group cannot 
undergo multiple cycles of replication in some cell lines (e.g., SAll in Vero cells) (Graham 
and Estes 1980) without proteolytic enzymes, this classification may be artificial. 

The basis for the enhancement of viral infectivity by proteolytic enzymes has been 
examined with SAl1 and a bovine rotavirus strain, and it should be emphasized that both 
these viruses can replicate to some extent without the aid of proteolytic enzymes. These 
studies have shown that a major outer capsid polypeptide (VP3) is cleaved by trypsin 
(Clark et al. 1981; Espejo et al. 1981) or by trypsin or elastase, but not by chymotrypsin 
(Estes et al.1981a). A correlation ofthe cleavage ofVP3 with enzymes that enhance infec-
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tivity (trypsin and elastase), but not with chymotrypsin, which does not enhance infec
tivity, suggests that the proteolytic cleavage of VP3 activates infectivity. Cleavage of a 
second polypeptide, VP2, was aIso detected in the studies with SAIl (Estes et aI. 1981a). 
Although the cleavage ofVP2 appeared to be a secondary cleavage, it remains to be de
fInitively proven whether the cleavage of VP3, VP2, or both, is the critical molecular 
event that activates infectivity (Estes et aI. 1981a). It also remains to be determined 
whether this is a common mechanism for all virus strains. If it is, the molecular basis for 
the difficulty in propagating some of the rotavirus strains remains to be determined. 

The gene coding for VP3 is genome segment 4 for SAl1 and the UK virus (Mason et 
aI. 1980; Estes et aI. 1981b; McCrae and McCorquodale 1982; Mason et aI. 1983), and these 
data are consistent with the observation that gene 4 is the segment ofthe UK virus that is 
able to rescue noncultivable human rotaviruses by gene reassortment (Greenberg et aI. 
1981). The observation that trypsin treatment cleaves a major outer capsid polypeptide is 
also consistent with earlier biologic studies suggesting that trypsin exerts its effect on the 
virus and not on the cells (Barnett et al. 1979; Graham and Estes 1980) and that trypsin 
treatment can allow viruses to undergo multiple rounds of replication in normally restric
tive cells (Graham and Estes 1980). It has been suggested that proteolytic enzyme treat
ment allows enhanced penetration of virus into cells (and does not enhance adsorption or 
more efficient propagation once the virus has penetrated the cell), but this has not been 
rigorously proven. It is anticipated that, with the ability to cultivate a large number of 
virus strains, comprehensive studies on the molecular biology and on the antigenic varia
tion of these viruses will be forthcoming. 

It is of interest that aIthough both the bovine and simian rotaviruses can be grown in 
cell culture in the absence of proteolytic enzymes, they cannot produce detectable 
plaques in the absence oftrypsin. Quantitative plaque assays have now been reported for 
bovine, human, porcine, and simian rotaviruses (Matsuno et aI. 1977b; Ramia and Sattar 
1979; Smith et aI.1979; Estes and Graham 1980a; Urasawa et al.1981; Faulkner-Valle et al. 
1982; Wyatt et aI.1982). Plaque formation for all these viruses, with the exception of the 
UK strain of bovine rotavirus (Faulkner-Valle et al. 1982), requires the presence of 
pancreatin or trypsin in the agar overlay. A requirement for diethylaminoethyl(DEAE)
dextran as a second facilitator has not been found in all cases. DEAE-dextran enhances 
the size of the plaques when added to an overlay containing agar (Smith et al.1979), but it 
is generally not required when purified agar or agarose overlays are used (Graham and 
Estes, unpublished observation). It is possible that the fastidious human rotaviruses may 
be more susceptible to inhibitors in agar, since Urasawa et al. (1981) reported they would 
only form plaques in purified agar. Although they have had only limited application to 
date, plaque-reduction assays could also be used to detect serum antibodies (Matsuno et 
al. 1977b; Sato et aI.1981b). These assays must be carefully interpreted, however, for us to 
be confident that neutralizing activity detected in sera at low dilutions does not represent 
nonspecific reductions of infectivity caused by anti-protease activity in serum (Estes and 
Graham 1980a; Graham and Estes 1980). A plaque assay for the recently cultivated human 
rotaviruses has also been developed; it utilizes acetylated trypsin (3 pg/ml), DEAE
dextran (50 pg/ml), and 0.6% purified agar for optimaI plaque formation (Urasawa et al. 
1981). These workers found that agar was inhibitory to plaque formation. 

Because it has not been possible to apply the plaque assay to all viruses, viral infect
ivity has also been quantitated by fluorescence focus assays (Banatvala et al.1975; Bryden 
et al. 1977; Schoub et al. 1979; Clark et aI. 1979; Barnett et al. 1979). With this assay, 
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detection of human rotavirus is increased by low-speed centrifugation of the inoculum 
onto cell cultures (Banatvala et al.1975; Bryden et al. 1977). A fluorescence-focus neutrali
zation test has been used to compare serotypes of human rotavirus (Thouless et al.1977b; 
Flewett et al. 1978; Beards et al. 1980). This method will continue to be useful for moni
toring infections in experimental conditions where viruses replicate poorly, or where 
they may not induce cytopathic effects, or where abortive infections occur. 

Several unusual virus-host interactions have been reported, but their significance 
remains undetermined. The establishment of persistent infections in both permissive 
(Misra and Babiuk 1980) and nonpermissive (Estes and Graham 1980b) cells has been 
reported, but the virus or cellular mechanisms influencing these interactions remain 
undefmed. It has been suggested that cell permissiveness to rotavirus infection may vary 
depending on the physiological state of the host cell (Begin 1980). These virus-cell inter
actions are of interest, however, because they suggest a potential for viral persistence 
in nature which could explain some of the unusual epidemiologic features of rotavirus 
disease and disease transmission. 

The synthesis of large numbers of coreless, probably defective, particles has also 
been seen when ovine and porcine rotaviruses not adapted to serial growth in cell cul
tures were examined by electron microscopy (McNulO' etal.1978). Similarly, infections of 
human embryonic kidney cells with human rotaviruses resulted in poor replication « 1% 
of the cells were infected), and the inoculated cells mainly synthesized particles lacking 
the outer capsid layer (Wyatt et al.1974, 1976a). Even when up to 60% of the cells in a 
culture could be infected with human rotavirus, a large majority of the particles syn
thesized appeared defective (Esparza et al. 1980). These studies emphasize that the parti
cular defect preventing normal replication of rotaviruses remains to be elucidated. It 
should be recognized that until this effect is understood routine cultivation of rotaviruses 
may remain elusive to the standard virology laboratory, particularly because it takes 
several passages to detect virus by cytopathic effects. One must also wonder if the current 
successful methods of cultivation are merely selecting cultivable mutants. 

12 Rotavirus Disease in Humans 

12.1 Significance 

Epidemiological studies on rotavirus infections have shown these ubiquitous agents to 
be the major cause of gastroenteritis in children hospitalized with diarrhea in developed 
countries (Kapikian et al. 1976c; Tallett et al. 1977; reviewed in Kapikian et al. 1981b). 
Although gastroenteritis is no longer a major cause of death in developed countries, this 
illness remains a majOl: cause of morbidity in infants and young children. Recent studies 
have expanded our understanding of this disease by evaluating the types of pathogens 
causing diarrhea in nonhospitalized patients in developed countries. One prospective 
study of diarrhea in infants and young children in Canada supported the data from the 
previous studies of hospitalized cases of diarrhea, and showed that rotaviruses are the 
most common enteropathogen in young children who are outpatients (Gurwith et al. 
1981). In this study, only 3 of72 children with rotavirus infection were hospitalized, while 
23 required some kind of medical attention. 

Another recent study has evaluated the economic impact of rotavirus gastroenteritis 
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in the United States (Rodriguezet al.1980). It was estimated that rotavirus gastroenteritis 
annually accounts for 220-370 hospitalizations per 100 000 children less than 2 years of 
age. Based on an estimation of 6 600 000 children less than 2 years old in this country, the 
annual cost for hospitalization alone is S 27 million. While this is significant, the total 
economic impact is much greater since the majority of cases of rotavirus diarrhea in this 
country receive outpatient care. The additional impact of rotavirus gastroenteritis that is 
also difficult to measure is the time parents lose from work when they stay home to care 
for their sick children. 

While it is recognized that diarrhea, especially in children, is a major cause of morbid
ity in developing countries, only recently has the importance of various bacterial, viral, 
and parasitic agents been carefully assessed. A study of enteric pathogens associated with 
diarrhea at a diarrhea treatment center in rural Bangladesh revealed that rotavirus and 
enterotoxigenic Escherichia coli (ETEC) respectively were isolated from approximately 
50% and 25% of patients less than 2 years of age, while ETEC was the most frequently 
identified pathogen for patients of all ages. In agreement with earlier studies in both 
developed and developing countries, rotavirus was identified as the most common 
pathogen for children less than 2 years of age who visited a treatment center for diarrhea 
(Black et al. 1980). In a I-year study in a rural village of Bangladesh (B lacket al. 1981), rota
viruses were the third most commonly detected enteropathogen. Rotavirus and ETEC 
were found in 31% ofthe diarrhea episodes experienced by children less than 2 years of 
age and in 70% of the episodes associated with dehydration. Lastly, these two pathogens 
were identified in the stools of 77% of young children with life-threatening dehydration 
seen at a diarrhea treatment center. This study suggested that these two pathogens may 
be the etiologic agents that are most likely to result in death, and this fact focuses efforts 
of vaccine development against ETEC and rotaviruses. 

The need for immunoprophylaxis against the rotaviruses has been recognized 
(Kapikian et al. 1980; Chanock 1981), but a better understanding ofthe biology and epi
demiology of the viruses and of host factors involved in protection from disease are re
quired for this need to be filled. The clinical diagnosis and epidemiology of rotavirus 
gastroenteritis have been recently reviewed in detail (Kapikian et al. 1981b), so we will 
only highlight the main features of the disease in humans. 

12.2 Incidence 

In temperate climates, rotavirus gastroenteritis shows a defInite seasonal pattern, with 
peak incidence during the winter months (Bryden et al. 1975); in tropical climates, rota
virus infections occur throughout the year (Hieberet al.1978; Soenarto et al. 1981). In spite 
of these seasonal differences, infections do occur throughout the year in temperate, 
tropical, and subtropical climates. Figure 9 shows the typical seasonal pattern of disease 
observed during 1975-1976 and 1976-1977 among children who were admitted to the 
Hospital for Sick Children, Toronto, Canada, with rotavirus gastroenteritis or who 
acquired the disease in the hospital. During both years, peak infection rates occurred 
from December through March, when it is coldest in that part of the western hemisphere. 

Nosocomial infections are well documented and have been reported to cause 
gastroenteritis in 10%-20% of control children admitted to hospitals (Fig. 9) (Ryderet al. 
1977; Soenarto et al. 1981). 
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Fig. 9. Influence of season of the incidence of rotavirus during 1975-1976 and 1976-1977 among 
children who were admitted to the Hospital for Sick Children, Toronto, Canada, with rotavirus 
gastroenteritis or who acquired the disease in the hospital (Courtesy of P.I Middleton, Hospital 
for Sick Children, Toronto, Canada) 

Rotavirus is the most frequent cause of nonbacterial gastroenteritis among young 
children between 6 months and 2 years of age and is less frequent among children more 
than 5 years old. By 5 years of age, most children have acquired circulating antibody to 
the virus. The incubation period is 1-3 days and virus is, in general, excreted for 5-7 days 
(Davidson et al. 1975a). The infection can be mild or severe, or it can result in death (Carl
son et al. 1978). Most children suffer from vomiting, followed by diarrhea and an asso
ciated fever (Middleton 1978). Lewis et al. (1979) performed a prospective study of 152 
children with diarrhea, 74 of whom excreted rotavirus. They found a respiratory illness or 
otitis media in 66% of these children. Vomiting was also common, preceding diarrhea, 
and lasted between 1 and 3 days. Prolonged diarrhea was rare, and children less than 2 
years old were most often affected. Persistent vomiting or dehydration occurred in many 
children, with dehydration being most severe in infants 12-18 months old. This is now 
recognized as "rotavirus syndrome" (Editorial 1979). Foster et al. (1980) suggested that 
human rotavirus might have been spread by the respiratory, as well as the fecal-oral, 
route during an epidemic which occurred on Truk Island in the 1960s. However, no direct 
evidence of rotavirus replication in the nasopharynx has been demonstrated (Goldwater 
et al. 1979), and a recent prospective study comparing the clinical symptoms of children 
with diarrhea caused by rotavirus or other pathogens found no difference in the 
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occurrence of respiratory symptoms (Maki 1981). The possibility that respiratory 
symptoms might arise from aspiration of vomitus should be considered. 

Rotavirus infection has been described in a limited number of children with intussus
ception (Konno et al. 1978), exanthem subitum (Saitoh et al. 1981), and in two children 
with central nervous system disorders, including fatal Reye's syndrome and encephalitis 
(Salmi et al. 1978). A recent study failed to fmd an etiologic role for rotavirus in intussus
ception (Mulcahy et al. 1982), but the role of rotavirus in the other conditions remains 
unknown. 

12.3 Occurrence in Neonates 

One ofthe more intriguing features of rotavirus-host interactions is that, while neonates 
are highly susceptible to rotavirus infection, many neonatal infections are asymptomatic 
(Chrystie et al. 1975, 1978; Madeley and Cosgrove 1975). In a I-year study ofl056 5-day-old 
infants, 343 (32.5%) were found to be excreting rotavirus, but ofl89 babies on one ward, 
only 15 (8%) were symptomatic (Banatvala and Chrystie 1978; Chrystieetal.1978). Murphy 
et al. (1977) found that 220 of 304 neonates were asymptomatic, which is a higher percen
tage than that noted by Banatvala and colleagues. Nevertheless, it is clear that a large per
centage of infected neonates are asymptomatic. One important question which arises 
from these observations is whether rotavirus-infected newborns are "immunized" as a 
result of infection. Recent studies suggest that neonatal infection may not confer lasting 
immunity, based upon the inability to detect serum antibodies in these children 
3-6 months after their neonatal infection (Crewe and Murphy 1980; Bryden et al. 1982). 
However, since the presence of serum antibodies may not correlate with protection from 
infection, these results do not rule out the possibility that these children remain 
"immune" to reinfection. This is an important question that needs to be answered. 

Rotavirus infections in premature infants can also occur, and these infections have 
been reported to be mild (Van Renterghem et al. 1980) or associated with mild-to-severe 
gastroenteritis (Rocchi et al. 1981; Thomson et al. 1981). Bishop et al. (1979) noted that 
babies requiring special care are much more likely to develop symptomatic illness after 
rotavirus infection than are full-term babies. They also found that breast-feeding did not 
always protect infants from diarrhea, which was confrrmed by Crewe and Murphy (1980), 
who reported that the infection rate of neonates did not differ between breast-fed and 
bottle-fed babies. The role of maternal antibody in preventing symptomatic rotavirus 
gastroenteritis in infants has not been adequately evaluated. Nevertheless, the existing 
data suggest breast-feeding does have a positive value in preventing symptomatic in
fections. As early as 1929, Zahorsky, writing on hyperemesis hiemis or winter vomiting 
disease of young children (now thought to have been rotavirus gastroenteritis), noted 
that breast-fed babies were generally immune to symptomatic disease. Banatvala and 
Chrystie (1978) also noted a lower incidence of infection in their study of rotavirus among 
breast-fed neonates. 

Another study reported that breast-fed babies are less likely to become infected with 
rotavirus, and the presence of antibodies and trypsin inhibitors in human milk can be 
associated with the protection of neonates against rotavirus infection in the frrst 5 days of 
life (McLean and Holmes 1981). Studies in both humans and animals have shown that 
rotavirus antibody is often detectable in colostrum and milk (Ellens et al. 1978; Cukor et 
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al. 1978b, 1979; Inglis et al. 1978; Simhon and Mata 1978), and virus can be neutralized by 
immunoglobulins or other factors in milk and colostrum (Thouless et al. 1977a; Otnaess 
and Orstavik 1980; Palmer et al. 1980). It has also been clearly demonstrated that specific 
antibody titers in colostrum and milk can be elevated by vaccinating pregnant animals 
(ewes or dams) and that the passive administration of colostrum or milk containing anti
body will protect newborn animals from challenge with virulent virus (Snodgrass and 
Wells 1976, 1978; Snodgrass et al. 1977b, 1980; Wellsetal.1978;SaifandBoh11980;Bridger 
and Brown 1981). 

Further study is needed to determine whether these mechanisms are significant in 
preventing symptomatic rotavirus gastroenteritis in humans and whether they can be 
exploited in strategies to prevent human disease. 

12.4 Occurrence in Adults 

Although rotavirus enteritis is primarily a disease of young mammals and avians, there is 
ample evidence that the human virus can infect adults. Older children may also be 
infected (Hara et al. 1976), and it is known that adult cattle can be infected with bovine 
rotavirus (Woode and Bridger 1975). In adult humans the symptoms are. generally mild 
and do not usually cause the patient to seek treatment leading to microbiological testing. 
Middleton et al. (1974) initially demonstrated with a volunteer experiment that human 
rotavirus can infect adults. Orstavik et al. (1976) later noted two adult cases which they 
thought resulted from reinfection. Child-to-mother transmission of disease as well as 
transmission to other adult family contacts has been demonstrated (Zissis et al.1976;Kim 
et al. 1977), as has adult epidemicrotavirus gastroenteritis (von Bonsdoiffet al.1976, 1978; 
Lycke et al. 1978). In a prospective family study of rotavirus infection, Wenman et al. 
(1979) found that infection occurred in 36 of 102 adults whose children had rotavirus 
infection. Serum antibody did not correlate with a reduced risk of infection or sympto
matic disease. They concluded that rotavirus is a mild but common infection in parents of 
young children. In contrast, Halvorsrud and Orstavik (1980) diagnosed 92 cases of rota
virus gastroenteritis among 256 individuals in a nursing home for the elderly. Most ofthe 
patients were between 70 and 90 years of age, and the outbreak was extensive and severe, 
with 1 death. They suggested that this may have been the result of lowered immunity 
against rotavirus among the elderly. Rotavirus infections have also been confrrmed by 
serological studies and/or detection of virus in fecal material from ill adults (K apikian et 
al. 1976c; Orstavik et al. 1976; von Bonsdoiffet al. 1976; Meurman and Laine 1977; Gomez
Barreto et al. 1976). An outbreak of rotavirus diarrhea among a nonimmune, isolated 
South American Indian community again demonstrated that all age groups can be sus
ceptible. In that study, the proportion of clinically apparent infections was 70% or more in 
all age groups (Linhares et al. 1981). Another outbreak among adults in a cardiology ward 
reported that disease occurred in four patients and 11 members of the nursing and 
medical staff. Disease was mild and short-lived «4 days), except for one 83-year-old 
adult who exhibited symptoms for 9 days (Holzel et al. 1980). 

An outbreak of rotavirus infection in an obstetric unit reportedly resulted in illness in 
30 patients, staff, and hospital workers. None of the seven babies suffered more than 
mild disease, but the severity of disease in the adults varied, and two suffered severe 
dehydration (Hildreth et al. 1981). 
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These reports demonstrate that rotavirus causes outbreaks of diarrhea in adults in 
hospitals and, since excretion of virus in the absence of symptoms can be common in 
adults, isolation procedures may be required for adequate management of such out
breaks. 

The recognition that rotavirus infections may cause illness in other specialized situa
tions continues to become apparent. Rotaviruses have been associated with traveler'S 
diarrhea, normally attributed to ETEC (Bolwaret al.1978; Echeverria et al.1981; Sheridan 
et al. 1981; Ryder et al. 1981), and with gastroenteritis in bone-marrow-transplant re
cipients (Yolken et a1.1982). Prolonged rotaviral disease and virus excretion has also been 
documented in immunosuppressed children (Saulsbury et al. 1980). 

13 Immunity 

The ubiquitous nature of the rotaviruses can also be demonstrated by measurement of 
the prevalence of immunity in the population. By 6 years of age, 60%-90% of children 
have serum antibody titers (Elias 1977a; Ghose et al. 1978) and antibodies persist, as 
measured by virus neutralization, immunofluorescence tests, complement-ftxation or 
ELISA assays (Elias 1977a; Yolken et al. 1978c). Neutralizing antibodies were detectable 
in 67% of 27 sera of people aged 50-59 years and in 31% of 26 sera from those aged 
70-79 years (Elias 1977a). The protective nature of the circulating antibodies remains 
unclear, since it is known that both humans and animals can become infected even when 
they possess detectable serum antibodies (Kapikian et al. 1974, 1981b; Woode 1978). Local 
immune factors, such as secretory IgA or interferon, appear to be important in protection 
against rotavirus infection. Alternatively, recurrent infections in the presence of cir
culating antibodies may reflect the presence of multiple serotypes of virus. Recurrent 
disease has been documented, but unfortunately the ELISA test used in these studies 
recognized subgroup antigens and not serotypes (Fonteyne et al. 1978; Rodriguez et al. 
1978; Yolken et al. 1978e; Simhon et al. 1981). 

Studies in animals have clearly demonstrated that antibody present in the lumen of 
the small intestine appears to be the prime mediator of protection against rotavirus in
fection (Woodeet al. 1975; McNulty et al. 1976e;Snodgrassand Wells 1976, 1978). There is 
good experimental data suggesting that animals can be effectively immunized against 
disease induced by rotaviruses of their own species, at least for a limited time. At present 
it appears that rotavirus infection in mammals results in the development of immunity to 
illness and rotavirus shedding, and that for vaccines to be effective they will need to 
protect against each serotype that can infect the particular mammalian species under 
consideration. Obviously, if an inftnite number of serotypes exists, and if new recom
binants appear through gene reassortment, effective vaccination may be impossible. 

Recent reports of rotavirus infections in immunosuppressed children (Saulsbury et 
al. 1980) and bone-marrow transplant recipients (Yolken et al. 1982) reemphasize our lack 
of speciftc knowledge about the role of local and/or cellular immune mechanisms in 
protection from enteric disease. The results of a study that evaluated the development of 
serum and intestinal antibody responses to rotavirus after naturally acquired infections 
in man suggested that there may be a relationship between the severity of the rotavirus 
infection and the nature of the systemic and secretory antibody responses (Riepenhojf
Talty etal.1981). For example, it was noted that the titers oflgG rotavirus antibody in con-
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valescent specimens of serum were lower in patients with severe or prolonged rotavirus 
infection than in specimens from subjects with inild or moderate disease. With the 
increasing support of the Diarrhoeal Disease Control Programme of the World Health 
Organization, some of these important questions should begin to be answered. 

14 Laboratory Diagnosis of Rotavirus Infection 

14.1 Detection of the Virus 

Diagnosis of rotavirus infection is usually made by detection of virus or viral antigen in 
feces and a variety of methods are available (see Table 5). These methods have recently 
been described in detail in several reviews (Kapikian et al. 1981b). Serological diagnosis 
can be made using a variety of tests when acute and convalescent illness phase sera are 
available, but detection of virus by electron microscopy is the basis of rotavirus diagnosis. 
EM examination of biopsy material from children with acute nonbacterial gastroenteritis 
reveals virus particles within epithelial cells from duodenal mucosa (Bishop et al. 1973). 
Negative-contrast EM of fecal extracts from children with rotavirus gastroenteritis 
reveals virus particles with the distinctive morphology of rotavirus (Flewett et al. 1973). 
Virus is usually present in very large numbers, often 1010-1011 particles per gram of stool, 
and can in most instances be seen by direct EM examination offecal specimens. Some 
investigators have concentrated virus by ultracentrifugation (Bishop et al. 1974; Middle
ton et al. 1974; Kapikian et al. 1974; Davidson et al. 1975a) prior to EM examination, 
whereas others have had equally good success using the pseudoreplica technique fully 
described by Smith (1967), Gomez-Barreto et al. (1976), and Portnoy et al. (1977). A sero-

Table 5. Methods of detecting rotavirus 

Methods 

EM 
IEM 
CF 
CIEOP 
Gel diffusion 
IF 
ELISA 
RIA 
Plaque assay 
HA 
CPE 
PAP 

Samples for analysis 

Intestinal contents 
and feces 

• • • • • • • • • 

Biopsy specimens 

• 

• 

• 

Cell culture 

• 
• 
• 
• • • • 

EM, electron microscopy; IEM, immunoelectron microscopy; CF, complement flxation; CIEOP, 
counter-immunoelectroosmophoresis; IF, immunofluorescence; ELISA, enzyme-linked immu
nosorbent assay; RIA, radioimmunoassay; HA, hemagglutination assay; CPE, cytopathic effect; 
PAP, peroxidase-antiperoxidase 
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logical trapping method which involves coating EM grids with protein A and specific rota
virus antiserum is also useful in EM (Nicolai~ et al. 1980). 

Because rotavirus is usually present in stools in large numbers, it has been possible to 
develop alternative diagnostic techniques to EM for use in laboratories where electron 
microscopes are not available. The advantages and sensitivity of each test vary as describ
ed below. Virus in fecal samples may be covered with antibody (Watanabe et al. 1978), 
and the influence of this possibility should be evaluated in all tests developed to detect 
virus in fecal samples. One of these, a fluorescent virus precipitin test (FVPT), is a diag
nostic test where free virus is reacted with antibody and the resulting virus-antibody 
aggregates detected by immunofluorescence. Foster et al. (1975) used the method to 
detect bovine rotavirus and found it to be as sensitive as immune EM. Similar results 
were obtained by Peterson et al. (1976). Yolken et al. (1977b) later incubated stool fIltrates 
with pig antihuman rotavirus serum, then with antipig serum conjugated with fluores
cein isothiocyanate. Aggregates were centrifuged and pellets applied to slides and ex
amined by the fluorescent antibody test. Of 30 EM-positive stools, 29 were also positive 
by the FVPT, and testing of 30 human stools showed three that were EM negative but 
positive by the FVPT. 

Rotavirus diagnosis by detection of viral RNA by PAGE has also been used as a 
simple method of low cost, excellent specificity, and good sensitivity (Espejo et al. 1978; 
Avendano et al. 1982). Although it remains unclear whether rotavirus electropherotyping 
will ultimately be useful in distinguishing serotypes, this method does provide useful 
information about rotavirus epidemics, since patterns of disease outbreak and trans
mission can be analyzed by changes in electropherotypes (see Sect. 6). 

Immunofluorescent (IF) staining of cell cultures inoculated with fecal preparations 
has also been done (Barnett et al. 1975; Bridger and Woode 1975). There have been prob
lems with IF tests for humanrotaviruses because virus derived directly from stool extracts 
replicates poorly in cell cultures. However, Banatvala et al. (1975) found that the 
sensitivity of the test could be increased by centrifuging inocula at 3000 g to enhance 
virus-cell attachment. Bryden et al. (1977) developed this system in microtiter plates using 
LLC-MK2, HEK, and CK cells. They centrifuged human fecal samples onto monolayers 
and detected fluorescence after adding antibovine rotavirus conjugate. Of 35 specimens 
positive by EM 31 were also positive by IF. The LLC-MK2 cultures showed more in
fected cells than the other cultures. Rotavirus antigen can also be detected in infected 
cells or in histologic tissue sections using indirect immunoperoxidase tests or the peroxi
dase-antiperoxidase (PAP) test. The advantages of these tests are that they are read with 
a regular light microscope, and permanent slides are produced (Graham and Estes 1979). 
These methods are also easily applicable to immunoelectron microscopy (A ltenburgetal. 
1979; Petrie et al. 1982). 

The CF test has been used as a method for detecting rotavirus in fecal extracts 
(Spence et al. 1975; Tujvesson and Johnsson 1976b; Middleton et al. 1976). Opinions on the 
sensitivity of CF tests differ, and problems with anticomplementary (AC) activity of stool 
suspension have not made the test popular, although Zissis et al. (1978) have had success 
with a modified test. They compared CF tests with EM and immunoelectron microscopy 
(IBM) and used 2 units of complement instead ofthe usua15 units. They also used fetal 
calf serum to adsorb stool suspensions to remove AC activity and found the test as sensi
tive as EM for detecting virus. Zissis and Lambert (1980) also used a modified CF test in 
serotyping human rotavirus which was about as sensitive as most ELISA systems but, as 
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discussed in Sect. 4, it currently appears that this test measures subgroups and not sero
types (Kapikian et al. 1981a). 

Counter-immunoelectroosmophoresis (CIEOP) has been used to detect rotavirus 
with varying results. Middleton et al. (1976) used guinea pig antihuman rotavirus serum 
and stained precipitates with tannic acid, but found the method less sensitive than EM for 
antigen detection. In contrast, Spence et al. (1977) and Tufvesson and lohnsson (1976a) 
found the method to be almost as good as EM. Grauballe et al. (1977) used crossed 
CIEOP in two dimensions with rabbit antiserum produced to immunoprecipitates of 
human rotavirus and with bovine antiserum to bovine rotavirus. They found 61% of 
87 fecal samples of infants and children with gastroenteritis to be positive, whereas EM 
showed 50% positive. In two cases a positive EM diagnosis could not be confmned by 
CIEOP. Similar results have been reported by Muchinik and Grinstein (1980). The test 
does have the advantage of allowing large numbers of specimens to be examined rapidly 
and may be of value in field studies. 

There is an antigen subunit associated with the inner capsid of human and calf rota
virus particles which reacts with specific antiserum in immunodiffusion tests (Mathan et 
al. 1977). Use of the antigen in other tests, however, apparently has not been evaluated. 
Matsuno and Nagayoshi (1978) used an immune adherence hemagglutination (lARA) 
test to titrate human rotavirus and found a good correlation between this test and EM in 
detecting virus. This test has been modified by using the cultivable human Wa virus as an 
antigen, and it is proposed as a sensitive method for seroepidemiological studies of 
human rotavirus infections (Matsuno et al. 1982). 

Solid-phase radioimmunoassay (RIA) (Middleton et al.1977; Kalica et al.1977; Cukor 
et al. 1978a) is comparable to EM for detection of rotavirus in stools. The test is useful in 
high-volume operations where equipment for counting radioisotopes and radiolabel are 
available. The ELISA (Ellens and de Leeuw 1977a, b; Yolken et al. 1977a; Payment et al. 
1979; Sche"erand Bemard 1977) is also as sensitive a test as EM, and is currently consider
ed the most useful method for screening large numbers of specimens. Zissis and Lambert 
(1980) found that the ELISA was more sensitive and easier to read visually when the test 
used two type-specific hyperimmune sera, that is, antibody to two specific human sero
types rather than antibody to two different species. Birch et al. (1979) compared RIA, 
ELISA, EM and IF for practicability, speed, and sensitivity in the detection of human 
rotavirus. IF was the least sensitive, and they concluded that in laboratories doing routine 
analysis of fecal specimens ELISA and RIA are the most useful alternatives to EM. 
In another comparison of ELISA with EM, CIEOP, and IF for detection of rota
virus in stools, ELISA was found to be simple, rapid, reliable, and sensitive (Grauballe et 
al. 1977, 1981). 

Yolken and Stopa (1979) developed an enzyme-linked fluorescence assay (ELFA) 
and found that the use of a substrate that yielded a fluorescent product markedly in
creased the sensitivity of the test but noted that tests could not be read visually. The 
ELF A appears to be useful where maximum sensitivity is required. Bradbume et al. 
(1979) used a solid-phase aggregation-coupled erythrocyte (SPACE) method for virus 
quantitation. The method used chromic-chloride-linked, antibody-coated erythrocytes 
to detect virus and was about as sensitive as either IF or EM. The method appears very 
useful for specimens that have high background contamination. 

Two commercial rotavirus diagnostic kits that are enzyme immunoassays are now 
available. One kit (Rotazyme), sold by Abbott Laboratories, North Chicago, rn., is per-
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formed with polystyrene beads in plastic test tubes. The second commercial kit (Enzy
grost), produced by Behring-Werke, Marburg, F.R.G., is performed on microtiter plates, 
so a larger number of samples is optimally assayed at one time. An evaluation of these 
commercial kits has shown them to be highly efficient for the detection of rotavirus when 
compared with EM (Yolken and Leister 1981; Rubenstein and Miller 1982). 

14.2 Detection of Antibody 

Numerous serological tests have been used to demonstrate rotavirus infection. Among 
the tests, CF was initially widely used for the detection of rotavirus antibody (Kapikian et 
al. 1974, 1975, 1976b; Blacklow et al. 1976; Tufvesson and lohnsson 1976b; Gomez-Barreto 
etal.1976; Tufvessonetal.1977; Gustetal.1977).Kapikianetal. (1976b) found that human 
rotavirus from fecal extracts was the most efficient virus for detection of homologous 
CF antibody, followed by the "0" agent, SAll, and then bovine rotavirus. Immuno
electron microscopy (Kapikian et al. 1974), immunofluorescence (Davidson et al.1975b), 
neutralization (Thouless et al. 1977b; Hewett et al. 1974), and CIEOP (Middleton et al. 
1976; Cook et al. 1978) also proved to be useful in initial studies of rotavirus infection. 
Newer tests, such as ELISA (Scherrer and Bernard 1977; Yolken et al. 1978a, c, d; Ghose et 
al. 1978), solid-phase RIA (Babiuk et al. 1977a; Watanabe and Holmes 1977), and ELISA 
blocking assay (Yolken et al. 1978c), are more versatile and have expanded the range of 
possible rotavirus serological studies, such as evaluation of the IgG, IgM, and IgA 
immune response to infection by RIA (Sarkkinen et al. 1979) or ELISA (Garyet al. 1980a). 
Antirotavirus IgM has been measured by FA (DaVidson et al. 1975b; Morishima et al. 
1976; Orstavik et al. 1976), CF of sera treated with mercaptoethanol (Konno et al. 1977; 
Abe and Inouye 1979), ELISA (Yolken et al. 1978a; Gary et al. 1980a), and RIA (Sarkkinen 
et al. 1979). RIA and ELISA have also been used to measure antirotavirus IgA in serum 
(Sarkkinen et al. 1979; Gary et al. 1980a). 

Martin et al. (1979) compared CF, ELISA, and HI for detection of antibody to human 
rotavirus present in sera known to contain either high or low levels of antibody (Foster et 
al. 1980). Convalescent illness phase sera from 104 patients were tested with simian virus 
as HA antigen in the HI test, with bovine virus in ELISA, and with human virus in CF 
tests, and the results showed that all three tests detected antibody in all sera. No test was 
significantly more sensitive than the others, and when antibody levels were relatively low 
by one test they were also correspondingly low by the other two tests. Although the 
ELISA test was not more sensitive, titers obtained were 10-13 times higher than with CF, 
which is about the same as reported by Ghose et al. (1978), who found ELISA titers to be 
about 16 times higher than CF titers. Results were more variable with sera that were 
obtained from individuals who had not recently been ill with rotavirus gastroenteritis and 
who had low levels of antibody. In these sera, some differences were noted using the 
three tests, but these only occurred when titers were very low « 8 CF; < 10 HI; < 64 
ELISA). HI is the easiest test to perform and the test which requires the least amount of 
reagents. It will be ofinterestto determine the value of the HItests inrotavirus serology if 
the human viruses adapted to tissue culture (Wyatt et al. 1980; Sato et al. 1981a; Urasawa 
et al.1981) can eventually be used as HA antigen, because the test is easily performed and 
could easily be standardized worldwide. 

It is not known whether the various serological tests for detection of rotavirus anti-
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body during serum surveys, which do not use immunoglobulin class-specific reagents, 
measure the same type of antibody, and this should be remembered when interpreting 
and comparing the results of different studies that have used these tests. 

15 Genetics and Virus Variants 

The development of a genetic system for the rotaviruses will offer investigators the 
opportunity to conftrm the gene-polypeptide assignments by an independent method, to 
probe the functions ofthe rotavirus polypeptides, and to probe the viral genes involved in 
virus virulence and pathogenesis. The potential of this approach has been eloquently 
demonstrated in the reovirus system (see reviews by Fields 1982, and Sharpe and Fields 
1982). 

The beginnings of the needed genetic systems are reported in the isolation and 
characterization of temperature-sensitive (ts) mutants of the simian rotavirus SAll 
(Ramig 1982) and of the UK strain of the bovine rotavirus (Greenberg et al. 1981a; 
Faulkner-Valle et al. 1982). These mutants have been classified into groups between 
which recombination occurs at high frequency. Five recombination groups have been 
reported for both SAll and the UK strain of bovine rotavirus (Ramig 1982; Faulkner-Valle 
et al. 1982), while four recombination groups have been reported by Greenberg et al. 
(1981a). It is not yet known whether the UK groups are the same, and the gene locations 
ofthe ts lesions of the mutants are not yet mapped. The high frequency of recombination 
observed between these mutants suggests that recombination in rotaviruses occurs by 
reassortment of genome segments during mixed infection, as has been shown to occur 
with the related reoviruses and orbiviruses. 

Gene reassortment has been demonstrated directly following mixed infections in 
cell cultures and the isolation of a recombinant between simian and bovine rotavirus 
(Matsuno et al.1980) and of recombinants between the ts mutants of the bovine rotavirus 
and noncultivable human rotavirus strains (Greenberg et al. 1981a). Characterization of a 
series of such reassortants between the human and bovine ts mutants has allowed the 
assignment of the biological properties of neutralization to gene 9 ofthe Wa virus (Kalica 
et al. 1981b) and to gene 8 of the DS-1 strain of human rotavirus (R. Greenberg, personal 
communication), and the gene coding the subgroup antigen has been identified as 
gene 6 (K alica et al. 1981b). These studies have also suggested that gene 4 is responsible 
for the restriction of growth of the human viruses in cell culture (Greenberg et al. 1981a; 
R. Greenberg, personal communication). 

A series of plaque isolates of the simian rotavirus SAll picked independently from 
uncloned virus stocks yielded viruses which exhibit heterogeneity in the structural glyco
protein (Estes et al. 1982). These isolates are not ts, but they may be useful in probing the 
genetic structure ofthe glycoprotein gene. One isolate produces a polypeptide that is not 
glycosylated, and this isolate should be useful in determining the role ofthe carbohydrate 
in virus replication and antigenicity. 

A series of bovine rotavirus isolates which exhibit different patterns of virulence in 
ligated intestinal loops has also been described. Attempts were made to correlate poly
peptide patterns with differences in virus virulence. The virus that was nonpathogenic 
and another isolate whose virulence was not tested exhibited a polypeptide pattern 
different from that of three reportedly virulent strains (Carpio et al. 1981b). We now 
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recognize that the difference in the polypeptide pattern ofthe nonvirulent strain was that 
it exhibited the pattern oftrypsin-treated virus. Unfortunately, not enough isolates were 
available for similar analyses, but this result is intriguing. Although the phenomenon is 
reversed, it is known that the virulence of paramyxoviruses and orthomyxoviruses corre
lates with their protease sensitivity (Nagai et al.1976; Rott et al.1980). It will be exciting to 
follow the anticipated studies that will probe the genes for rotavirus virulence and patho
genesis. 

16 Pathogenesis and Animal Models 

Our knowledge of the histopathology and pathophysiology of rotavirus infections has 
come from analyses of infections in animals and from limited studies of mucosal biopsy 
specimens from infected children. The general pattern of infection involves virus pene
tration and infection of the differentiated enterocytes in the villi of the small intestine 
(Mebus et al. 1971b, 1977; McNulty et al. 1976a; Wyatt et al. 1976b; Mebus and Newman 
1977; Theil et al.1978a). Rotaviruses multiply in the cytoplasm of these cells and damage 
the absorptive cells, resulting in damage to both the digestive and the absorptive func
tions. The available evidence suggests that such damaged cells are sloughed into the 
small intestine and that lysis of these cells releases the virus into the intestine, resulting in 
the large quantities of virus detected in the stools of infected subjects. Recent studies 
suggest that the diarrhea caused by rotavirus infection is an osmotic diarrhea due to 
nutrient (carbohydrate) malabsorption (Graham et al. 1982). The highly differentiated 
absorptive villous cells are replaced by immature crypt cells that are not able to imme
diately compensate for the absorptive defect (Middleton 1978). 

One difficulty facing researchers seeking therapeutic evaluation, new treatments, 
vaccine development, or a method to elucidate the genetic determinants of virus 
virulence is the lack of a convenient, inexpensive, small animal model. Pathogenesis 
studies in animals have shown that inoculation of most conventional animal species with 
heterologous rotaviruses results in subclinical infections (see Sect. 2). The inoculation of 
gnotobiotic animals may produce severe disease, but these animals clearly cannot be 
used to study immune responses. A limited number of studies have suggested a prom
ising homologous animal model may be EDIM virus infections in mice (Noble et al. 
1980; Wolfet al.1981; Little and Shadduck 1982). However, this imposes the technicallimi
tation of working with newborn mice, and the fact remains that EDIM virus has not been 
successfully cultivated in tissue culture. 

Miniature swine offer an excellent, although expensive, animal model to study viral 
pathogenesis and the effects of the disease and treatment on gastrointestinal physiology. 
These animals are particularly suitable to studies of gastrointestinal disease due to simil
arities ofthe human and porcine diet and gastrointestinal tract (Graham et al.1982). Their 
major limitation is that they do not share the feature of cross-placental transfer of im
munoglobulins, so comparative studies of immunity may be limited. They do offer some 
immunologic similarity to humans because the protective antibody delivered to piglets in 
porcine colostrum is IgA and not IgG as in calves (Saifand BohI1980). Clearly, the disco
very of a small animal model that is susceptible to a variety of human rotavirus strains is 
one area where progress needs to be made in order to facilitate the conquest of rotavirus 
disease. Fortunately, while methods for immunoprophylaxis are being developed, the 
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worldwide mortality and morbidity from rotaviral diarrheal disease can be effectively 
reduced by oral rehydration therapy (Sack 1982; Santosham et al. 1982). 

17 Conclusions 

It is clear from this review that once clinical and epidemiologic studies established the 
rotaviruses as significant human and veterinary pathogens an enormous amount of basic 
research rapidly followed. Our current understanding of the molecular biology of the 
rotaviruses has revealed these nonenveloped viruses as excellent models for the study of 
glycoprotein biosynthesis. The recognition that protease cleavage of a viral protein is 
important for viral infectivity raises the question of whether this is a generalized 
mechanism affecting viruses that replicate on mucosal surfaces. Future studies will 
certainly address the question of whether protease activation influences rotavirus viru
lence, as is now recognized for the reoviruses or the orthomyxoviruses and paramyxo
viruses, and whether this event might represent a potential target for preventing virus 
replication. 

The recently gained ability to cultivate the human rotaviruses should allow the criti
cal question - whether there are a fInite or infmite number of virus serotypes - to be 
answered and so clearly facilitate the development of strategies for immunoprophylaxis 
or disease prevention. Even if a limited number of serotypes exist, a major challenge 
facing these practical efforts will be to overcome the problems of developing methods to 
induce an intestinal immune response and protection in children prior to their peak sus
ceptibility between 6 and 24 months of age. 

References 

Abe Y, Inouye S (1979) Complement-fIxing immunoglobulin M antibody response in patients with 
infantile gastroenteritis. J Clin Microbiol 9:284-287 

Adams WR, Kraft LM (1967) Electron microscopic study of the intestinal epithelium of mice 
infected with the agent of epizootic diarrhea of infant mice (EDIM) virus. Am J PathoI51:39-60 

Almeida JD (1979) Morphology and antigenicity ofrotavirus. In: Bricout F, Scherrer R (eds) Viral 
enteritis in humans and animals. Les colloques de l'INSERM, vol 90. Institut National de la 
Sante et de la Recherche Medica1e, Paris, pp 379-392 

Almeida JD, Hall T, Banatvala JE, Totterdell BM, Chrystie IL (1978) The effect of trypsin on the 
growth of rotavirus. J Gen Virol 40:213-218 

Almeida JD, Bradburne AF, Wreghitt TG (1979) The effect of sodium thiocyanate on virus 
structure. J Med ViroI4:269-277 

Altenburg BC, Graham DY, Estes MK (1979) Ultrastructural immunocytochemistry of rotavirus
infected cells. In: Proc 37th annual meeting of the Electron Microscopy Society of America, 
pp 40-41 

Altenburg BC, Graham DY, Estes MK (1980) Ultrastructural study of rotavirus replication in 
cultured cells. J Gen Virol 46:75-85 

Arias CF, Lopez S, Espejo RT (1982) Gene protein products of SAll simian rotavirus genome. 
J ViroI41:42-50 

Ashley CR, Caul EO, Clarke SKR, Corner BD, Dunn S (1978) Rotavirus infections of apes. Lancet 
2:477 

Avendano LF, Calderon A, Macaya J, Prenzel I, Duarte E (1982) Rotavirus viral RNA electro
phoresis in hospitalized infants with diarrhea in Santiago, Chile. Pediatr Res 16:329-330 

Babiuk LA, Mohammed KA (1978) Trypsin and bovine rotavirus replication. Vet Rec 102:61-62 



Rotaviruses: A Review 169 

Babiuk LA, Acres SD, Rouse BT (1977a) Solid-phase radioimmunoassay for detecting bovine 
(neonatal calf diarrhea) rotavirus antibody. J Clin Microbio16:10-15 

Babiuk LA, Mohammed K, Spence L, Fauvel M, Petro R (1977b) Rotavirus isolation and cultivation 
in the presence of trypsin. J Clin Microbiol 6:610-617 

Bachmann P A, Hess RG (1981) Routine isolation and cultivation of bovine rotaviruses in cell 
culture. Am J Vet Res 42:2149-2150 

Banatvala JE, Chrystie IL (1978) Rotaviral infections in human neonates. J Am Vet Med Assoc 
173:527-530 

Banatvala JE, Totterdell B, Chrystie IL, Woode GN (1975) In vitro detection of human rotaviruses. 
Lancet 2:821 

Banfield WG, Kasnic G, Blackwell JH (1968) Further observations on the virus of epizootic 
diarrhea of infant mice: an electron microscopic study. Virology 36:411-421 

Barnett BB, Spendlove RS, Peterson MW, Hsu LY, LaSalle VA, Egbert LN (1975) Immuno
fluorescent cell assay of neonatal calf diarrhoea virus. Can J Comp Med 39:462-465 

Barnett BB, Egbert LN, Spendlove RS (1978) Characteristics of neonatal calf diarrhea virus ribo
nucleic acid. Can J Comp Med 42:46-53 

Barnett BB, Spendlove RS, Clark ML (1979) Effect of enzymes on rotavirus infectivity. J Clin 
Microbiol10:111-113 

Bastardo JW, Holmes IH (1980) Attachment of SA-11 rotavirus to erythrocyte receptors. Infect 
Immun 29:1134-1140 

Bastardo JW, McKimm-Breschkin JL, Sonza S, Mercer LD, Holmes IH (1981) Preparation and 
characterization of antisera to electrophoretically purified SAl1 virus polypeptides. Infect 
Immun 34:641-647 

Beards GM, Pilfold IN, Thouless ME, Flewett TH (1980) Rotavirus serotypes by serum neutrali
sation. J Med ViroI5:231-237 

Begin ME (1980) Enhanced production of infectious rotavirus in BSC-1 cultures by various factors 
in the presence or absence of trypsin. J Gen ViroI51:263-270 

Bergeland ME, McAdaragh JP, Stotz I (1977) Rotaviral enteritis in turkey poults. In: Proc 26th 
western poultry disease conf, March 21-24, Univ California at Davis, pp 129-130 

Bernstein JM, Hruska JF (1981) Characterization of RNA polymerase products of Nebraska calf 
diarrhea virus and SAll rotavirus. J ViroI37:1071-1074 

Bican P, Cohen J, Charpilienne A, Scherrer R (1982) Purification and characterization of bovine 
rotavirus cores. J ViroI43:113-1l7 

Birch CJ, Lehmann NI, Hawker AJ, Marshall JA, Gust ill (1979) Comparison of electron micro
scopy, enzyme-linked immunosorbent assay, solid-phase radioimmunoassay and indirect 
immunofluorescence for detection of human rotavirus antigen in feces. J Clin Pathol 32: 
700-705 

Bishai FR, Blaskovic P, Goodwin D (1978) Physicochemical properties of Nebraska calf diarrhea 
virus hemagglutinin. Can J MicrobioI24:1425-1430 

Bishai FR, Spence L, Goodwin D, Petro R (1979) Use of antisera against bovine (NCDV) and 
simian (SAl1) rotaviruses in ELISA to detect different types of human rotavirus. Can J Micro
bioi 25:1118-1124 

Bishop RF, Davidson GP, Holmes IH, Ruck BJ (1973) Virus particles in the epithelial cells of 
duodenal mucosa from children with acute non-bacterial gastroenteritis. Lancet 2:1281-1283 

Bishop RF, Davidson GP, Holmes IH, Ruck BJ (1974) Detection of a new virus by electron micro
scopy offaecal extracts from children with acute gastroenteritis. Lancet 1:149-151 

Bishop RF, Cameron DJS, Veenstra AA, Barnes GL (1979) Diarrhea and rotavirus infection asso
ciated with differing regimens for postnatal care of newborn babies. J Clin MicrobioI9:525-529 

Black RE, Merson MH, Rahman ASMM, Yunus M, Alim ARMA, Huq I, Yolken RH, Curlin GT 
(1980) A two-year study of bacterial, viral and parasitic agents associated with diarrhea in rural 
Bangladesh. J Infect Dis 142:660-664 

Black RE, Huq I, Merson MH, AIim ARMA, Yunus M (1981) Incidence and severity of rotavirus 
and Escherichia coli diarrhoea in rural Bangladesh. Lancet 1:141-143 

Blacklow NR, Echeverria P, Smith DH (1976) Serological studies with reovirus-like enteritis agent. 
Infect Immun 13:1563-1566 

BohlEH, SaifU, Theil KW, Agnes AG, Cross RF (1982) Porcine pararotavirus: detection, differen
tiation from rotavirus, and pathogenesis in gnotobiotic pigs. J Clin MicrobioI15:312-319 



170 M.K. Estes et al. 

Bolivar R, Conklin RH, Vollet JJ, Pickering LK, DuPont HL, Walters DL, Kohl S (1978) Rotavirus 
in travelers' diarrhea: study of an adult student population in Mexico. J Infect Dis 137:324-327 

Bradburne AF, AlmeidaJD, Gardner PS, MoosaiRB, Nash AA, Coombs RRA(1979) A solid-phase 
system (SPACE) for the detection and quantification of rotavirus in faeces. J Gen Virol 
44:615-623 

Brade L, Schmidt W AK (1979) Simian rotavirus (SAl1) in serodiagnosis of human rotavirus in
fections. Med Microbiol ImmunoI167:55-60 

Brade L, Schmidt W AK, Gattert I (1981) Zur relativen Wirksamkeit von Desinfektionsmitteln 
gegeniiber Rotaviren. Zentralbl Bakteriol [Orig B) 174:151-159 

Brandt CD, Kim HW, Yolken RH, Kapikian AZ, Arrobio 10, Rodriguez WJ, Wyatt RG, Chanock 
RM, Parrott RH (1979) Comparative epidemiology of two rotavirus serotypes and other viral 
agents associated with pediatric gastroenteritis. Am J Epidemiol110:243-254 

Bridger JC (1978) Location of type-specific antigens in calfrotaviruses. J Clin MicrobioI8:625-628 
Bridger JC (1980) Detection by electron microscopy of ca1iciviruses, astroviruses, and rotavirus

like particles in the faeces of piglets with diarrhoea. Vet Rec 107:532-533 
Bridger JC, Brown JF (1981) Development of immunity to porcine rotavirus in piglets protected 

from disease by bovine colostrum. Infect Immun 31:906-910 
Bridger JC, Woode GN (1975) Neonatal calf diarrhoea: identification of a reovirus-like (rotavirus) 

agent in faeces by immunofluorescence and immune electron microscopy. Br Vet J 131: 
528-535 

Bridger JC, Woode GN (1976) Characterization of two particle types of calfrotavirus. J Gen Virol 
31:245-250 

Bridger JC, Woode GN, Jones 1M, Flewett TH, Bryden AS, Davies H (1975) Transmission of 
human rotaviruses to gnotobiotic piglets. J Med Microbiol 8:565-569 

Bridger JC, Clarke IN, McCrae MA (1982) Characterization of an antigenica1ly distinct porcine 
rotavirus. Infect Immun 35:1058-1062 

Bryden AS, Davies HA, Hadley RE, Flewett TH, Morris CA, Oliver P (1975) Rotavirus enteritis 
in the West Midlands during 1974. Lancet 2:241-243 

Bryden AS, Thouless ME, Flewett TH (1976) Rotavirus and rabbits. Vet Rec 99:323 
Bryden AS, Davies HA, Thouless ME, Flewett TH (1977) Diagnosis of rotavirus infection by cell 

culture. J Med Microbiol10:121-U5 
Bryden AS, Thouless ME, Hall CJ, Flewett TH, Wharton BA, Mathew PM, Craig I (1982) Rotavirus 

infections in a special-care baby unit. J Infect 4:43-48 
Burtonboy G, Pastoret P, Herman E, Schoenoers F (1978) Hemagglutination with calfrotavirus. 

Ann Rech Vet 122:51-54 
Carlson JAK, Middleton PJ, Szymanski MT, Huber J, Petric M (1978) Fatal rotavirus gastro

enteritis: an analysis of21 cases. Am J Dis Child 132:477-479 
Carpio MM, Babiuk LA, Misra V, Blumenthal RM (1981a) Bovine rotavirus-cell interactions: 

effect of virus infection on cellular integrity and macromolecular synthesis. Virology 114: 
86-97 

Carpio M, Bellamy JEC, Babiuk LA (1981b) Comparative virulence of different bovine rotavirus 
isolates. Can J Comp Med 45:38-42 

Cash P (1982) Human rotavirus RNA prepared from stool samples by a simple procedure suitable 
for the determination of electropherotypes. J Virol Methods 4:107-115 

Chandra S (1968) Undulating tubules associated with endoplasmic reticulum in pathologic tissues. 
Lab Invest 18:422-428 

Chanock RM (1981) Strategy for development of respiratory and gastrointestinal tract viral vaccines 
in the 1980s. J Infect Dis 143:364-374 

Chasey D (1977) Different particle types in tissue culture and intestinal epithelium infected with 
rotavirus. J Gen Virol 37:443-451 

Chasey D (1980) Investigation of immunoperoxidase-labelled rotavirus in tissue culture by light 
and electron microscopy. J Gen ViroI50:195-200 

Cheever FS, Mueller JH (1947) Epidemic diarrheal disease of suckling mice. I. Manifestation, 
epidemiology, and attempts to transmit the disease. J Exp Med 85:405-416 

Chrystie IL, Totterdell B, Baker MJ, Scopes JW, Banatvala JE (1975) Rotavirus infections in a 
maternity unit. Lancet 2:79 



Rotaviruses: A Review 171 

Chrystie IL, Totterdell BM, Banatvala JE (1978) Asymptomatic endemic rotavirus infections in 
the newborn. Lancet 2:1176-1178 

Clark SM, Barnett BB, Spendlove RS (1979) Production of high-titer bovine rotavirus with trypsin. 
J Clin Microbiol 9:413-417 

Clark SM, Roth JR, Clark ML, Barnett BB, Spendlove RS (1981) Trypsin enhancement of rotavirus 
infectivity: mechanisms of enhancement. J Virol 39:816-822 

Clarke IN, McCme MA (1981) A rapid and sensitive method for analysing the genome profIles of 
field isolates of rotavirus. J Virol Methods 2:203-209 

Clarke IN, McCree MA (1982) Structural analysis of electrophoretic variation in the genome 
profIles of rotavirus field isolates. Infect Immun 36:492-497 

Cohen J (1977) Ribonucleic acid polymerase activity associated with purified calf rotavirus. J Gen 
Virol 36:395-402 

Cohen J, Dobos P (1979) Cell-free transcription and translation of rotavirus RNA Biochem 
Biophys Res Commun 88:791-796 

Cohen J, Maget-Dana R, Roche AC, Monsigny M (1978) Calfrotavirus: detection of outer capsid 
glycoproteins by lectins. FEBS Lett 87:26-30 

Cohen J, Laporte J, Charpilienne A, Scherrer R (1979) Activation of rotavirus RNA polymerase 
by calcium chelation. Arch ViroI6O:177-186 

Cook DA, Zbitnew A, Dempster G, Gerrard JW (1978) Detection of antibody to rotavirus by 
counterimmunoelectrophoresis in human serum, colostrum, and milk. J Pediatr 93:967-970 

Crewe E, Murphy AM (1980) Further studies on neonatal rotavirus infections. Med J Aust 1:61-63 
Croxson MC, Bellamy AR (1979) Two strains of human rotavirus in Auckland. NZ Med J 90: 

235-237 
Croxson MC, Bellamy AR (1981) Extraction of rotavirus from human feces by treatment with 

lithium dodeeyl sulfate. Appl Environ MicrobioI41:255-260 
Cukor G, Berry MK, Blacklow NR (1978a) Simplified mdioimmunoassay for detection of human 

rotavirus in stools. J Infect Dis 138:906-910 
Cukor G, Blacklow N, Capozza F, Panjvani Z, Bednarek F (1978b) Secretory IgA antibody to 

rotavirus in human milk 6-9 months postpartum. Lancet 2:631-632 
Cukor G, Blacklow NR, Capozza FE, Panjvani ZFK., Bednarek F (1979) Persistence of antibodies 

to rotavirus in human milk. J Clin Microbiol 9:93-96 
David-Ferreira JF, Manaker RA (1965) An electron microscope study of the development of a 

mouse hepatitis virus in tissue culture cells. J Cell Bioi 24:57-78 
Davidson GP, Bishop RF, Townley RRW, Holmes IH, Ruck BJ (1975a) Importance of a new virus 

in acute spomdic enteritis in children. Lancet 1:242-245 
Davidson GP, Goller I, Bishop RF, Townley RRW, Holmes IH, Ruck BJ (1975b) Immunofluore

scence in duodenal mucosa of children with acute enteritis due to a new virus. J Clin Pathol 
28:263-266 

Davidson GP, Gall DG, Petric M, Butler DG, Hamilton JR (1977) Human rotavirus enteritis 
induced in conventional piglets. Intestinal structure and transport. J Clin Invest 60:1402-1409 

Dickson J, Smith VW, Coackley W, McKean P, Adams PS (1979) Rotavirus infection of foals. 
Aust Vet J 55:207-208 

Dirnitrov DH, Estes MK, Rangelova SM, Shindarov LM, Melnick JL, Graham DY (1983) 
Detection of antigenically distinct rotaviruses from infants. Infect Immun, in press 

Dirnitrov DH, Graham DY, Hanssen HH, Velasco V, Stenback W A, Estes MK (to be published) 
RNA electropherotypes of human rotaviruses from North and South America. 

Drozdov SG, Shekoyan LA, Korolev MB, Andzhaparidze AG (1979) Human rotavirus in cell 
culture: isolation and passaging. Vopr VirusoI4:389-392 

Dyall-8mith ML, Holmes IH (1981a) Gene-coding assignments of rotavirus double-stranded RNA 
segments 10 and 11. J Virol 38:1099-1103 

Dyall-Smith ML, Holmes IH (1981b) Comparisons of rotavirus polypeptides by limited proteolysis: 
close similarity of certain polypeptides of different strains. J Virol 40:720-728 

Echeverria P, Blacklow NR, Sanford LB, Cukor GG (1981) Travelers' diarrhea among Peace Corps 
volunteers in rural Thailand. J Infect Dis 143:767-771 

Editorial (1975) Rotaviruses in man and animals. Lancet 1:257-258 
Editorial (1979) Rotavirus syndrome. Lancet 2:186 



172 M.K. Estes et al. 

Elias MM (1977a) Distribution and titres of rotavirus antibodies in different age groups. J Hyg 
79:365-372 

Elias MM (1977b) Separation and infectivity of two particle types of human rotavirus. J Gen Virol 
37:191-194 

Ellens DJ, de Leeuw PW (1977a) Detection of infantile gastroenteritis virus (rotavirus) by ELISA 
Lancet 1:1363-1364 

Ellens DJ, de Leeuw PW (1977b) Enzyme-linked immunosorbent assay for diagnosis of rota virus 
infections in calves. J Clin Microbio16:530-532 

Ellens DJ, de Leeuw PW, StraYer PJ (1978) The detection of rotavirus-specific antibody in 
colostrum and milk by ELISA Ann Rech Vet 9:337-342 

England JJ, Poston RP (1980) Electron microscopic identification and subsequent isolation of a 
rotavirus from a dog with fatal neonatal diarrhea. Am J Vet Res 40:782-783 

Ericson BL, Graham DY, Mason BB, Estes MK (1982) Identification, synthesis and modifications 
of simian rotavirus SAll polypeptides in infected cells. J ViroI42:825-839 

Ericson BL, Graham DY, Mason BB, Hanssen H, Estes MK (1983) Two types of glycoprotein 
precursors are produced by the simian rotavirus SAll. Virology (in press) 

Esparza J, Gil F (1978) A study on the ultrastructure of human rotavirus. Virology 91:141-150 
Esparza J, Gorziglia M, Gil F, Romer H (1980) Multiplication of human rotavirus in cultured cells: 

an electron microscopic study. J Gen ViroI47:461-472 
Espejo R, Romero P, Calder6n E, GonzAlez N (1978) Diagnosis of rotavirus using viral RNA 

electrophoresis. Bol Med Hosp Infant Mex 35:323-331 
Espejo RT, Calder6n E, Gonzalez N, Salomon A, Martuscelli A, Romero P (1979) Presence of two 

distinct types of rotavirus in infants and young children hospitalized with acute gastroenteritis 
in Mexico City, 1977. J Infect Dis 139:474-477 

Espejo RT, Avendano LF, Munoz 0, Romero P, Etemod J, Lopez S, Moncaya J (1980a) Com
parison of human rotaviruses isolated in Mexico City and in Santiago, Chile, by electrophoretic 
migration of their double-stranded ribonucleic acid genome segments. Infect Immun 30: 
342-348 

Espejo R, Martinez E, Lopez S, Munoz ° (1980b) Different polypeptide composition of two 
human rotavirus types. Infect Immun 28:230-237 

Espejo RT, Lopez S, Arias C (1981) Structural polypeptides of simian rotavirus SAIl and the effect 
of trypsin. J ViroI37:156-160 

Estes MK, Graham DY (1979) Epidemic viral gastroenteritis. Am J Med 66:1001-1007 
Estes MK, Graham DY (1980a) Identification of rotaviruses of different origins by the plaque 

reduction test. Am J Vet Res 41:151-152 
Estes MK, Graham DY (1980b) Establishment of rotavirus persistent infection in cell culture. 

Arch ViroI65:187-192 
Estes MK, Graham DY, Smith EM, Gerba CP (1979a) Rotavirus stability and inactivation. J Gen 

ViroI43:403-409 
Estes MK, Graham DY, Gerba CP, Smith EM (1979b) Simian rotavirus SAl1 replication in cell 

cultures. J Virol 31:810-815 
Estes MK, Graham DY, Mason BB (1981a) Proteolytic enhancement of rotavirus infectivity: 

molecular mechanisms. J Virol 39:879-888 
Estes MK, Graham DY, Ericson BL, Mason BB (1981b) Rotavirus polypeptides: gene assignments 

and post-translational modifications. In: Abs 5th int cong virol, Strasbourg, p 426 
Estes MK, Graham DY, Ramig RF, Ericson BL (1982) Heterogeneity in the structural glycoprotein 

(VP7) of simian rotavirus SAIl. Virology 122:8-14 
Eugster AK, Sidwa T (1979) Rotavirus in diarrheic feces of a dog. VM Sac 74:817-819 
Eugster AK, Strother J, Hartfield DA (1978) Rotavirus (reovirus-like) infection of neonatal 

ruminants in a zoo nursery. J Wildl Dis 14:351-354 
Faulkner-Valle GP, Clayton AV, McCrae MA(1982) Molecular biology of rotaviruses. ill. Isolation 

and characterization of temperature-sensitive mutants of bovine rotavirus. J ViroI42:669-677 
Fauvel M, Spence L, Babiuk LA, Petro R, Bloch S (1978) Hemagglutination and hemagglutination

inhibition studies with a strain of Nebraska calf diarrhea virus (bovine rotavirus). Intervirology 
9:95-105 



Rotaviruses: A Review 173 

Fernelius AL, Ritchie AB, Classick LG, Norman JO, Mebus CA (1972) Cell culture adaptation 
and propagation of a reovirus-like agent of calf diarrhea from a field outbreak in Nebraska. 
Arch Ges Virusforsch 37:114-130 

Fields BN (1982) Molecular basis of reovirus virulence. Arch Virol 71:95-107 
Flewett TH, Woode GN (1978) The rotaviruses. Briefreview. Arch ViroI57:1-23 
Flewett TH, Bryden AS, Davies H (1973) Virus particles in gastroenteritis. Lancet 2:1497 
Flewett TH, Bryden AS, Davies H, Woode GN, Bridger JC, Derrick JM (1974) Relation between 

viruses from acute gastroenteritis of children and newborn calves. Lancet 2:61-63 
Flewett TH, Bryden AS, Davies H (1975) Virus diarrhoea in foals and other animals. Vet Rec 

97:477 
Flewett TH, Thouless ME, Pilford IN, Bryden AS, Candeias JAN (1978) More serotypes of human 

rotavirus. Lancet 2:632 
Flores J, Greenberg HB, Myslinski J, Kalica AR, Wyatt RG, Kapikian AZ, Chanock RM (1982) 

Use of transcription probes for genotyping rotavirus reassortants. Virology 121:288-295 
Fonteyne J, Zissis G, Lambert JP (1978) Recurrent rotavirus gastroenteritis. Lancet 1:983 
Foster LG, Peterson MW, Spendlove RS (1975) Fluorescent virus precipitin test. Proc Soc Exp 

BioI Med 150:155-160 
Foster SO, Palmer EL, Gary GW Jr, Martin ML, Herrmann KL, Beasley P, Sampson J (1980) 

Gastroenteritis due to rotavirus in an isolated Pacific island group: an epidemic of3,439 cases. 
J Infect Dis 141:32-39 

Fukusho A, Shimizu Y, Ito Y (1981) Isolation of eytopathic porcine rotavirus in cell roller culture 
in the presence of trypsin. Arch Virol 69:49-60 

Gaillard RK, Joklik WK (1980) The antigenic determinants of most of the proteins coded by the 
three serotypes of reovirus are highly conserved during evolution. Virology 107:533-536 

Gary GW, Black RA, Palmer EL, Hancock K (1980a) Comparison of rota virus immunoglobulin G, 
M and A levels as determined by ELISA in Pacific island human populations. In: Acres SD, 
Forman AJ, Fast H (eds) Proc 3rd Int Symp Neonatal Diarrhea. VlDO, Saskatoon, pp 37-48 

Gary GW, Hancock K, Trautt CJ (1980b) Examination by ELISA of wild bird sera for rotavirus 
antibodies. In: Abstracts of the annual meeting of the American Society for Microbiology, 
p 276 

Gaul SK, Simpson TF, Woode GN, Fulton R W (1982) Antigenic relationships among some animal 
rotaviruses: virus neutralization in vitro and cross-protection in piglets. J Clin Micro 16:495-503 

Ghose LH, Schnagl RD, Holmes IH (1978) Comparison of an enzyme-linked immunosorbent 
assay for quantitation of rotavirus antibodies with complement fixation in an epidemiological 
survey. J Clin Microbiol 8:268-276 

Goldwater PN, Chrystie IL, Banatvala JE (1979) Rotaviruses and the respiratory tract. Br Med J 
4:1551 

Gomez-Barreto J, Palmer EL, Nahmias AJ, Hatch MH (1976) Acute enteritis associated with reo
virus-like agents. JAMA 253:1857-1860 

Gorman BM (1979) Variation in orbiviruses. J Gen Virol44:1-15 
Gorman BM, Taylor J, Walker PJ, Davidson WL, Brown F (1981) Comparison of bluetongue type 

20 with certain viruses of the bluetongue and Eubenangee serological groups of orbiviruses. 
J Gen ViroI57:251-261 

Gorziglia M, Esparza J (1981) Poly(A) polymerase activity in human rotavirus. J Gen Virol 53: 
357-362 

Graham DY, Estes MK (1979) Comparison of methods of immunoeytochemical detection of rota
virus infections. Infect Immun 26:686-689 

Graham DY, Estes MK (1980) Proteolytic enhancement of rota virus infectivity: biologic mecha
nisms. Virology 101:432-439 

Graham DY, Estes MK, Sackman JW (1982) Rotavirus induces an osmotic diarrhea in miniature 
swine. Gastroenterology 82:1072 

Grauballe PC, Genner J, Meyling A, Hornsleth A (1977) Rapid diagnosis of rota virus infections: 
comparison of electron microscopy and immunoelectroosmophoresis for the detection of 
rotavirus in human infantile gastroenteritis. J Gen ViroI35:203-218 

Grauballe PC, Vestergaard BF, Meyling A, Genner J (1981) Optimized enzyme-linked immuno
sorbent assay for detection of human and bovine rotavirus in stools: comparison with electron 
microscopy, immunoelectroosmophoresis, and fluorescent antibody techniques. J Med Virol 
7:29-40 



174 M.K. Estes et al. 

Greenberg HB, Kalica AR, Wyatt RG, Jones RW, Kapikian AZ, Chanock RM (1981a) Rescue of 
noncultivatable human rotavirus by gene reassortment during mixed infection with ts mutants 
of a cultivatable bovine rotavirus. Proc Nat! Acad Sci USA 78:420-424 

Greenberg HB, Wyatt RG, Kalica AR, Yolken RH, Black R. Kapikian AZ, Chanock RM (1981b) 
New insights in viral gastroenteritis. In: Pollard M (ed) Perspectives in virology, vol XI. Liss, 
New York, pp 163-187 

Greenberg HB, Wyatt RG, Kapikian AZ, Kalica AR, Flores J, Jones R (1982) Rescue and serotypic 
characterization of noncultivable human rotavirus by gene reassortment. Infect Immun 37: 
104-109 

Greenberg H, McAuliffe V, Valdesuso J, Wyatt R, Flores J, Ka1ica A, Hoshino Y, Singh N (1983) 
Serological analysis of the subgroup protein of rotavirus, using monoclonal antibodies. Infect 
Immun 39:91-99 

Gurwith M, Wenman W, Hinde D, Feltham S, Greenberg H (1981) A prospective study of rotavirus 
infection in infants and young children. J Infect Dis 144:218-224 

Gust ill, Pringle RC, Barnes GL, Davidson GP, Bishop RF (1977) Complement-fixing antibody 
response to rotavirus infection. J Clin MicrobioI5:125-130 

Hall GA, Bridges JC, Chandler RL, Woode GN (1976) Gnotobiotic piglets experimentally infected 
with neonatal calf diarrhoea reovirus-like agent (Rotavirus). Vet Pathol13:197-21O 

Halvorsrud J, Orstavik I (1980) An epidemic of rotavirus-associated gastroenteritis in a nursing 
home for the elderly. Scand J Infect Dis 12:161-164 

Hancock K, Gary GW, Palmer EL (1983) Adaptation of two avian rotaviruses to mammalian cells 
and characterization by hemagglutination and RNA electrophoresis. J Gen Virol in press 

Hara M, Mukoyama J, Tsuruhara T, Saito Y, Tagaya I (1976) Duovirus in school children with 
gastroenteritis. Lancet 1:311 

Hieber JP, Shelton S, Nelson JD, Leon J, Mohs E (1978) Comparison of human rotavirus disease 
in tropical and temperate settings. Am J Dis Child 132:853-858 

Hildreth C, Thomas M, Ridgway GL (1981) Rotavirus infection in an obstetric unit. Br Med J 
282:231 

Hodes HL (1977) Viral gastroenteritis (marginal comments). Am J Dis Child 131:729-731 
Holmes IH (1979) Viral gastroenteritis. Prog Med ViroI25:1-36 
Holmes IH, Mathan M, Bhat P, Albert MJ, Swaminathan SP, Maiya PP, Pereira SM, Baker SJ 

(1974) Orbiviruses and gastroenteritis. Lancet 2:658-659 
Holmes IH, Ruck BJ, Bishop RF, Davidson GP (1975) Infantile enteritis viruses: morphogenesis 

and morphology. J ViroI16:937-943 
Holzel H, Cubitt DW, McSwiggan DA, Sanderson PJ, Church J (1980) An outbreak of rota virus 

infection among adults in a cardiology ward. J Infect 2:33-37 
Hoshino Y, Baldwin CA, Scott FW (1981) Isolation and characterization of feline rotavirus. J Gen 

Virol 54:313-323 
Hrdy D, Rosen L, Fields BN (1979) Polymorphism of the migration of double-stranded RNA 

genome segments ofreovirus isolated from humans, cattle and mice. J ViroI31:104-123 
Hruska JF, Notter MFD, Menegus MA, Steinhoff MC (1978) RNA polymerase associated with 

human rotaviruses in diarrhea stools. J Virol 26:544-546 
Inaba Y, Sato K, Takahashi E, Kurogi H, Satoda K, Omori T, Matumoto M (1977) Haemagglutina

tion with Nebraska calf diarrhea virus. Microbiol ImmunoI21:531-534 
lnaba Y, Sato K, Takahashi E, Kurogi H, Akashi H, Satoda K, Omori T, Matumoto M (1978) 

Production of calf rotavirus hemagglutinin inhibitors in the infected cell culture fluid. Micro
bioi Immunol 22:647-649 

Inglis GC, Sommerville RG, McClelland DBL (1978) Anti-rotavirus antibody in human colostrum. 
Lancet 1:559-560 

Jones RC, Hughes CS, Henry RR (1979) Rotavirus infection in commercial laying hens. VetRec 
104:22 

Kalica AR, Theodore TS (1979) Polypeptides of simian rotavirus (SA-ll) determined by a contin
uous polyacrylamide gel electrophoresis method. J Gen ViroI43:463-466 

Kalica AR, Garon CF, Wyatt RG, Mebus CA, Van Kirk DH, Chanock RM, Kapikian AZ (1976) 
Differentiation of human and calf reoviruslike agents associated with diarrhea using polyacryl
amide gel electrophoresis of RNA. Virology 74:86-92 



Rotaviruses: A Review 175 

Kalica AR, Purcell RH, Sereno MM, Wyatt RG, Kim HW, Chanock RM, Kapikian AZ (1977) 
A microtiter solid phase radioimmunoassay for detection of the human reovirus-like agent in 
stools. J ImmunoI1l8:1275-1279 

Kalica AR, James HD Jr, Kapikian AZ (1978a) Hemagglutination by simian rotavirus. J Clin 
MicrobioI7:314-315 

KalicaAR, Sereno MM, WyattRG, Mebus CA, ChanockRM, Kapikian AZ (1978b) Comparison 
of human and animal rotavirus strains by gel electrophoresis of viral RNA. Virology 87: 
247-255 

Kalica AR, Wyatt RG, Kapikian AZ (1978c) Detection of differences among human and animal 
rotaviruses using analysis of viral RNA. J Am Vet Med Assoc 173:531-537 

Kalica AR, Greenberg HB, Espejo RT, Flores J, Wyatt RG, Kapikian AZ, Chanock RM (1981a) 
Distinctive ribonucleic acid patterns of human rotavirus subgroups 1 and 2. Infect Immun 
33:958-961 

Kalica AR, Greenberg HB, Wyatt RG, Flores J, Sereno MM, Kapikian AZ, Chanock RM (1981b) 
Genes of human (strain Wa) and bovine (strain UK) rotaviruses that code for neutralization 
and subgroup antigens. Virology 112:385-390 

Kapikian AZ, Kim HW, Wyatt RG, Rodriguez WJ, Ross S, Cline WL, Parrott RH, Chanock RM 
(1974) Reoviruslike agent in stools: association with infantile diarrhea and development of 
serologic tests. Science 185:1049-1053 

KapikianAZ, Cline WL, Mebus CA, WyattRG,KalicaAR,JamesHD, VanKirkD,ChanockRM 
(1975) New complement-fixation test for the human reovirus-like agent of infantile gastro
enteritis. Lancet 1:1056-1061 

Kapikian AZ, KalicaAR, Shih JW, Cline WL, Thornhill TS, WyattRG, Chanock RM, Kim HW, 
Gerin JL (1976a) Buoyant density in cesium chloride of the human reovirus-like agent of 
infantile gastroenteritis by ultracentrifugation, electron microscopy and complement-fixation. 
Virology 70:564-569 

Kapikian AZ, Cline WL, Kim HW, Kalica AR, Wyatt RG, VanKirk DH, Chanock RM, James 
HD Jr, Vaughn AL (1976b) Antigenic relationships among five reovirus-like (RVL) agents by 
complement fixation (CF) and development of new substitute CF antigens for the human 
R VL agent of infantile gastroenteritis. Proc Soc Exp BioI Med 152 :535-539 

Kapikian AZ, Kim HW, Wyatt RG, Cline WL, Arrobio 10, Brandt CD, Rodriguez WJ, Sack DA, 
Chanock RM, Parrott RH (1976c) Human reovirus-like agent as the major pathogen associated 
with winter gastroenteritis in hospitalized infants and young children. N Engl J Med 244: 
965-972 

Kapikian AZ, Wyatt RG, Greenberg HB, Kalica AR, Kim HW, Brandt CD, Rodriguez WJ, 
Parrott RH, Chanock RM (1980) Approaches to immunization of infants and young children 
against gastroenteritis due to rotaviruses. Rev Infect Dis 2:459-469 

Kapikian AZ, Cline WL, Greenberg HB, Wyatt RG, Kalica AR, Banks CE, James HD Jr, Flores J, 
Chanock RM (1981a) Antigenic characterization of human and animal rotaviruses by immune 
adherence hemagglutination assay (lAHA): evidence for distinctness ofIAHA and neutrali
zation antigens. Infect Immun 33:415-425 

Kapikian AZ, Greenberg HB, Kalica AR, Wyatt RG, Kim HW, Brandt CD, Rodriguez WJ, 
Floreo J, Singh N, Parrott RH, Chanock RM (1981b) New developments in viral gastroenteritis. 
In: Holme T, Holmgren J, Merson MH, Mollby R (eds) Acute enteric infections in children. 
New prospects for treatment and prevention. ElsevierINorth-Holland Biomedical, Amster
dam, pp 9-57 

Killen HM, Dimmock NJ (1982) Identification of a neutralization - specific antigen of a calf rota
virus. J Gen Virol 62:297-311 

Kim HW, Brandt CD, Kapikian AZ, Wyatt RG, Arrobio JO, Rodriguez WJ, Chanock RM, 
Parrott RH (1977) Human reovirus-like agent infection. Occurrence in adult contacts of 
pediatric patients with gastroenteritis. JAMA 238:404-407 

Kim KSW, Boatman ES (1967) Electron microscopy of monkey kidney cell cultures infected with 
rubella virus. J Viroll:205-214 

Kimura T (1981) Immuno-electron microscopy study on the antigenicity of tubular structures 
associated with human rotavirus. Infect Immun 33:611-615 



176 M.K. Estes et al. 

Kimura T, Murakami T (1977) Tubular structures associated with acute nonbacterial gastroenteritis 
in young children. Infect Immun 17:157-160 

Kogasaka R, Akihara M, Horino K, Chiba S, Nakao T (1979) A morphological study of human 
rotavirus. Arch Viro161:41-48 

Konno T, Suzuki H, Imai A, Ishida N (1977) Reovirus-like agent in acute epidemic gastroenteritis 
in Japanese infants: fecal shedding and serologic response. J Infect Dis 135:259-266 

Konno T, Suzuki H, Kutsuzawa T, Imai A, Katsushima N, Sakamoto M, Kitaoka S, Tsuboi R, 
Adachi M (1978) Human rotavirus infection in infants and young children with intussuscep
tion. J Med Viro12:265-269 

Kornfeld R, Kornfeld S (1980) Structure of glycoproteins and their oligosaccharide units. In: 
Lennarz WJ (ed) The biochemistry of glycoproteins and proteoglycans. Plenum, New York, 
pp 1-34 

Kraft LM (1957) Studies on the etiology and transmission of epidemic diarrhea of infant mice. 
J Exp Med 101:743-755 

Kutsuzawa T, Konno T, Suzuki H, Ebina T, Ishida N (1982) Two distinct electrophoretic migration 
patterns of RNA segments of human rotaviruses prevalent in Japan in relation to their sero
types. Microbiol Immuno126:271-273 

Lecatsas G (1972) Electron microscopic and serological studies on simian virus SA-11 and the 
"related" 0 agent Onderstepoort J Vet Res 39:133-138 

Lecce JG, King MW (1978) Role of rotavirus (reo-like) in weanling diarrhea of pigs. J Clin Micro
bioI 8:454-458 

Lecce JG, King MW, Mock R (1976) Reovirus-like agent associated with fatal diarrhea in neonatal 
pigs. Infect Immun 14:816-825 

Lewis HM, Parry JV, Davies HA, Parry RP, MottA, Dourmashkin RR, Sanderson PJ, Tyrrell DA, 
Valman HB (1979) A year's experience of the rotavirus syndrome and its association with 
respiratory illness. Arch Dis Child 54:339-346 

L'Haridon R, Scherrer R (1976) In vitro culture of a rotavirus associated with neonatal calf scours. 
Ann Rech Vet 7:373-381 

Light JS, Hodes HL (1943) Studies on epidemic diarrhea of the newborn: isolation of a filtrable 
agent causing diarrhea in calves. Am J Public Health 33:1451-1454 

Light JS, Hodes HL (1949) Isolation from cases of infantile diarrhea of a filtrable agent causing 
diarrhea in calves. J Exp Med 90:113-135 

Linhares AC, Pinheiro FP, Freitas RB, Gabbay YB, Shirley JA, Beards GM (1981) An outbreak 
of rotavirus diarrhea among a nonimmune, isolated South American Indian community. Am J 
Epidemio1113:703-709 

Little LM, Shadduck JA (1981) Pathogenesis of rotavirus infection in mice. Abs 5th int cong virol, 
Strasbourg, p 195 

Lourenco MR, Nicolas JC, Cohen J, Scherrer R, BricoutF (1981) Study of human rotavirus genome 
by electrophoresis: attempt of classification among strains isolated in France. Ann Virol 
132:161-173 

Lycke E, Blomberg J, Berg G, Eriksson A, Madsen L (1978) Epidemic acute diarrhoea in adults 
associated with infantile gastroenteritis virus. Lancet 2:1056-1057 

Madeley CR, Cosgrove BP (1975) Viruses in infantile gastroenteritis. Lancet 2:124 
Majer M, Behrens F, Weinmann E, Mauler R, Maass G, Baumeister HG, Luthardt T (1978) 

Diarrhea in newborn cynomolgus monkeys infected with human rotavirus. Infection 6:71-72 
Maki M (1981) A prospective clinical study of rotavirus diarrhoea in young children. Acta Paediatr 

Scand 70:107-113 
Malherbe H, Harwin R (1963) The cytopathic effects of vervet monkey viruses. S Mr Med J 

37:407-411 
Malherbe HR, Strickland-Cholmley M (1967) Simian virus SAll and the related 0 agent Arch 

Virol 22:235-245 
Martin ML, Palmer EL, Middleton PJ (1975) Ultrastructure of infantile gastroenteritis virus. Virol

ogy 68:146-153 
Martin ML, Gary GW Jr, Palmer EL (1979) Comparison of hemagglutination-inhibition, comple

ment-fIXation and enzyme-linked immunosorbent assay for quantitation of human rotavirus 
antibodies. Arch Viro162:131-136 



Rotaviruses: A Review 177 

Mason BB, Oraham DY, Estes MK (1980) In vitro transcription and translation of simian rota
virus SA11 gene products. J ViroI33:1111-1121 

Mason BB, Oraham DY, Estes MK (1981) Biochemical mapping of the rotavirus SA11 genome. 
Abstracts annual meeting American Society for Microbiology, p 249 

Mason BB, Oraham DY, Estes MK (1983) Biochemical mapping of the simian rotavirus SA11 
genome. J Virol 46:413-423 

Mathan M, Almeida ill, Cole J (1977) An antigenic subunit present in rotavirus infected faeces. 
J Oen Virol 34:325-329 

Matthews REF (1979) The classification and nomenclature of viruses. Summary of results of 
meetings of the International Committee on Taxonomy of Viruses, The Hague, September 
1978. Intervirology 11:133-135 

Matsuno S, Mukoyama A (1979) Polypeptides of bovine rotavirus. J Oen ViroI43:309-316 
Matsuno S, Nagayoshi S (1978) Quantitative estimation of infantile gastroenteritis virus antigens 

in stools by immune adherence hemagglutination test. J C1in Microbiol 7:310-311 
Matsuno S, Nakajima K (1982) RNA of rota virus: comparison ofRNAs of human and animal 

rotaviruses. J ViroI41:710-714 
Matsuno S, Inouye S, Kono R (1977a) Antigenic relationship between human and bovine rota

viruses as determined by neutralization, immune adherence hemagglutination, and comple
ment fixation tests. Infect Immun 17:661-662 

Matsuno S, Inouye S, Kono R (1977b) Plaque assay of neonatal calf diarrhea virus and the neutral
izing antibody in human sera. J C1in MicrobioI5:1-4 

Matsuno S, Hasegawa A, Kalica AR, Kono R (1980) Isolation of a recombinant between simian 
and bovine rotaviruses. J Oen ViroI48:253-256 

Matsuno S, Inouye S, Hasegawa A, Kono R (1982) Assay of human rotavirus antibody by immune 
adherence hemagglutination with a cultivable human rotavirus as antigen. J C1in Microbiol 
15:163-165 

McCrae MA, Faulkner-Valle OP (1981) Molecular biology of rotaviruses. I. Characterization of 
basic growth parameters and pattern of macromolecular synthesis. J Virol 39:490-496 

McCrae MA, McCorquodale JO (1982) Molecular biology of rota viruses. ll. Identification of the 
protein-coding assignments of calfrotavirus genome RNA species. Virology 117:435-443 

McLean BS, Holmes IH (1981) Effects of antibodies, trypsin and trypsin inhibitors on susceptibility 
of neonates to rotavirus infection. J Clin Microbiol13:22-29 

McNulty MS (1978) Rotaviruses. J Oen Virol40:1-18 
McNulty MS (1979) Morphology and chemical composition of rotaviruses. In: Bricout F, Scherrer 

R (eds) Viral enteritis in humans and animals. Les Colloques de I'INSERM, vol 90. Institut 
National de la Sante et de la Recherche M6dicale, Paris, pp 111-139 

McNulty MS, Allan OM, Curran WL, McFerran JB (1976a) Comparison of methods of diagnosis 
of rotavirus infection of calves. Vet Rec 98:463-464 

McNulty MS, Allan OM, McFerran JB (1976b) Isolation ofa cytopathic calfrotavirus. Res Vet Sci 
21:114-115 

McNulty MS, Allan OM, Pearson OR, McFerran JB, Curran WL, McCracken RM (1976c) Reo
virus-like agent (rotavirus) from lambs. Infect Immun 14:1332-1338 

McNulty MS, Curran WL, McFerran JB (1976d) The morphogenesis of a cytopathic bovine rota
virus in Madin-Darby bovine kidney cells. J Oen ViroI33:503-508 

McNulty MS, McFerran JB, Bryson DO, Logan EF, Curran WL (1976e) Studies on rotavirus 
infection and diarrhoea in young calves. Vet Rec 99:229-230 

McNulty MS, Pearson OR, McFerran JB, Collins DS, Allen OM (1976t) A reovirus-like agent 
(rota virus) associated with diarrhoea in neonatal pigs. Vet Microbioll:55-63 

McNulty MS, Allan OM, McFerran JB (1977) Cell culture studies with a cytopathic bovine rota
virus. Arch ViroI54:201-209 

McNulty MS, Curran WL, Allan OM, McFerranJB (1978) Synthesis of coreless, probably defective 
virus particles in cell cultures infected with rotaviruses. Arch Virol 58:193-202 

McNulty MS, Allan OM, Todd D, McFerran JB (1979) Isolation and cell culture propagation of 
rotaviruses from turkeys and chickens. Arch ViroI61:13-21 

McNulty MS, Allan OM, Todd D, McFerran JB, McKillop ER, Collins DS, McCracken RM 
(1980) Isolation of rotaviruses from turkeys and chickens: demonstration of distinct serotypes 
and RNA electropherotypes. Avian PathoI9:363-376 



178 MK Estes et al. 

McNulty MS, Allan GM, Todd D, McFerran JB, McCracken RM (1981) Isolation from chickens 
of a rotavirus lacking the rotavirus group antigen. J Gen ViroI55:405-413 

Mebus CA, Newman LE (1977) Scanning electron, light and immunofluorescent microscopy of 
intestine of gnotobiotic calf infected with reovirus-like agent Am J Vet Res 38:553-558 

Mebus CA, Underdahl NR, Rhodes MB, Twiehaus MJ (1969) Calf diarrhea (scours): reproduced 
with a virus from a field outbreak. Bull Neb Agric Exp Station 233:1-16 

Mebus CA, Kono M, Underdahl NR, Twiehaus MJ (I971a) Cell culture propagation of neonatal 
calf diarrhea (scours) virus. Can Vet J 12:69-72 

Mebus CA, Stair EL, Underdahl NR, Twiehaus M (1971b) Pathology of neonatal calf diarrhea 
induced by a reo-like virus. Vet PathoI8:490-505 

Mebus CA, Wyatt RG, Sharpee RL, Sereno MM, Kalica AR, Kapikian AZ, Twiehaus MJ (1976) 
Diarrhea.in gnotobiotic calves caused by the reovirus-like agent of human infantile gastro
enteritis. Infect Immun 14:471-474 

Mebus CA, Wyatt RG, Kapikian AZ (1977) Intestina1lesions induced in gnotobiotic calves by the 
virus of human infantile gastroenteritis. Vet PathoI14:273-282 

Meurman OH, Laine MJ (1977) Rotavirus epidemic in adults. N Eng! J Med 296:1298-1299 
Middleton PJ (1978) Pathogenesis of rota viral infection. J Am Vet Med Assoc 173:544-546 
Middleton PJ, Szymanski MT, Abbott GD, Bortolussi R, Hamilton JR (1974) Orbivirus acute 

gastroenteritis of infancy. Lancet 1:1241-1244 
Middleton PJ, Petrie M, Szymanski MT (1975) Propagation of infantile gastroenteritis virus (orbi

group) in conventional and germfree piglets. Infect Immun 12:1276-1280 
Middleton PJ, Petrie M, Hewitt CM, Szymanski MT, Tam JS (1976) Counter-immunoelectro

osmophoresis for the detection of infantile gastroenteritis virus (orbi-group) antigen and anti
body. J Clin PathoI29:191-197 

Middleton PJ, Holdaway MD, Petrie M, Szymanski MT, Tam JS (1977) Solid-phase radioimmuno
assay for the detection of rotavirus. Infect Immun 16:439-444 

Misra V, Babiuk LA (1980) Possible mechanism of rotavirus persistence. In: Fields BN, Jaenisch R, 
Fox CF (eds) ICN-UCLA symposia on molecular and cellular biology, vol XVIII: animal 
virus genetics. Academic, New York, pp 727-738 

Mitchell JD, Lambeth LA, Sosula L, Murphy A, Albrey M (1977) Transmission of rotavirus 
gastroenteritis from children to a monkey. Gut 18:156-160 

Monette JPL, Carpio MM, Kapitany RA, Babiuk LA (1979) Polypeptide analysis of bovine rota
virus. In: Acres SD, Forman AI, Fast H (eds) Proc 3rd int symp neonatal diarrhea. VIDO, 
Saskatoon, pp 249-262 

Morishima T, Nagayoshi S, Ozaki T, Issomura S, Suzuki S (1976) Immunofluorescence of human 
reovirus-like agent of infantile diarrhea. Lancet 2:695-696 

Much DH, Zajac I (1972) Purification and characterization of epizootic diarrhea of infant mice 
virus. Infect Immun 6:1019-1024 

Muchinik GR, Grinstein S (1980) Rotavirus in Buenos Aires, Argentina. Intervirology 13:253-256 
Mulcahy DL, Kamath KR, de Silva LM, Hodges S, Carter IW, Cloonan MJ (1982) A two-part 

study of the aetiological role of rota virus in intussusception. J Med ViroI9:51-55 
Murakami Y, Nishioka N, Hashiguchi Y, Kuniyasu C (1981) Neutralizing patterns of antibovine 

rotavirus (Lincoln) serum against cytopathic bovine rotaviruses isolated from calves in Japan. 
Microbiol Immunol 25:1097-1100 

Murphy AM, Albrey MB, Crewe EB (1977) Rotavirus infections of neonates. Lancet 2:1149-1150 
Murphy FA, Harrison AK, Gary WG, Whitfield SG, Forrester FT (1968) St Louis encephalitis 

virus infection of mice. Lab Invest 19:652-662 
Nagai Y, Klenk H-D, Rott R (1976) Proteolytic cleavage of the viral glycoproteins and its signifi

cance for the virulence of Newcastle disease virus. Virology 72:494-508 
Newman JFE, Brown F, Bridger JC, Woode GN (1975) Characterization of a rotavirus. Nature 

258:631-633 
Nicolaieff A, Obert G, Van Regenmortel MHV (1980) Detection of rotavirus by serological 

trapping on antibody-coated electron microscope grids. J Clin Microbiol 12:101-104 
Nicolas JC, Cohen J, Fortier B, Lourenco MH, Bricout F (1983) Isolation of a human pararotavirus. 

Virology 124:181-184 
Noble RL, Sidwell RW, Mahoney A W, Barnett BB, Spendlove RS (1980) Rotavirus infection in 

mice: characterization of the disease and influence of malnutrition. Fed Proc 39:889 



Rotaviruses: A Review 179 

Novo E, Esparza J (1981) Composition and topography of structural polypeptides of bovine rota
virus. J Gen Virol 56:325-335 

Obijeski JF, Palmer EL, Martin ML (1977) Biochemical characterization of infantile gastroenteritis 
virus (lGV). J Gen Virol 34:485-497 

Orstavik I, Haug KW, Sovde A (1976) Rotavirus-associated gastroenteritis in two adults probably 
caused by virus reinfection. Scand J Infect Dis 8:277-278 

Otnaess AB, Orstavik I (1980) The effect of human milk fractions on rotavirus in relation to the 
secretory IgA content Acta Pathol Microbiol Scand [C] 88:15-21 

Palese P (1977) The genes of influenza virus. Cell 10:1-10 
Palmer EL, Martin ML (1982) Further observations on the ultrastructure of human rotavirus. 

J Gen Virol 62:105-111 
Palmer EL, Martin ML, Murphy FA (1977) Morphology and stability of infantile gastroenteritis 

virus: comparison with reovirus and bluetongue virus. J Gen Virol 35:403-414 
Palmer EL, Gary GW Jr, Black R, Martin ML (1980) Antiviral activity of colostrum and serum 

immunoglobulins A and G. J Med ViroI5:123-129 
Panel report on the colloquium on selected diarrheal diseases of the young. (1978) J Am Vet Med 

Assoc 173:515-518 
Payment P, Marsolais G, Trudel M, Fauvel M, Lamontagne L, AssafR, Marois P (1979) Use of 

electron microscopy and an enzyme-linked immunosorbent assay for the detection of rota
viruses in neonatal calf diarrhea. Can J Comp Med 43:328-329 

Pearson GR, McNulty MS (1977) Pathological changes in the small intestine of neonatal pigs 
infected with a pig reovirus-like agent (rotavirus). J Comp PathoI87:363-375 

Peterson MW, Spendlove RS, Smart RA (1976) Detection of neonatal calf diarrhea virus, infant 
reovirus-like diarrhea virus, and a coronavirus using the fluorescent virus precipitin test. J Clin 
Microbiol 3:376-377 

Petric M, Szymanski MT, Middleton PJ (1975) Purification and preliminary characterization of 
infantile gastroenteritis virus (orbivirus group). Intervirology 5:233-238 

Petric M, Middleton PJ, Grant C, Tam JS, Hewitt CM (1978) Lapine rotavirus: preliminary studies 
on epizoology and transmission. Can J Comp Med 42:143-147 

Petrie BL, Graham DY, Estes MK (1981) Identification of rotavirus particle types. Intervirology 
16:20-28 

Petrie BL, Graham DY, Hanssen H, Estes MK (1982) Localization of rota virus antigens in infected 
cells by ultrastructural immunocytochemistry. J Gen ViroI63:457-467 

Portnoy BL, Conklin RH, Menn M, 01arte J, DuPont HL (1977) Reliable identification of reovirus
like agent in diarrheal stools. J Lab Clin Med 89:560-563 

Ramia S, Sattar SA (1979) Simian rotavirus SA-U plaque formation in the presence of trypsin. J Clin 
Microbioll0:609-614 

Ramig RF (1982) Isolation and genetic characterization of temperature-sensitive mutants of simian 
rotavirus SAIL Virology 120:93-105 

Reed DE, Daley CA, Shave HJ (1976) Reovirus-like agent associated with neonatal diarrhea in 
pronghorn antelope. J Wildl Dis 12:488-491 

Riepenhoff-Talty M, Bogger-Goren S, Li P, Carmody PJ, Barrett HJ, Ogra PL (1981) Development 
of serum and intestinal acquired response to rotavirus afiernaturally acquired infection in man. 
J Med ViroI8:215-222 

Rocchi G, Vella S, Resta S, Cochi S, Donelli G, Tangucci F, Menichella D, Varveri A, Inglese R 
(1981) Outbreak of rotavirus gastroenteritis among premature infants. Br Med J 283:886 

Rodger SM, Holmes IH (1979) Comparison of the genomes of simian, bovine, and human rota
viruses by gel electrophoresis and detection of genomic variation among bovine isolates. J 
Virol 30:839-846 

Rodger SM, Schnagl RD, Holmes IH (1975) Biochemical and biophysical characteristics of diarrhea 
viruses of human and calf origin. J ViroI16:1229-1235 

Rodger SM, Schnagl RD, Holmes IH (1977) Further biochemical characterization, including the 
detection of surface glycoproteins, of human, calf and simian rotaviruses. J Virol 24:91-98 

Rodger SM, Bishop RF, Holmes IH (1982) Detection of a rotavirus-like agent associated with 
diarrhea in an infant. J Clin Micro 16:724-726 



180 MK Estes et al. 

Rodger SM, Bishop RF, Birch C, McLean B, Holmes IH (1981) Molecular epidemiology of human 
rotaviruses in Melbourne, Australia, from 1973 to 1979, as determined by electrophoresis of 
genome ribonucleic acid. J Clin Microbiol13:272-278 

Rodriguez WJ, Kim HW, Brandt CD, Yolken RH, Arrobio JO, Kapikian AZ, Chanock RM, 
Parrott RH (1978) Sequential enteric illnesses associated with different rotavirus serotypes. 
Lancet 2:37 

Rodriguez WJ, Kim HW, Brandt CD, Bise B, Kapikian AZ, Chanock RM, Curlin G, ParrottRH 
(1980) Rotavirus gastroenteritis in the Washington, D.C. area. Am J Dis Child 134:777-779 

Roseto A, Escaig J, Delain E, Cohen J, Scherrer R (1979) Structure of rotaviruses as studied by the 
freeze-drying technique. Virology 98:471-475 

Roseto A, Guillemin M-C, Cohen J, Scherrer R, Peries J (1982) Production of monoclonal anti
bodies against bovine rotavirus. C R Acad Sci 294:211-214 

RottR, Reinacher M, OrlichM,KlenkH-D (1980) Cleavability of hemagglutinin determines spread 
of avian influenza viruses in the chorioallantoic membrane of chicken embryo. Arch Virol 
65:123-133 

Ryder RW, McGowan JE, Hatch MH, Palmer EL (1977) Reovirus-like agent as a cause of no so
comial diarrhea in infants. J Pediatr 90:698-702 

Ryder RW, Oquist CA, Greenberg H, Taylor DN, Orskov F, Orskov I, Kapikian AZ, Sack RB 
(1981) Traveler's diarrhea in Panamanian tourists in Mexico. J Infect Dis 144:442-448 

Rubenstein AS, Miller MF (1982) Comparison of an enzyme immunoassay with electron micro
scopic procedures for detecting rotavirus. J Clin Microbiol15:938-944 

Sack DA (1982) Treatment of acute diarrhea with oral rehydration solution. Drugs 23:150-157 
SaifU, Bohl EH (1980) Passive immunity against enteric viral infections. In: Acres SD, FormanAJ, 

Fast H (eds) Proc 3rd int symp neonatal diarrhea. VIDO, Saskatoon, pp 83-101 
Saif U, Theil KW, Bohl EH (1978) Morphogenesis of porcine rotavirus in porcine kidney cell 

cultures and intestinal epithelial cells. J Gen Virol 39:205-217 
SaifU, Bohl EH, Theil KW, Cross RF, House JA (1980) Rotavirus-like, calicivirus-like and 23-nm 

virus-like particles associated with diarrhea in young pigs. J Clin MicrobioI12:105-111 
Saitoh Y, Matsuno S, Mukoyama A (1981) Exanthem subitum and rotavirus. N Engl J Med 304:845 
Salmi IT, Arstila P, Koivikko A (1978) Central nervous system involvement in patients with rota

virus gastroenteritis. Scand J Infect Dis 10:29-31 
Santosham M, Daum RS, Dillman L, Rodriguez JL, Luque S, Russell R, Kourany M, Ryder RW, 

Bartlett A V, Rosenberg A, Benenson AS, Sack RB (1982) Oral rehydration therapy of infantile 
diarrhea. A controlled study of well-nourished children hospitalized in the United States and 
Panama. N Engl J Med 306:1070-1076 

Sarkkinen HK, Meurman OH, Halonen PE (1979) Solid-phase radioimmunoassay of IgA, IgG, 
and IgM antibodies to human rotavirus. J Med ViroI3:281-289 

Sato K, Inaba Y, Takahashi E, Kurogi H, Satoda K, Omori T, Matsumoto M (1978) Effect of 
serum albumin on hemagglutination with Nebraska calf diarrhea virus. MicrobiolImmunol 
22:109-111 

Sato K, Inaba Y, Shinozaki T, Fujii R, Matumoto M (1981a) Isolation of human rotavirus in cell 
cultures. Arch ViroI69:155-160 

Sato K, Inaba Y, Shinozaki T, Matumoto M (1981b) Neutralizing antibody to bovine rotavirus in 
various animal species. Vet MicrobioI6:259-261 

Sato K, Inaba Y, Miura Y, Tokuhisa S, Matumoto M (1982) Antigenic relationships between 
rotaviruses from different species as studied by neutralization and immunofluorescence. Arch 
ViroI73:45-50 

Saulsbury FT, Winkelstein JA, Yolken RH (1980) Chronic rotavirus infection in immunodefi
ciency. J Pediatr 97:61-65 

Scherrer R, Bernard S (1977) Application of enzyme-linked immunosorbent assay (ELISA) to the 
detection of calf rotavirus and rotavirus antibodies. Ann Microbiol (paris) 128A:499-510 

Schnagl RD, Holmes IH (1976) Characteristics of the genome of human infantile enteritis virus 
(rotavirus). J Virol19:267-270 

Schnagl RD, Rodger SM, Holmes IH (1981) Variation in human rotavirus electropherotypes 
occurring between rotavirus gastroenteritis epidemics in central Australia. Infect Immun 
33:17-21 



Rotaviruses: A Review 181 

Schoub BD, Lecatsas G, Prozesky OW (1977) Antigenic relationship between human and simian 
rotaviruses. J Med Microbiol 10:1-6 

Schoub BD, KaIica AR, Greenberg HB, Bertran DM, Sereno MM, Wyatt RG, Chanock RM, 
Kapikian AZ (1979) Enhancement of antigen incorporation and infectivity of cell cultures by 
human rotavirus. J Clin Microbiol 9:488-492 

Scott AC, Luddington J, Lucas M, Gilbert FR (1978) Rotavirus in goats. Vet Rec 103:145 
Sharpe AH, Fields BN (1983) Pathogenesis of reovirus infection. In: Fraenkel-ConratH, Wagner 

RR (series editors) The viruses. JokIik wk (ed) The reoviridae. Plenum, New York, in press 
Sharpe AH, Ramig RF, Mustoe TA, Fields BN (1978) A genetic map of reovirus. I. Correlation 

of genome RNAs between serotypes 1, 2 and 3. Virology 84:63-74 
Shatkin AJ (1976) Capping of eucaryotic mRNAs. Cell 9:645-653 
Sheridan JF, Aurelian L, Barbour G, Santosham M, Sack RB, Ryder RW (1981) Traveler's diarrhea 

associated with rotavirus infection: analysis of virus-specific immunoglobulin classes. Infect 
Immun 31:419-429 

Shinozaki T, Fujii R, Sato K, Takahashi E, Ito Y, Inaba Y (1978) Hemagglutinin from human 
reovirus-like agent Lancet 1:877-878 

Shirley JA, Beards GM, Thouless ME, FIewett TH (1981) The influence of divalent cations on the 
stability of human rotavirus. Arch Virol 67:1-9 

Simhon A, Mata L (1978) Anti-rotavirus antibody in human colostrum. Lancet 1:39-40 
Simhon A, Chrystie IL, Totterdell BM, Banatvala JE, Rice SJ, Walker-Smith JA (1981) Sequential 

rotavirus diarrhoea caused by virus of same subgroup. Lancet 2:1174 
Smee DF, Sidwell RW, Clark SM, Barnett BB, Spendlove RS (1982) Inhibition of rotaviruses by 

selected antiviral substances: mechanisms ofviraI inhibition and in vivo activity. Antimicrob 
Agents Chemother 21:66-73 

Smith EM, Gerba CP (1982) Development of a method for detection of human rotavirus in water 
and sewage. Appl Environ Microbiol 43:1440-1450 

Smith EM, Estes MK, Graham DY, Gerba CP (1979) A plaque assay for the simian rotavirus SA11. 
J Gen Virol 43:513-519 

Smith KO (1967) Identification of viruses by electron microscopy. In: Busch H (ed) Methods in 
cancer research, vol I. Academic, New York, pp 545-567 

Smith M, Tzipori S (1979) Gel electrophoresis of rotavirus RNA derived from six different animal 
species. Aust J Exp Bioi Med Sci 57:583-585 

Smith ML, Lazdins I, Holmes IH (1980) Coding assignments of double-stranded RNA segments 
of SAlI rotavirus established by in vitro translation. J Virol 33:976-982 

Snodgrass DR, Herring JA (1977) The activity of disinfectants on lamb rotavirus. Vet Rec 101:81 
Snodgrass DR, Wells PW (1976) Rotavirus infection in lambs: studies on passive protection. Arch 

Virol 52:201-205 
Snodgrass DR, Wells PW (1978) The immunoprophylaxis of rotavirus infections in lambs. VetRec 

102:146-148 
Snodgrass DR, Herring JA, Gray EW (1976a) Experimental rotavirus infection in lambs. J Comp 

Pathol 86:637-642 
Snodgrass DR, Smith W, Gray EW, Herring JA (1976b) A rotavirus in lambs with diarrhoea. Res 

Vet Sci 20:113-114 
Snodgrass DR, Herring JA, Linklater KA, Dyson DA (1977a) A survey of rotaviruses in sheep 

in Scotland. Vet Rec 100:341 
Snodgrass DR, Agnus KW, Gray EW (1977b) Rotavirus infection in lambs: pathogenesis and 

pathology. Arch Virol 55:263-274 
Snodgrass DR, Angus KW, Gray EW (1979) A rotavirus from kittens. Vet Rec 104:222-223 
Snodgrass DR, Fahey KJ, Wells PW, Campbell I, Whitelaw A (1980) Passive immunity in calf 

rotavirus infections: maternal vaccination increases and prolongs immunoglobulin Gl anti
body secretion in milk. Infect Immun 28:344-349 

Soenarto Y, Sebodo T, Ridho R, Alrasjid H, Rhode JE, Bugg HC, Barnes GL, Bishop RF (1981) 
Acute diarrhea and rotavirus infection in newborn babies and children in Y ogyakarta, Indo
nesia., from June 1978 to June 1979. J Clin Microbiol 14:123-U9 

Soike KF, Gary GM, Gibson S (1980) Susceptibility of non-human primate species to infection by 
simian rotavirus SAIl. Am J Vet Res 41:1098-1103 



182 MK Estes et al. 

Spence L, Fauvel M, Bouchard S, Babiuk L, Saunders IR (1975) Testfor reovirus-like agent. Lancet 
2:322 

Spence L, Fauvel M, Petro R, Bloch S (1976) Haemagglutinin from rotavirus. Lancet 2:1023 
Spence L, Fauvel M, Petro R, Bloch S (1977) Comparison of counterimmunoelectrophoresis and 

electron microscopy for laboratoTY diagnosis of human reovirus-like agent-associated infantile 
gastroenteritis. J Clin Microbiol 5:248-249 

Spence L, Fauvel M, Petro R, Babiuk LA (1978) Comparison of rotavirus strains by hemagglutina
tion inhibition. Can J Microbiol 24:353-362 

Spencer E, Arias ML (1981) In vitro transcription catalyzed by heat-treated human rotavirus. J 
ViroI40:1-10 . 

Stair EL, Mebus CA, Twiehaus MJ, Underdahl NR (1973) Neonatal calf diarrhea. Electron micro
scopy of intestines infected with a reovirus-like agent. Vet PathoI1O:155-170 

Stannard LM, Schoub BD (1977) Observations on the morphology of two rotaviruses. J Gen Virol 
37:435-439 

Steinhoff MC (1980) Rotavirus: the first five years. J Pediatr 96:611-622 
Stuker G, Oshino LS, SchmidtNJ, Holmberg CA, Anderson JH, Glaser CA, HenricksonRV (1979) 

Virus detection in monkeys with diarrhea: the association of adenoviruses with diarrhea and 
the possible role of rotaviruses. Lab Anim Sci 29:610-616 

Stuker G, Oshino LS, Schmidt NJ (1980) Antigenic comparisons of two new rotaviruses from 
rhesus monkeys. J Clin Microbiol11:202-203 

Sugiyama K, Bishop DHL, Roy P (1982) Analysis of the genomes of bluetongue viruses recovered 
from different states of the United States and at different times. Am J EpidemioI115:332-347 

Suzuki H, Kutsuzawa T, Konno T, Ebina T, Ishida N (1981) Morphogenesis of human rotavirus 
type 2 Wa strain in MAI04 cells. Arch Virol 70:33-41 

Tallett S, MacKenzie C, Middleton P, Kerzner B, Hamilton R (1977) Clinical, laboratoTY and 
epidemiologic features of a viral gastroenteritis in infants and children. Pediatrics 60:217-222 

Tam JS, Szymanski MT, Middleton PJ, Petric M (1976) Studies on the particles of infantile gastro
enteritis virus (orbivirus group). Intervirology 7:181-191 

Tan JA, Schnagl R (1981) Inactivation of a rotavirus by disinfectants. Med J Aust 1:19-23 
Tektoff J, Dauvergne M, Soulebot JP, Durafour M (1980) Ultrastructural comparative study of 

rotavirus replication in cultured heterologous cells. In: Acres SD, Forman AJ, Fast H (eds) 
Proc 3rd int symp neonatal diarrhea. VIDO, Saskatoon, pp 49-63 

Theil KW, Bohl EH (1980) Porcine rotaviral infection of cell culture: effects of certain enzymes. 
Am J Vet Res 41:140-143 

Theil KW, Bohl EH, Agnes AG (1977) Cell culture propagation of porcine rotavirus (reovirus
like agent). Am J Vet Res 38:1765-1768 

Theil KW, Bohl EH, Cross RF, Kohler EM, Agnes AG (1978a) Pathogenesis of porcine rotaviral 
infection in experimentally inoculated gnotobiotic pigs. Am J Vet Res 39:213-220 

Theil KW, Bohl EH, Saif LJ (1978b) Techniques for rotaviral propagation. J Am Vet Med Assoc 
173:548-551 

Theil KW, McCloskey CM, SaifLJ, Redman DR, Bohl EH, Hancock DD, Kohler EM, Moorhead 
PD (1981) Rapid, simple method of preparing rotaviral double-stranded ribonucleic acid for 
analysis by polyacTYlamide gel electrophoresis. J Clin MicrobioI14:273-280 

Thomson HA, Dearlove J, Lewis I, Latham P, Birkin N, Keogh A (1981) Outbreak of rota virus 
gastroenteritis among premature infants. Br Med J 183:1405 

Thouless ME (1979) Rotavirus polypeptides. J Gen Virol44:187-197 
Thouless ME, BTYden AS, Flewett TH (1977a) Rotavirus neutralization by human milk. Br Med 

J 2:1390-1393 
Thouless ME, BTYden AS, Flewett TH, Woode GN, Bridger JC, Snodgrass DR, Herring JA (1977b) 

Serological relationships between rotaviruses from different species as studied by complement 
fixation and neutralization. Arch Virol 53:287-294 

Thouless ME, BTYden AS, Flewett TH (1978) Serotypes of human rotavirus. Lancet 1:39 
Thouless ME, Beards GM, Flewett TH (1982) Serotyping and subgrouping of rotavirus strains by 

the ELISA test. Arch Virol 73:219-230 
Todd D, McNulty MS (1976) Characterization of pig rotavirus RNA. J Gen ViroI33:147-150 
Todd D, McNulty MS (1977) Biochemical studies on a reovirus-like agent (rotavirus) from lambs. 

J Virol 21:1215-1218 



Rotaviruses: A Review 183 

Todd D, McNulty MS, Allan GM (1980) Polyacrylamide gel electrophoresis of avian rotavirus 
RNA. Arch Virol 63:87-97 

Torres-Medina A, Wyatt RG, Mebus CA, Underdahl NR, Kapikian AZ (1976) Diarrhea caused in 
gnotobiotic piglets by the reovirus-like agent of human infantile gastroenteritis. J Infect Dis 
133:22-27 

Tufvesson B, Johnsson T (1976a) Immunoelectroosmophoresis for detection of reo-like virus: 
methodology and comparison with electron microscopy. Acta Path Microbiol Scand [B] 
84:225-228 

Tufvesson B, Johnsson T (1976b) Occurrence of reo-like calf viruses in young children with acute 
gastroenteritis. Acta Path Microbiol Scand [B] 84:22-28 

Tufvesson B, Johnsson T, Persson B (1977) Family infections by reolike virus. Comparison of 
antibody titers by complement fixation and irnmunoelectroosmophoresis. Scand J Infect Dis 
9:257-261 

Tzipori S (1976) Human rotavirus in young dogs. Med J Aust 2:922-923 
Tzipori S, Caple IW, Butler R (1976) Isolation of a rotavirus from deer. Vet Rec 99:398 
Urasawa T, Urasawa S, Taniguchi K (1981) Sequential passages of human rotavirus in MA-104 

cells. Microbiol ImmunoI25:1025-1035 
Urasawa S, Urasawa T, Taniguchi K (1982) Three human rotavirus serotypes demonstrated by 

plaque neutralization of isolated strains. Infect Immun 38:781-784 
Urquidi V, Novo E, Esparza J (1981) Protein synthesis in cells infected with bovine rotavirus. J Gen 

Virol 53:363-369 
Van Renterghem L, Borre P, Tilleman J (1980) Rotavirus and other viruses in the stool of premat

ure babies. J Med Virol 5:137-142 
Verly E, Cohen J (1977) Demonstration of size variation of RNA segments between different 

isolates of calf rotavirus. J Gen Virol 35:583-586 
von Bonsdorff CH, Hovi T, Makela AP, Hovi L, Tevalvoto-Aarnio M (1976) Rotavirus associated 

with acute gastroenteritis in adults. Lancet 2:423 
von Bonsdorff CH, Hovi T, Makela P, Morttinen A (1978) Rotavirus infections in adults in asso

ciation with acute gastroenteritis. J Med Virol 2:21-28 
Walker-Smith J (1978) Rotavirus gastroenteritis. Arch Dis Child 53:355-362 
Watanabe H, Gust ID, Holmes IH (1978) Human rotavirus and its antibody: their coexistence in 

feces of infants. J Clin Microbiol 7:405-409 
Watanabe H, Holmes IH (1977) Filter paper solid-phase radioimmunoassay for human rotavirus 

surface immunoglobulins. J Clin Microbiol 6:319-324 
Webster RG, Laver WG (1980) Antigenic variation of influenza viruses. In: Kilbourne ED (ed) 

The influenza viruses and influenza. Academic, New York, pp 270-314 
Welch AB (1971) Purification, morphology and partial characterization of a reovirus-like agent 

associated with neonatal calf diarrhoea. Can J Comp Med 35:195-202 
Welch AB, Thompson TL (1973) Physicochemical characterization of a neonatal calf diarrhoea 

virus. Can J Comp Med 37:295-301 
Welch AB, Twiehaus MJ (1973) Cell culture studies of a neonatal calf diarrhoea virus. Can J Comp 

Med 37:287-294 
Wells PW, Snodgrass DR, Herring JA, Dawson AM (1978) Antibody titres to lamb rotavirus in 

colostrum and milk of vaccinated ewes. Vet Rec 103:46-48 
Wenman WM, Hinde D, Feltham S, Gurwith M (1979) Rotavirus infection in adults. Results of 

prospective family study. N Engl J Med 301:303-306 
Wolf JL, Cukor G, Blacklow NR, Dambrauskas R, Trier JS (1981) Susceptibility of mice to rotavirus 

infection: effects of age and administration of corticosteroids. Infect Immun 33:565-574 
Woode GN (1978) Epizootiology of bovine rotavirus infection. VetRec 103:44-46 
Woode GN, Bridger JC (1975) Viral enteritis of calves. Vet Rec 96:85-88 
Woode GN, Bridger JC, Hall GA, Dennis MJ (1974) The isolation of a reovirus-like agent asso

ciated with diarrhoea in colostrum-deprived calves in Great Britain. Res Vet Sci 16:102-105 
W oode GN, Jones J, Bridger J C (1975) Levels of colostral antibodies against neonatal calf diarrhoea 

virus. Vet Rec 97:148-149 
Woode GN, Bridger J, Hall GA, Jones JM, Jackson G (1976a) The isolation of reovirus-like agents 

(rotaviruses) from acute gastroenteritis of piglets. J Med Microbiol 9:203-209 



184 M.K Estes et al. 

Woode GN, Bridger JC, Jones JM, Flewett TH, Bryden AS, Davies HA, White GBB (1976b) 
Morphological and antigenic relationships between viruses (rotaviruses) from acute gastro
enteritis of children, calves, piglets, mice, and foals. Infect Immun 14:804-810 

World Health Organization (1980) Rotavirus and other viral diarrhoeas. Bull WHO 58:183-198 
Wyatt RG, Kapikian AZ, Thornhill TS, Sereno MM, Kim HW, Chanock RM (1974) In vitro 

cultivation in human fetal intestinal organ culture of a reovirus-like agent associated with 
nonbacterial gastroenteritis in infants and children. J Infect Dis 130:523-528 

Wyatt RG, Gill VW, Sereno MM, Kalica AR, VanKirk DH, Chanock RM, Kapikian AZ (1976a) 
Probable in-vitro cultivation of human reovirus-like agent of infantile diarrhoea. Lancet 
1:98-99 

WyattRG, Sly GL, London WT, Palmer AE, KalicaAR, VanKirk DH, Chanock RM, Kapikian AZ 
(1976b) Induction of diarrhea in colostrum-deprived newborn rhesus monkeys with the human 
reovirus-like agent of infantile gastroenteritis. Arch ViroI50:17-27 

Wyatt RG, James WD, Boh! EH, Theil KW, Saif LJ, Kalica AR, Greenberg HB, Kapikian AZ, 
Chanock RM (1980) Human rotavirus type 2: cultivation in vitro. Science 207:189-191 

Wyatt RG, Greenberg HB, James WD, Pittman AL, Kalica AR, Flores J, Chanock RM, Kapikian 
AZ (1982) Definition of human rotavirus serotypes by plaque reduction assay. Infect Immun 
37:110-115 

Yolken RH, Leister FJ (1981) Evaluation of enzyme immunoassays for the detection of human 
rotavirus. J Infect Dis 144:379 

Yolken RH, Stopa PJ (1979) Enzyme-linked fluorescence assay: ultrasensitive solid-phase assay for 
detection of human rotavirus. J Clin MicrobiollO:317-321 

Yolken RH, Kim HW, Clem T, Wyatt RG, Kalica AR, Chanock RM, Kapikian AZ (1977a) 
Enzyme-linked immunosorbent assay (ELISA) for detection of human reovirus-like agent of 
infantile gastroenteritis. Lancet 2:263-267 

Yolken RH, Wyatt RG, Kalica AR, Kim HW, Brandt CD, ParrottRH, Kapikian AZ, Chanock RM 
(1977b) Use of a free viral immunofluorescence assay to detect human reovirus-like agent in 
human stools. Infect Immun 16:467-470 

Yolken RH, Barbour BA, WyattRG, Kapikian AZ (1978a) Immune response to rotaviral infection
measurement by enzyme immunoassay. J Am Vet Med Assoc 173:552-554 

Yolken RH, Barbour B, Wyatt RG, Kalica AR, Kapikian AZ, Chanock RM (1978b) Enzyme
linked immunosorbent assay for identification of rotaviruses from different animal species. 
Science 201:259-262 

Yolken RH, Wyatt RG, Barbour BA, Kim HW, Kapikian AZ, Chanock RM (1978c) Measure
ment of rotavirus antibody by an enzyme-linked immunosorbent assay blocking assay. J Clin 
MicrobioI8:283-287 

Y olken RH, Wyatt RG, Mata L, Urrutia JJ, Garcia B, Chanock RM, Kapikian AZ (1978d) Secretory 
antibody directed against rotavirus in human milk - measurement by means of enzyme-linked 
immunosorbent assay. J Pediatr 93:916-921 

Yolken RH, Wyatt RG, Zissis G, Brandt CD, Rodriguez WJ, Kim HW, Parrott RH, Urrutia JJ, 
Mata L, Greenberg HB, Kapikian AZ, Chanock RM (1978e) Epidemiology of human rotavirus 
types 1 and 2 as studied by enzyme-linked immunosorbent assay. N Engl J Med 299:1156-1161 

Yo1ken RH, Bishop CA, Townsend TR, Bolyard EA, Bartlett J, Santos GW, Saral R (1982) 
Infectious gastroenteritis in bone-marrow-transplant recipients. N Engl J Med 306:1009-1012 

Zahorsky J (1929) Hyperemesis hiemis, or the winter vomiting disease. Arch Pediatr 46:391-395 
Zissis G, Lambert JP (1978) Different serotypes of human rotavirus. Lancet 1:38-39 
Zissis G, Lambert JP (1980) Enzyme-linked immunosorbent assays adapted for serotyping of 

human rotavirus strains. J Clin Microbiol11:1-5 
Zissis G, Lambert JP, Fonteyne J, De Kegel D (1976) Child-mother transmission of rotavirus? 

Lancet 1:96 
Zissis G, Lambert JP, De Kegel D (1978) Routine diagnosis of human rotaviruses in stools. J Clin 

PathoI31:175-178 


