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Introduction 

This review concerns a group of viruses causing acute gastroenteritis in young 
animals of various species. All members of the group share a common morphology 
differing, at least in detail, from other somewhat similar viruses. Other properties 
will be detailed below. The name 'Rotavirus'  has been suggested for this group 
(41). The name 'Duovirus' has also been advanced (31). Some people still refer to 
them as 'reovirus-like agents' (56, 60), and some call them 'infantile gastroenferitis 
virus (orbivirus group)' (100). Most authors now use the name 'rotavirusq For 
convenience we shall use the name 'rotavirus' but bearing in mind that no official 
designation of a name for this group has yet been made, and that no decision on 
its taxonomic status has been declared. We have tried to refer to at least the 
majority of important publications, but are well aware that some may have been 
missed and hope their authors, and the reader, will forgive us. 

Historical 

Epizootie Diarrhoea o~ In~ant Mice (EDIM) 
Outbreaks of acute diarrhoea of suckling mice were reported from several 

quarters in the United States before 1944, but had never been well characterized. 
SYv]~TO~¢ and OLITS~:Y (124) described one such in the Rockefeller Institute, but  
ascribed it to Salmonella infection. A very similar outbreak occurred in the animal 
stock of the Harvard Medical School in 1944. This time bacteriological investiga- 
tions revealed occasional Salmonella infections; but the distribution of isolations 
did not support the thesis that  these organisms were responsible for the outbreak. 
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The infection was apparent.iv introduced by an animal a t tendant  who had worked 
in another establishment where suckling mice were similarly afflicted. These 
events, the course of disease in the mice, and the appearance of cytoplasmic and 
also intranuclear inclusions were described in detail (26, 27, 97, 98, 99). Intranuclear 
inclusions were observed only in one batch of mice; but cytoplasmic inclusions 
appeared to be related to the disease (98), and were found only in the epithelium 
of the small intestine. 

The disease appeared to be seasonal, occurring mainly in the autumn and early 
winter. Infection could be transmitted by feeding a collodion membrane filtrate 
of intestinal suspension. The disease first appeared between the 10th and 15th days 
of life, but sometimes as early as the third day. A yellowish watery diarrhoea 
appeared ; mice usually recovered in a few days ; death when it oecurred was often 
due to impaction of hardened faeces in the rectum. 

L~ZB]~T~r KRAFT, in a series of investigations over several years (2, 61, 62) 
established that  the disease was caused by  a rather heat-resistant virus, was 
highly infectious, and had an incubation period from 40 hours to 10 days. The 
virus was ether-resistant and was 65--75 nm in diameter, by its filtration end- 
point. I t  was different from reovirus type 3 and also from another mouse virus 
LIVIM (lethal intestinal virus of infant mice), which was ethersensitive, more 
sensitive to heat, and caused syncytial lesions in alimentary tracts of infected 
animals. In  an important  paper, ADA~IS and KRAFT (3) showed, from an electron 
microscopic s tudy of sections of mouse small bowel: i) that  the EDIM virus 
replication was entirely cytoplasmic, ii) that  virus particles were 'budded'  from 
areas of 'viroplasm' into dilated endoplasmie vesicles where they were present 
in large numbers, iii) infected cells were shed, or burst into, the intestinal lumen, 
liberating very large numbers of virus particles, iv) that  the cells affected were those 
on the sides and tips of the villi, cells in the crypts being spared. They observed 
tha t  some, but  not all, virus particles appeared to be surrounded by a membrane, 
and also that  elongated forms were present. They also noted tha t  the epithelial 
brush border appeared intact in the early stages, but became short, thick and 
irregular in the more severely infected cells. 

Confirming and extending these findings, BANFIEnD et al. (6) illustrated long 
tubular forms of the virus in thin sections of infected mouse gut, with an apparent ly 
helical structure on some. They observed that  the EDII~{ virus did not conform 
precisely to patterns of intracellular growth set by  other known cytoplasmic 
viruses, but that  it most closely resembled the reoviruses. 

No one had yet succeeded in isolating the virus in conventional tissue culture; 
RUBE~-STEIN et al. (106) succeeded in taking the virus through three passages in 
organ cultures of mouse ileum and two passages in organ cultures of caecum, though 
all a t tempts  at culture in mouse fibroblast monolayers failed. Somewhat surpris- 
ingly, a t tempts  at isolation in organ cultures of mouse duodenum were also 
unsuccessful, l~IucJ~ and ZAJAK (88) characterized the virus further, establishing 
that  it contained RNA and had a eapsid resembling that  of the btuetongue virus 
without its outer layer. They did not, however, illustrate forms of the virus with 
an outer capsid layer. They confirmed that  the virus was very stable on storage 
and fairly acid-resistant; but found that  it was less stable when carefully washed 
free of adventitious protein. 
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The 'SA. 11' and '0' Viruses 

The SA. i 1 virus was isolated in 1958 from a rectal swab from a vervet  monkey 
(73). This virus produced eosinophilie inclusions in pr imary vervet  monkey 
kidney tissue culture, and on further passages a cytopathic effect developed at  
5- -8  days after inoculation. A similar virus, giving rise to a rather slower cytopathic 
effect in vervet  monkey kidney cells, also with cytoplasmic eosinophilic inclusions, 
was isolated on five occasions from pooled filtered washings of cattle and sheep 
intestines from the Johannesburg municipal abattoir.  This virus could not  be 
isolated in calf or lamb kidney tissue cultures and its species of origin is so far 
unknown, because pigs and equines were also slaughtered in this abattoir.  These 
viruses (grown in tissue caltures) were shown to be morphologically identical, 
having a sharply defined outer capsid layer covering an inner capsid layer re- 
sembling tha t  of bluetongue virus (35). Virus particles were often invested with 
envelopes derived from cell membranes.  These viruses were found to be resistant 
to p H  4, but were slowly inactivated at p H 3  (63). These viruses were not isolated 
~rom diseased animals; but  the SA. 11 virus, though never tested in monkeys, has 
induced dian'hoea in young calves and gnotobiotie piglets (105). 

Viruses in Bovine Diarrhoea 

The :Neonatal Calf Diarrhoea Virus 

Epizootic (or Enzootic) diarrhoea of new-born calves has for centuries been 
a plague of stockbreeders. The disease at tacks calves within four or five days of 
birth, causing at  times a heavy mortal i ty;  30 per cent loss is not, uncommon. 
Although Escherichia coli has sometimes been incriminated, it has for long been 
clear that  it has not been the usual cause. At tempts  at  experimental transmission 
had been made from time to time, but these had given equivocal results, probably 
because the virus, as will be seen, is ubiquitous in high titre on infected farms, 
so that  controls as well as inoculated animals were liable to go down with the 
infection. [A virus called 'bovine viral diarrhoea virus' (BVD) has been k n o ~  for 
some time; this is a togavirus which sometimes does cause diarrhoea in adult 
cattle; but it has nothing to do with epizootic diarrhoea of calves. I ts  name is 
misleading and confuses those not well acquainted with the veterinary literature]. 

Unequivocal success came fl'om the use of gnotobiotic animals. MEBUS and 
his colleagues (77) first succeeded in transmitt ing infection by  inoculating calves 
by intraduodenaI tube with bacterium-free filtrates of diarrhoeal faeces. In  later 
experiments calves were successfully infected by  ordinary feeding. Animals develop- 
ed diarrhoea usually within 24--48 hours; sometimes as early as 14--22 hours 
after inoculation. Virus particles 65 nm in diameter were found in large numbers 
in the faeces of infected animals (37). Cells in faeces could be stained by immuno- 
fluorescence. This method was found applicable to diagnosis of field outbreaks 
in infected herds. Virus, described as reovirus-like, was only twice isolated and 
adapted to continuous subculture in tissue cultures of bovine embryo kidney 
after many  a t tempts  (37, 78, t39). 

This work was confirmed in England where two strains were adapted to 
tissue culture (t5, i42), and more recently in other parts  of the world. Another 
strain was adapted in :N. Ireland (68). 

1" 
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H u m a n  Diarrhoea Viruses 
As with calf diarrhoea, most bacteriological investigations of acute infectious 

diarrhoea in young children gave negative results. Early experimental trans- 
missions to volunteers using bacterium-free filtrates ha, re  been reviewed by  
FI~EWETT (46). 

LIGHT and HODES (66) transmitted diarrhoea to calves using filtrates of 
human faeces in 1943; but  others failed to confirm these results. I t  is, however, 
now known that  rotavitsdses were present in their material  (80). 

Although a small (28 nm) virus had been recovered from outbreaks of 'winter 
vomiting disease' in school children and adults by  oral infection of adult volunteers 
(the 'NorwMk' agent) (58), this virus did not seem to be implicated to any great 
extent in most cases of acute infectious gastroenteritis of young children. 

In  the early days of virology, workers on human, animal, insect and plant 
viruses were all acquainted with each other - -  at any rate in England - -  and knew 
each other 's work. But  with proliferation of laboratories, diversification of 
interests, and multiplication of journals, this happy state has not existed for some 
time. Oblivious of the work of Mebus and his colleagues in Nebraska or not appre- 
ciating its importance, groups in Birmingham, Melbourne and Toronto were 
independently searching for virus particles in faeces or intestinal biopsies. 

BISHOP st al. in Melbourne (9) took duodenal biopsies from young children 
with acute gastroenteritis and cut ultrathin sections. By  electron microscopy they 
found dilated cytoplasmic vesicles containing large numbers of virus particles; 
these particles appeared to be budding into the vesicles from areas of 'viroplasm' 
in the cytoplasm. Because these particles resembled orbiviruses both in size and 
in their intraeellular habit, BISIgOP eta[. suggested that  they might be orbiviruses. 

FLEWETT et al. (40) examined extracts of faeces from young children by  electron 
microscopy using negative staining and found that  in about half of these large 
numbers of virus particles were present. In  faeces of "~eontrol' children these 
particles were not present. FLEWET~ et al. (40) illustrated particles with a double- 
layered eapsid and a clearly defined rim. BIs:no:s et al. (10) confirmed the finding 
of virus in faeces, and Sczus:i and K o ~ o  (123) confirmed the Melbourne work 
on electron microscopy of thin-sectioned biopsies. 

MIDDL~TON et al. (83) in Toronto had also been finding similar viruses in faeces, 
but. also ia duodenal aspirates and biopsies. Using frozen sections of biopsies they 
were able to test sera for the presence of antibody by  the indirect fluorescent anti- 
body method, and show that  fluorescence could be found in intestinal cells distal 
to the nucleus. Most adults had antibodies. However, one volunteer did not;  he 
was successfully infected when a filtrate of faeces from a patient  was introduced 
by tube into his duodenum, although at tempts  to infect him orally were unsueeess- 
fuh Further work from many centres has since confirmed that  a large propoltion 
of eases of acute gastroenteritis in young children are apparently caused by  infec- 
tion with these viruses (18, 23, 29, 30, 31, 43, 44, 50, 54% 60, 67, 92, 93, 107, 110, 
111, 113, 115, t26, 140). 

gotaviruses are apparently implicated in diarrhoea in about 25 per cent of 
eases under 1 year old; about 60 per cent between the age of 1 and 3; and 20 to 
40 per cent between age 4 and 6 (7, 31,125, 93, 18, 43, 56, 58, 59) and occasionally 
in older children (49). 
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The incubation period in infants appears to be about 24 hours, with frank 
diarrhoea after 48 hours. Maximum particle counts of virus are found in the faeces 
from the 3rd to the 5th day after onset. Shedding of virus is very small or absent 
after the 8th day;  but  rarely a child may  continue to excrete virus for a month. 
This, however, does not indicate a severe infection; such patients have often had 
a mild disease (44). Particle counts in faeces are usually high, 109 particles/g 
faeces being usual, and counts of 1011 have been recorded. Virus excretion without 
symptoms has been described in outbreaks of infection in hospital nurseries (4, 11, 
22, 24, 133). 

Clinical Features of R,otavirus Infection in Children 

The clinical features have been described in general (31, 46, 115). Ca~t~ et al. 
(25) described 100 consecutive eases admitted to hospital, all confirmed by electron 
microscopy of faeces. Initially, all were febrile, with temperatures up to 40 ° C; 
36 presented with diarrhoea, 58 with vomiting, and diarrhoea with vomiting in 4. 
Two patients had vomiting only, without any diarrhoea. A seareh for rotaviruses 
in throat  swabs of 20 woved  negative. In  6 eases infection was complicated by  
enteropathic Escherichia cell infection. These suffered a much more prolonged 
illness, remaining febrile for more than a week. In  another series of 32 eases (115) 
the one child with concomitant E. cell infection was the most seriously ill. 

Simila.r Viruses in Other Species 

Infectious diarrhoea has been studied in piglets (65, 69, 146) foals (45), lambs 
(116), rabbits (20), deer (135), and pronghorn antelope (103). In  diarrhoeal faeces 
from all of these animals virus particles morphologically indistinguishable from the 
viruses of calves, monkeys, childien and mice, have been found in large numbers. 
I t  seems likely, therefore, that  similar viruses may  well be found in faeces of the 
young of other species of mammals  by  anyone who cures to look for them. 

Relationship Between Viruses of Di//erent Species 

Prompted by an unpublished report from Professor Mebus' laboratory in 
Nebraska that  some workers had antibodies to the calf virus, a comparative 
investigation of the calf and human viruses was undertaken jointly between a 
veterinary and a medical laboratory (41). This showed that  Mthough both human 
and bovine convalescent sera reacted readily by immunof]uoreseence with tissue 
cultures infected with calf virus, human sera possessed tow or undetectuble titres 
of neutralizing ant ibody for the calf virus; whereas calf sera had high neutralizing 
antibody levels. By  electron microscopy, antibodies in human convalescent sera 
could be seen adhering to and agglutinating both the human and the call virus 
particles. Particles whose outer capsid layer was intact and also particles which 
had lost the outer eapsid layer were agglutinated. Calf convalescent sera reacted 
similarly with the calf virus, but  only agglutinated human virus particles without 
their outer eapsid layer. 

Because the morphology of the viruses differed clearly from tha t  of the reo- 
viruses, and also from the orbiviruses in tha t  these do not possess a clearly defined 
outer eapsid layer as seen in the electron microscope, FLEWETT et al. (41) suggested 
tha t  these diarrhoea viruses were in a group separate from the reoviruses and the 
orbiviruses, and suggested the name 'rotavirus'  for the new group. The name is 
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derived from the Latin rota, a wheel, because the complete virions in electron 
mierographs look like little wheels, having a wide hub with short spokes and a 
thin, clearly defined circular rim. 

The word ROTA appeared in an ancient anagram, inscribed on a pillar 
discovered at  the excavation of Pompeii: 

g O T A S  
OPERA 
T E N E T  
AREPO 
SATOR 

Other Serological Reactions Between Rotaviruses 

Complement Fixation Tests (CFT) 

Complement fixing antigens can be made from any source of virus; some 
have used faeces from infected children or animals (t15, I47) or from infected 
tissue cultures (55, 147), or from homogenized small bowel of mice infected with 
the EDIM virus (38). Nevertheless, no group of workers has been able by CFT 
to distinguish between rotaviruses h'om different species; WooI)~ et al. (147) 
found tha t  they all cross-reacted to titre so that  no distinction could be made;  
this was clearly evident if each antigen was t i trated at the dilution found optimal 
for each particular serum. 

Radial gel diffusion tests, using as antigens ultraeentrifuged concentrates of 
faeces, and antisera from convalescent children and animals, have been made (47, 
147); these revealed a single strong line common to all the rotaviruses and giving 
a 'reaction of identity '  between all of them. 

Methods of Deteetinfl Rotavirus in Faeces 
t~otavirus particles can usually be found without much difficulty using a 

simple procedure of differential centrifugation to concentrate them, followed by 
negative staining (92, 40, 42, 19). Some workers centrifuge through a sucrose 
gradient [e.g. BIS~IOt" et a/. (10)] to get 'cleaner' particles; we ourselves find this 
unnecessary except for occasional specimens : calf and pig faeces tend to be 'dirtier'  
than those of children and most other animals. Often particles are present in such 
numbers in faeces that  they can be detected by  direct electron microscopy of 
untreated faeces using a simple washing and staining method (39). 

However, examination of a large number of specimens by  electron microscopy 
(EM) is costly in t ime and equipment, and other methods have been explored. 
GRAUBALLE (47), SPENCE et al. (120), ~IIDDLETON et al. (85), BII~CI~ et al. (8) and 
Tu~rvEsso~ and JogNssoN (134) have employed counter-current immunoeleetro- 
osmophoresis to detect antigen in faeces. Although some (47) find the :method more 
sensitive than  EM provided that  a sufficiently avid serum is used, most find 
it either about as good (134) or somewhat less sensitive (85). The method certainly 
does enable large numbers of specimens to be examined rapidly. 

Others have used extracts of faeces as antigen in a complement fixation test  
(54, 115, 152). I t  is claimed that  'dry-cleaning' of faeces with fluorocarbons and 
careful differential centrifugation removes anticomplementary effects. Zlssls (152) 
claims tha t  the method is more sensitive than EM. 



The l~otaviruses 7 

Radioimmunoassay (R~IA) (86) and enzyme-linked immunoabsorbent assay 
(ELISA) test (108) have been applied to detection of human and calf rot~viruses 
respectively. Both groups claim that  the method is at  least as sensitive, and prob- 
ably more sensitive than electron microscopy in detecting virus; but "it was 
difficult to be certain of a positive I~IA diagnosis when the EM diagnosis was 
negative" (86). 

Immunofluoreseence has been used to stain cells or cell debris excreted in 
faeces from infected calves (77, 78), but non-specific staining has deterred many 
Irom applying the method to human faeces. However, YOLKEN et al. (151) have 
shown that  it can be done if virus antigen is first separated by immune precipita- 
tions. The method is somewhat laborious and seems unlikely to compete with 
easier techniques. 

Diagnosis by Isolation in Cell Culture 

The reluctance of rotaviruses to grow in tissue culture has prevented the use 
of this method until recently (4, 149, 70). BA~ATVALA et al. (5) found that centrifuga- 
tion of human faecal rotavirus samples on to preformed cell monolayers made 
the cells much more susceptible to infection, detectable by immunofluorescent 
staining. BR¥])E~" et al. (21) developed this discovery by the use of microtitre 
plates which allowed a large number of samples to be tested readily, with a sensitiv- 
i ty (in LLC MK2 cells) almost as great as that  of EM.  The method had the 
further advantage that  infectivity could be ti trated by counting the fluorescing 
infected cells as the virus did not spread from cell to cell. 

In contrast to the difficulty of infecting cell cultures with the human rotavirus, 
rotaviruses isolated from calves, pigs, lambs and foals readily infect kidney cell 
cultures, primary or cell lines, prepared from calves, pigs, sheep and monkeys, 
using the methods described by WELCH et al. (139), WooD~ et al. (142) and BRIDGn~ 
and WOODE (15). These authors found that  the cell culture technique was as 
sensitive as EM and could be performed with flying cover slip cultures or micro- 
titre-plate cultures, without the requirement for centrifugation. However, 
centrifugation increases the infectivity of these viruses also for tissue cultures. 
This technique is dependent, as are the techniques described above for antigen 
detection, on the monospecificity of the antiserum. Viruses have been discovered 
in faeces from calves with diarrhoea which produce a similar effect in cell culture, 
but are morphologically and antigenieally different from rotaviruses, being 
approximately 30 nm in diameter. 

Pathology and Pathoflenesis 

Little is known of the histopathology of human rotavirus infections. Histology 
of the bowel taken at autopsy is not  worth much; available information is derived 
mainly from biopsy studies of duodenum or upper jejunum. The epithelium on 
the sides and tips of the villi is invaded by the virus. This has been demonstrated 
by electron microscopy of thin sections (9, 51, 123) and by immunofluorescent 
staining of biopsy material (32, 83) and of experimentally infected organ cultures 
of small intestine (148). 

In the experimentally infected calf and pig and monkey detailed studies have 
been made (48, 80, 122, 150). Virus was demonstrable in the cytoplasm of the 
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brush-bordered epithelial cells throughout the small intestine; the lower par t  
being affected later than the upper. Foei of 'viroplasm' were found in the cytoplasm, 
sometimes with virus particles apparently being formed within them. Clusters of 
particles occurred in dilated sacs of endoplasmic reticulum. The mierovilli of 
the brush border, morphologicMiy intact, in tile earliest stages, became shortened 
and ragged or disappeared completely. Cytoplasmic blebs protruded from the 
plasma membranes of some cells into the lumen. Scanning electron microscopy 
(82) showed villi shorter and broader than normal, with rounded epithelial cells 
upon them. 

Cells on the sides and tips of the villi were most affected; ceils in the crypts 
eontMned no detectable virus. In  small bowel cells of mice infected with the EDIM 
virus similar changes were found (2, 6). In  addition to spherical particles, f i l ament  
ous forms were seen, possibly corresponding to the tubules of eapsid protein fre- 
quently found in negatively stained preparations of mouse rotavirus (2, 38, 51), 
though found but rarely in human rotavirus preparations (43). 

Similar cytoplasmic changes have been found in tissue cultures infected with 
a tissue culture adapted strain of the calf virus (71) and in cells infected with the 
SA. 11 monkey virus (63). 

In  the experimentMly infected calf and pig, killed at the height of disease, 
the intestinal damage was often severe, with almost, complete destruction of the 
villi in some areas. But  regeneration in surviving animals was very rapid; the 
intestinal structure returned almost to normal about 8 - - t 0  days after the onset. 

Fatal  cases--somet imes the mortal i ty in farm outbreaks has been 30 to 
40 per c e n t - - d o  happen in the field. The virus may  also be lethal in the gnotobiotic 
animal; filtrates of faeces in dilutions up to 10 .7 have infected gnotobiotic piglets 
with 30 per cent mortal i ty (146). 

A Mechanism o/Diarrhoea 
Infection of the bluish-bordered epithelium destroys the cells which synthesise 

disaccharidases. Lack of these enzymes causes lactose or other disaccharides to 
remain in the lumen o~ the b o w e l - o n l y  monosaccharides are absorbed by the 
heMthy bowe l - - and  so causes an osmotic drain, attracting body fluid into the 
bowel lumen (46). Absorption of xylose is also impaired (76); this test  is much 
used by paediatricians as an index of upper small bowel function, The persistence 
of the lactose is the main cause of the diarrhoea; stopping milk or other disaccharide 
source and giving water, or better, dilute electrolyte solution, usually stops the 
diarrhoea dramatically, both in infants and animals. As xylose and glucose are 
absorbed by the same pathway, glucose in excess can also make diarrhoea worse. 
The effect is compounded because bacteria in the colon break down glucose and 
lactose into short-chain acids (up to 6/tool of lactose) thus greatly increasing the 
osmolarity of the colon contents. 

Cetaceae (whales, dolphins, etc.) have practicMly no lactose in their milk; it 
will be interesting to learn whether they suffer from rotavirus infection and, if so, 
whether this causes diarrhoea in their young. 

Immurdty in Man 

Various studies (12, 32, 33, 55, 87, 94) have shown that  antibodies, mMnly 
IgS{, appear very rapidly; IgG soon replaces the IgS~[. Over 90 per cent of children 
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have antibodies by  the age of 6 ; CF antibodies diminished rapidly after infection 
(34, 58), but neutralizing (NT) and immunofluorescence (FA) antibodies reached 
their highest average levels at 6 years of age and thereafter diminished gradually 
until by  the age of 80 antibodies were often not detectable by  FA, though NT 
antibodies could still be de tec ted--because  the N test is more sensitive than FA. 
The progressive decline of ant ibody levels with age suggests that  reinfeetions 
either are not common or do not boost serum antibody levels. Reinfection occurred 
in two adults in contact with infected children (95). The adults both had antibodies 
before becoming infected, but the levels were boosted by  their reinfection. 

Antibodies are transmitted across the placenta and can be detected in infants 

in the first weeks of life by FA and NT. Subclinical rotavirus infections have been 
reported from hospital nurseries (11, 28, 72) ; it may  be that  circulating antibodies 
are, at  this age, protective, but the weight of evidence from observation of rota- 
virus infection in animals is against this (118, 143, 119). 

Immunity in Animal8 

In  one survey in the U.K. 80 per cent of outbreaks of calf diarrhoea were 
associated with rotavirus infection and from 66 per cent of the faecal samples 
received rotavirus was isolated (145). Fifty-nine herds of cattle, distributed 
throughout the U.K. and Northern Ireland, most with a history of diarrhoea 
incidence, were serologically positive for rotavirus infection. 

Two farm herds have been studied in detail. The serum neutralizing titres of 
yearling and adult cattle to calf rotavirus were determined. 44 out of 445 had 
titres of 40 or less and 260/445 had titres of 320 or greater, these two extremes 
representing high and low levels of immunity.  Thus an important  proportion 
of animals, including adults, may  well be susceptible to infection and unable to 
provide passive protection for their young. [A similar situation appears to obtain 
in the human (127).] 

In  Canada, 237/300 cattle from 29/30 herds had rotavirus ant ibody (Babiuk 
and Acres, personal communication). The source of virus for outbreaks of diarrhoea 
is not known, but wild animals and human contacts are possible sources. However, 
rotavirus excretion from adult cattle (141) and adult humans (13, 152) has been 
reported, and many  outbreaks in calves can be associated with diarrhoea in an 
occasional cow. 

Although rotavirus infection can cause clinical illness at all ages, it is most 
severe in calves of Jess than seven weeks of age, and commonly occurs within the 
first 7 days of life. Passive protection afforded by  colostrum has limited value 
and vaccination of the dam has not resulted in much improvement,  although 
early results suggested this might be advantageous (79, 143, 118, 119): 

An at tenuated vaccine has been developed in the U.S.A. from the Nebraska 
isolate which gives good protection under experimental and trial conditions (79), 
but  requires seven days between vaccination and challenge for protection to 
develop against the U.K. rotavirus isolate (WooDs, unpublished). However, under 
strictly controlled vaccination trials this vaccine has shown little protection 
against incidence of calf diarrhoea (1, 89). The failure to protect calves may  be 
due to numbers of aetiological causes, as ACRss and RADOSTITS (1) suggest; 
perhaps due to interference ~dth the vaccine virus by colostraI antibody, or to the 
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overwhelming challenge dose calves receive if exposed to diarrhoeic faeces from 
other calves. Thus in sequential vaccine trials, in contrast to double blind trials, 
T~u~B~R et al. (129) claimed that  protection could only be achieved when all 
calves were vaccinated. 

The recognition that  rotavirus isolates from naturally infected animals of 
one species are poorly neutralized by convalescent sera from animMs of other 
species, has introduced a new dimension into the problem (128). Woode (unpublish- 
ed) has found that  there is limited cross protection in calves and pigs between 
human, calf, pig and foal rotaviruses. As evidence of calf type rotavirus in pigs 
has been reported (146), it is probable that  humans and other mammals  may 
sometimes be infected naturally with a variety of antigenically different torn- 
viruses (16, 80, 150). 

Subclinical In/ections 

Subclinical infections have been recorded (144). In  an a t tempt  to investigate 
this WOODE studied seroconversion in weaned pigs on a farm both during severe 
epidemics of rotavirus associated diarrhoea and during periods when no disease 
occurred. At both times 85 per cent of litter groups sero-converted between wean- 
ing at 5 weeks of age and three weeks later. The rotavirus isolated from diseased 
pigs was shown to be pathogenic, but no isolate was obtained from pigs sero- 
converting without disease (WooDE, unpublished). Subclinical infection can occur 
when calves and lambs are protected by colostral antibody in the gut lumen (118, 
143), but probably not by  antibody in milk. I t  appears probable that  the pigs 
were infected with avirulent strains of rotavirns, perhaps derived from man or 
some other animal (16, 141). Pig and calf rotaviruses isolated in the U.K. are 
virulent to gnotobiotic piglets, resulting in death if fed within a day of birth. 
If  given at 7 days of age these viruses cause a 25 per cent toss of body weight, 
but a tow mortality. In  contrast, unlike the findings of M~Bus et al. (81, 132) 
in the U.S.A., U.K. isolates of lamb, foal and human, rotavirus multiply without 
causing clinical disease in pigs, although the lamb and foal isolates caused disease 
in lambs and a foal (116, 117, 144). 

Characterization of Rotaviruses 

Rotavirus Morphology 

The diameter of the complete virion has been estimated by different authors 
to be between 65 (147) and 70--75 mn (51); intermediate estimates were 72 (35) 
for the SA. 11 and '0' viruses; MANTIS et al. (74) estimated 70 nm; PAL~E~ et al. 
(96) estimated 67--68 rim. As the spherical virus particles become flattened to 
some extent when drying down in the negative s t a in - - th i s  can easily be seen 
with the aid of a eucentric goniometer s t a g e - - t h e  estimates from different 
laboratories correspond remarkably closely. The following description is based on 
M~:aTI~- et al. and PALMER et al. (74, 96). 

ikround an icosahedral core bounded by  a thin membrane are at tached radially 
arranged capsomeric subunits forming an inner capsid layer. These can be detached 
by trypsin, but not by chymotrypsin, which removes reovirus capsomeres. These 
subunits are believed to be wedgeshaped trimers arranged so as to make 180 units, 
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each of 3 components. On the structural level, the particle follows the structure of 
T = 9 ieosadeltahedron; but  in the clustering of these units into 32 capsomeres (or 
'megameres') it conforms to a T = 3 morphology. Surmounting the inner layer 
of sub-units is an outer layer which gives in negatively stained preparations the 
appearance of a smooth rim on the ends of 20 short spokes radiating from a wide hub. 

In their interpretation of the morphology of the subunits in the outer eapsid 
layer PALMER et al. (96) differ from li'LEWJ~TT et al. (43). I t  seems unlikely that  
precise details of the structure of the subunits can be established until these are 
isolated in an identifiable form und perhaps crystallized. There is a limit to what 
can be deduced from negatively stained whole virions, especially as the outer layer 
is susceptible to d~mage by the electron beam (Flewett, Davies and Sheldon, 
unpublished observations) ; perhaps because this layer contains glycoproteins (105). 

The density of the human virus was 1.36--1.38 (57). 

Relationship o/ Morphology to In/ectivity 

The presence of the outer capsid layer appears to be necessary for infectivity. 
BRIDGER and WOODE (17) separated calf virus particles with intact outer capsid 
layers ('smooth' particles) from those lacking the outer capsid layer ('rough') 
particles by centrifugation in a CsC1 gradient. The 'smooths' banded at density 
1.36 g/rot and the 'roughs' at t.38 g/m]. The particle/infectivity ratio was about 
1000-fold higher for the smooth than the rough. ELIAS (33) found similar densities 
and infectivity ratios for the human virus. But  because it was not possible com- 
pletely to free the 'rough' fraction from 'smooth' particles, it could not be deter- 
mined whether the 'rough' particles had a very low infectivity or none at all. 

Rotavirus R N A  

Several groups of workers have endeavoured to characterize rotavirus leNA 
(137). The work has been done by  chromatographic or gel electrophoretic separa- 
tion of RNA segments isolated from rotaviruses of calves (90, 104, 130, 91, 136) 
infants (104, 105,109, 91, 53), piglets andlambs (131,132) and the SA. 11 virus (i05). 

RNA (Human) (Extracted From Faeces) 

OBIJESKI st al. (91) purified rotaviruses from human faeces by glycerol- 
tartrate gradient separation and treatment with fluorocarbon and Nonidet P-40. 
After disruption by conventional means the nucleic acids and proteins were run 
on polyacrylamide gels. They found 8 RNA bands and estimated tool. wts. of 
l 0 6  × : 2.3, 1.66, 1.5, 0.85, 0.76, 0.50, 0.30, 0.24. From the density of bands 2 
and 6 they calculated that  these bands respectively contained three and six genome 
segments, thus giving a total of 15 segments. They compared these results with 
their findings with reovirus RNA run in a similar system. They found slightly 
different molar ratios from those reported by SCH~AGL and HoL~ES (109). 
SCt~AGL and HOLMES found probably eleven, possibly twelve, segments in the 
human rotavirus. They observed slight variation in migration rates of one or two 
components when comparing viruses isolated from two different cases. 

Like SCH~CAC;L and HOLMES (109), KAHCA et al. (53) also found eleven segments 
of RNA in rotavirus from human faeces and in the 'Lincoln' tissue-culture adapted 
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strain of calf virus isolated in Nebraska. They compared these with RNAs isolated 
from the SA. 11 and '0'  viruses grown in monkey kidney cultures. They examined 
each RNA sample by electron microscopy and found no evidence of denaturation. 
They measured contour length of the molecules and illustrated them in histograms. 
The four rotaviruses studied had four contour length classes, differing from the 
reoviruses, which have three RNA length classes. Five out of eleven segments of 
the human rotavirus RNA migrated at slightly different rates from the corres- 
ponding segments of calf rotavirus I~NA. 

In  pig rotavirus TODD and MCNULT~ (130) found 11 (or perhaps 12) RNA 
segments migrating in 9 bands. They were not able to distinguish between RNAs 
from the pig rotavirus and two isolates of calf virus by  co-eleetrophoresis. (Either 
the calf and pig R~As  are indeed identical~ or the authors '  'pig' rotavirus may  
have been a bovine strain isolated from pigs; some field outbreaks in pigs are 
now known to be caused by virus serologically identical with the bovine and 
differing from ' t rue '  pig isolates.) TODD and MCNuLTY (131) found that  the 
lamb virus RS~A differed in one segment h'om the pig virus RNA. 

V ~ L Y  and CoI-I~ (136) also found eleven RNA segments in calf rotavirus in 
eleven bands using polyacrylamide slab gels. They found differences of up to 
6 per cent in mobilities for bands 3, 4, 5 and 6 between different field isolates and 
between these and the tissue culture-adapted Nebraska isolate. 

Using isotope-labelled (~H-uridine or 3H-thymidine) tissue culture-adapted 
calf v i r u s - - t h e  Compton strain--NEwMA~ et al. (90) separated 8 peaks of 
radioactivity in polyacrylamide gels, deducing 11 or 12 segments. I t  thus appears 
that  the weight of evidence indicates 11 (or possibly 12) RNA segments. The 
molecular weights quoted below are for the Nebraska tissue culture-adapted calf 
virus, as it seems likely that  this will be adopted as the prototype rotavirus: and 
are taken from the most recent publication (136). (Other authors '  estimates are 
similar, but not identical.) They are ( x 106) 2.2; 1.85 ; 1.70 ; 1.55 ; 1.00; 0.82; 0.51 ; 
0.51; 0.51;0.26; 0.20. 

The differences in molecular weight estimates found in different laboratories 
should not all be ascribed to experimental error. RA~IG et al. (102) found electro- 
phoretic differences between RNAs in different strains of reovirus type 3, and 
similar differences among different rotavirus strains are only to be expected. 

Cross-hybridization studies will be required to determine how the I~NAs of 
different rotaviruses are related; but we shall probably have to wait until the 
different strains can be grown in tissue culture so that  the nucleic acids can be 
labelled. Attempts  to label mouse rotavirus by giving 32P-labelled phosphate 
orally or parenterally to suckling mice, even in large amounts: have given very 
disappointing results (Flewett et al., unpublishable, and some sad personal com- 
munications). However, PETmC et al. (100) were able to label t~NA in human virus 
grown in newborn piglets with 3H-uridine, but  not with 3H-deoxythymidine. In  
a further paper (t01) they found a buoyant  density in Cs2S04 of 1.57 g/ml for 
the RNA. 

Polypeptide8 
NEW~A~ et at. (90) grew the Compton strain of tissue culture adapted calf 

rotavirus in calf kidney cells, but did not incorporate an isotope-labelled amino 
acid in the medium. They analysed the polypeptides from purified virions using 
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a conventional 8 M-urea-SDS-mercaptoethanol PAGE system. They found 2 major 
polypeptide bands and 3 minor bands. 

RODGER et al. (104) compared polypeptides of human and calf rotaviruses 
purified from faeces by fluorocarbon extraction and ceatrifugation through a 
var iety of gradients. Using a discontinuous electrophoresis system according to 
LAEMMLI they found nine polypeptides having tool. wts. ranging from 131,000 to 
t4,500 for the calf virus, and very similar tool. wts. for the human virus, though 
a polypeptide analogous to the smallest calf polypeptide was not found. 

BRIDGER and WOODE (17) separated particles of calf rotavirus with, and 
without, the outer capsid layer by isopyknic banding in caesium chloride. Finding 
that  infectivity was associated wholly, or almost wholly, only with the complete 
virion, they examined the polypeptides, using a similar method to that  of 7NEWMAN 
et al. (90). They found tha t  a major polypeptide, tool. wt. 63,000, was absent in 
the incomplete particles. 

OBIJESKI et al. (91) separated 10 structural polypeptides with mo]. wts. × 103: 
155, 137, 130, 118, 98, 67, 60, 40, 32, 24; total about 850,000. Most of the total  
protein (about 87 per cent) was in bands 2 and 8. More recently, TODD and 
5{cNuLTY (131) have found four polypeptides present in complete, but  not in 
incomplete, lamb rotaviruses; i.e. located presumably in the outer capsid layer. 
RODGER eta/. (105) have compared poly~eptides in human, calf and SA. 11 viruses. 
Like TODD and MCNULTY they found four polypeptides in the outer capsid layer; 
the major polypeptide was glycosylated. For the calf virus they found molecular 
weights as follows : ( × 108) Inner layer : 131 ; 103 ; 97 ; 92 ; 32. Outer layer : 58 ; 
22 ; 16.5 ; 14.5. 

I f  all these structural proteins are indeed virus p ro t e ins - - and  it is indeed 
difficult to be certain that  one has cleaned virions from faeces free from nil 
extraneous p ro t e in - - t he  RTNA segments described seem hardly enough to specify 
many  additional non-structural proteins. I t  was calculated by OmJES~:I et at. (91) 
tha t  there wasn ' t  quite enough g N A  to specify all the potypeptides found in 
the virion. 

Other Characteristics 

Multiplication of the calf virus was not inhibited by 5-iodo-2-deoxyuridine 
up to 500 ~,g/ml. The virus was resistant to lipid solvents and was stable at  p H  3 
(138, 139). Unlike reoviruses, however, it was not stabilized by  molar MgC12 at  
pH 6--7  when heated for 1 hour at 50 ° C. The SA. 11 and 0 '  viruses were rather 
less stable at pH3 ,  but  were stable at p H 4  (73), unlike the members of the 
orbivirus group (14) which are all very acid-labile. Stabilities of the human virus 
have not yet been published. 

Cryptogram 

I t  now becomes possible to a t tempt  to construct a cryptogram for the calf 
rotavirus, the most extensively investigated member of the group. Such i~fforma- 
tion as is available about the other members of the group indicates that  they 
probably will fit into the same cryptogram: 

1%/2 : X (11--14)/* : S/S : V/0 

Isometric two-layered eapsid, occasionally surrounded by  a pseudomembrane, 
probably of host origin. BD (CsC1) 1.36 g/cma. Capsid diameter 60--70 nrn, usually 
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about 65 nm. Resists lipid solvents. Virus synthesis and maturat ion in cytoplasm 
with formation of small granular inclusions. Virus particles usually found in 
endoplasmic vesicles. 

Haemagglutinin 

An antigen prepared from African green monkey celts infected with the Nebras- 
ka strain of calf virus was found to agglutinate human group 0 cells over a wide 
pH range (5.7--7.4) (121). The haemagglutinin was associated with the virus 
particle and was inhibited by serum from a gnotobiotic calf which had been 
inoenlated with the Nebraska virus. Serum from a guinea-pig immunized with 
human rotavirus also inhibited. (The U.K. isolate lacks the haemagglutinin.) 

Polymerase 

By analogy with reoviruses one would expect to find an RNA-dependent  RNA 
polymerase in the virion. No one has yet  published any account of this. 

Taxonomy o] Rotaviruses : A Separate Genus o/the ~eoviridae ? 

The neonatal  calf diarrhoea agent of M~:BVS et al. (77)was described as reo- 
viruslike (37,137). Subsequently, it was proposed tha t  the human and calf viruses 
should be included in the family Reoviridae as an orbivirus (84) or that  they 
constituted a separate and distinct group for which the names :rotavirus'  (41) 
or duovirus (31) were proposed. 

The inclusion by  FENNER (36) of the rotavirus group in the family Reoviridae as 
a separate genus, to be named, is consistent with the published da ta  of the many 
authors cited above. Table 1 summarises the comparative properties of reovirus, 
orbivirus, and rotavirus groups. 

Table t. Comparative properties o] Reov@us, Orbivirus and Rotavirus groups 

General 

RNA 
seg- Sedi- Strue- 
ments merit- ~ure Acid 
double Den- ation Poly- Virion cap- st~a- 
strand- RNA sity Con- pep- size sore- bility 
ed mw CsC1 stant tides (nm) eres pH 3 

Reovirus 10 i2--15 × 106 1 .38 630 7 60--75 92 Stable 
0rbivirus 10 12 × 106 1 .36 550 10 55--80 32 Labile 
(Rotavirus) 11--12 11--14× 106 1.36 500~--530 a 5--10 55--66 32 Stable 

and 
1,38 

l~ef. 125 

Clearly, the similarities of the rotavirus group to the genera Reovirus and 
Orbivirus are close enough to place the rotavirus group in the family _Reoviridae. 
However, the question to be decided is whether the rotaviruses are sufficiently 
different to be classified in a separate genus. In  morphogenesis and morphology 
they are closer to the orbiviruses than to the reoviruses. Orbiviruses and rota- 
viruses, but not reoviruses, bud through into vesicles of endoplasmic retieutum to 
form double-layered particles. However, the outer layer of the orbiviruses is 
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amorphous or diffuse, at  any rate as seen in negatively stained preparations, 
whereas the outer layer of the rot~viruses is sharp and clear. When the outer c~psid 
layer is lost the viruses are morphologically very similar (51, 74), though the 
orbiviruses are larger in diameter (64, 74, 51). Igeoviruses are uncoated by  chymo- 
trypsin, which does not affect the double-shelled calf rotavirus (52) suggesting 
that  the outer protein may  be a glycoprotein (this has now been. confirmed) (105). 

~otaviruses are almost as resistant to p i t 3  as reoviruses, whereas orbiviruses 
are very acid-labile. Although basically similar to those of reoviruses and orbi- 
viruses, rotavirus genomes possess 11 or 12 segments [or even 15 (91)]; whereas 
orbiviruses and reoviruses have 10 (109). 

Antigenic Relationships 
All the known rotavirnses share a common antigen demonstrable by immuno- 

fluorescence, complement fixation, gel diffusion and immunoeleetron microscopy. 
This group reaction is associated with the inner eapsid layer (41, 75, 147). They 
are, however, distinguishable from each other by serum neutralization, though 
there is some cross-reaction (112, 128, 147). The rot~viruses thus form a coherent, 
interrelated group. 

The bovine and human rotaviruses are not related antigenically to reovirus 
types 1, 2 and 3, dog reovirus, or to bluetongue virus and other orbiviruses (15, 55, 
t39, 14.1). 

Rotaviruses are all intestinal pathogens transmitted,  as far as is known, by 
the faecal-oral route; whereas orbiviruses are systemic pathogens transmit ted 
often, if not always, by  ar thropod vectors. (We mention this as additional evidence, 
but bearing in mind that  host and tissue affinities are not good taxonomic criteria.) 

These similarities and differences lead us to propose that  the ro~avirus group 
be placed in a separa t ,  genus of the Reoviridae, the t vpe species to be the Nebraska 
isolate of the calf virus. This, though not the first rotavirus known (the EDIM 
virus has this distinction) is the best chracterized. The genus name of Rotavirus 
has been proposed by the I~eovirus Working Teams l~eport of the WItO/FAO 
Committee for Comparative Virology, 1976: we certainly would not dissent from 
this proposal. 

Because rotaviruses from one species can infect other species one cannot assert 
that  an isolate from an animal is the rotavirus of that  species. I t  will, therefore, 
be necessary to subtype individual isolates by cross neutralization, using, prefer- 
ably, antisera raised in gnotobiotic animals, or failing that,  in animals devoid 
of rotavirus antibody. 

Eonelusions 

Much has been accomplished in the last few years. But  before the knowledge 
so far gained can be put  to the practical purpose of preventing infection in children 
and other young animals, some important  problems need to be solved: 

1. Why won' t  these viruses replicate in serial subcul ture- -except  very rarely ? 
The first step in making any vaccine is to propagate the virus. 

2. To confer immunity,  is it sufficient to raise circulating antibodies, or is local 
Mimentary t ract  ant ibody essential for protection ~. Veterinary experience clearly 
suggests that  circulating IgG is insufficient; it may not be so in man, but  evidence 
is lacking. 
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3. Are there  different  sero types  of ro tavi rnses  a t t ack ing  one species ? Do we 
need to p ro tec t  c h i l d r e n - - o r  c a l v e s - - o r  l a m b s - - a g a i n s t  more  t h a n  one se ro type  
of v i rus  ? 

4. I f  we need a l ive a t t e n u a t e d  virus  v a c c i n e - - a n d  the  evidence suggests  t h a t  
we s h a l l - - e v e n  if we can p ropaga te  the  h u m a n  virus  in serial sub-cul ture ,  how 
are  we to de te rmine  whether  the  vi rus  has been a t t e n u a t e d  ? The exper imen t  will 
have to be made  in chi ldren;  we have seen t h a t  virus  v i ru len t  in chi ldren is 
av i ru len t  in piglets,  so an imal  tes ts  won ' t  do. 

5. Ro tav i rus  infections are u n d o u b t e d l y  of grea t  economic impor t ance  to  
farmers  and s tock  breeders ;  bu t  a l though t h e y  cause much  illness in children, 
t h e y  don ' t  kill many ,  at. leas t  in England .  How i m p o r t a n t  are t h e y  in t rop ica l  
countr ies  where m a n y  chi ldren die of infect ive d iar rhoea  ? We know ro tav i rus  
infections exis t  in some t rop ica l  countries,  bu t  do t h e y  rea l ly  m a t t e r  ? 

There  has been some opt imis t ic  t a lk  of ro tav i rus  vaccines ' jus t  a round  the  
corner '  for children.  Unt i l  these and  o ther  diff icult  p roblems  are  solved, prospects  
for a vaccine remain  dis tant .  

Addendum 

Since this review was wr i t t en  C o R ~  (153) has demons t r a t ed  an l~NA~dependent  
R N A  polymerase  in purif ied ro tav i rus  part ic les .  The enzyme was aet iva. ted wi th  
i mM-EDTA t r e a t m e n t  or b y  hea t  shock. This t r e a t m e n t  r emoved  the  outer  
eapsid layer  and  u n m a s k e d  the v i rus-associa ted  R N A  polymerase .  Chymot ryps in  
did  not  unmask  polymerase ,  whereas it does so in reovirnses;  bu t  the  ro tav i rns  
enzyme,  l ike t h a t  of reoviruses,  requi red  magnes ium (op t imum a c t i v i t y  a t  10 mM 
concentra t ion) ;  and  op t imum p H  was 80 .  
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