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I. Introduction 

The coronaviruses have been recently classified as a separate virus genus 
on the basis of several fundamental characteristics, which include their nucleic 
acid type, the presence of a lipid envelope, and, in particular, their distinctive 
morphology (TYRRELL et al., 1968a). Members of the genus infect a number of 
different animal species, and until their reclassification were considered to 
belong to the myxovirus group although they possessed many atypical 
features. It was through detailed studies of their morphology in negatively 
stained preparations that they were finally differentiated and set out as a 
separate genus. When properly prepared, coronavirus particles appear 
medium-sized, round, and moderately pleomorphic, and bear characteristic 
widely-spaced club-shaped surface projections. Coronaviruses naturally infect 
man, chickens, pigs, mice and rats, causing a wide variety of disorders involving 
a number of different organ systems. Indeed, new species are being added 
at frequent intervals as the techniques of electron microscopy and modern 
virology are applied to diseases which have often been clinically recognized 
for decades. A tentative scheme of the coronavirus genus is shown in Table 1, 
with a listing of serotypes and strains. The list of types is not complete, but 
those of importance to this review are shown. 

In spite of the wide distribution of coronaviruses in nature, information 
about their structure, their composition, and the events occurring in infected 
cells is limited. Until very recently, research into the nature of these organism 
has of necessity emphasized the highly pragmatic aspects of disease control, 
rather than more basic concepts of virus structure and function. On the other 
hand, it now appears clear that more fundamental knowledge is necessary 
not only for the advancement of science itself, but also for the achievement 
of many of the desired goals of treatment and control. 

It will be the aim of this review to introduce the clinical aspects of corona
virus infections, to discuss the comparative biology of all recognized members 
of the coronavirus genus and to suggest, by both inference and direct allusion, 
areas where future investigation may yield useful information. The review is 
by no means exhaustive, and the reader is referred at intervals to more detailed 
publications concerning individual species. 

II. Brief History and Clinical Aspects of Coronavirus Infections 

A. Infectious Bronchitis Virus 

Infectious bronchitis virus (IBV) is the cause of a common and highly 
contagious acute respiratory disease of chickens known as avian infectious 
bronchitis. The disease was recognized as a separate clinical entity as early as 
1931 by SCHALK and HAWN (1931), and the responsible agent was first grown 
in embryonated hens' eggs by BEAUDETTE and HUDSON in 1937 (1937). 
The disease in chickens is characterized by acute respiratory distress, tracheal 
rales and cough, a precipitous drop in egg production, a deterioration of egg 
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Table 1. A tentative scheme of the coronavirus genus with a partial list of types and 
strains 

Corona virus Animal Coronavirus Coronavirus Original description 
species host serotypes subtypes or 

strains (if 
applicable) 

Infectious chicken Massachusetts IBV-41 VAN ROEKEL et aI., 1950 
bronchitis Beaudette BEAUDETTE and HUDSON, 1937 
virus IBV-F ESTOLA, 1966 

(IBV) Connecticut IBV-46 JUNGHERR et aI., 1956 
Iowa-97 HOFSTAD, 1961 
Iowa-609 HOFSTAD, 1961 
Gray WINTERFIELD and HITCHNER, 1962 
Holte WINTERFIELD and HITCHNER, 1962 
Clark-333 COWEN et aI., 1971 a 
others 

Mouse mouse JHM (subtypes and CHEEVER et aI., 1949 
hepatitis MHV-1 strains not GLEDHILL et aI., 1951 
virus MHV (PRI) described) NELSON, 1952 

(MHV) MHV-3 DICK et aI., 1956 
A-59 MANAKER et aI., 1961 
others 

Human man 229E 229E HAMRE and PROCKNOW, 1966 
coronaVlrus LP TYRRELL et aI., 1968 b 

(HCV) 489 KAPIKIAN et aI., 1969 
B814 KENDALL et aI., 1962; 

TYRRELL and BYNOE, 1965 
OC43 OC43 McINTOSH et aI., 1967b 

OC38 McINTOSH et aI., 1967b 
others 

Transmissible pig (all are Purdue DOYLE and HUTCHINGS, 1946 
gastroenteritis antigenically New York II LEE et aI., 1954 
virus inseparable) SH SASAHARA et aI., 1958 

(TGEV) FS 216/64 CARTWRIGHT et aI., 1964 
TO HARADA et aI., 1967 
others 

Hemagglutinating pig (all are HEV-1 GREIG et aI., 1962 
encephalomyelitis probably 2063/68 CARTWRIGHT and LUCAS, 1970 
virus (vomiting antigenically 67N MENGELING et aI., 1972 
and wasting inseparable) 
disease virus) 

(HEV) 

Rat coronavirus rat only one strain 8190 PARKER et aI., 1970 
(RCV) characterized 

Sialodacryoadenitis rat only one strain 681 BHATT et aI., 1972 
virus characterized 

(SDAV) 

quality by laying flocks (McDOUGALL, 1968), and a high mortality in young 
chicks. More recently, strains of lEV have been recovered from chickens 
suffering from nephrosis and uremia (WINTERFIELD and HITCHNER, 1962; 
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HIRAI and SHIMAKURA, 1971). It thus appears that disease affects many 
different organs, including the upper and lower respiratory tract, the genital 
tract, and the urinary tract. At various times during infection, virus can be 
recovered from lung, spleen, cecal tonsil and kidney (COOK, 1968; HOFSTAD 
and YODER, 1966). In well isolated chickens, infection persists in the trachea 
for 4 weeks (COOK, 1968). In flocks under field conditions, virus may persist 
for longer periods (HOFSTAD, 1947; COOK, 1968). Immunity is probably passed 
to the young through antibodies in the yolk sac, and offspring of immune hens 
can be expected to retain some resistance to disease for several weeks (J UNG
HERR and TERRELL. 1948), 

The diagnosis may be made serologically, using the neutralization test 
(FABRICANT, 1951), a test for precipitating antibody (WITTER, 1962; WOERNLE, 
1966), or an indirect hemagglutination test (BROWN et aI., 1962; MOHANTY et 
aI., 1964b). The presence of virus in infected chickens can be determined by 
direct fluorescent antibody staining of cells in the tracheal epithelium (BITO et 
aI., 1971; BRAUNE and GENTRY, 1965), and by recovery of the virus in embryon
ated eggs. The characteristic effect of IBV on chicken embryos, stunting and 
urate deposition in the kidneys and ureters, is often not seen for several egg 
passages. On the other hand, staining of cells in the allantoic fluid with fluo
rescent antibody (CLARKE et aI., 1972) and direct electron microscopy of allantoic 
fluids to detect characteristic coronavirus particles after one or two passages 
(MARSOLAIS et aI., 1971; McFERRAN et aI., 1971) have been recently used for 
the rapid and specific diagnosis of IBV infection. 

Significant disease in poultry flocks occurs worldwide (KUMAR, 1971; 
ESTOLA, 1966; BERRY and STOKES, 1968; STEPHENS and SIMMONS, 1968), 
and attempts at control by means of vaccines have met with only limited 
success. The existence of multiple serotypes has been at least one factor 
obstructing adequate prophylaxis. 

Much of the research in avian infectious bronchitis has been performed 
with the Beaudette strain (IBV -42), which is serologically similar to the 
Massachusetts serotype but has been adapted through multiple passages in the 
embryonated egg to the point that it rapidly kills chick embryos (which 
other strains of IBV do not) and has lost its infectivity for older chickens. 
It is not clear whether this virus strain has altered in other more fundamental 
properties, but this possibility must be kept in mind by those using it for 
research. 

A comprehensive review of avian infectious bronchitis and infectious 
bronchitis virus has been recently published (CUNNINGHAM, 1970). For clinical 
aspects of the disease, the reader is referred to the chapter by HOFSTAD in 
Diseases of Poultry by BIESTER and SCHWARTE (HOFSTAD, 1965). 

B. Mouse Hepatitis Virus 

Modern small animal laboratory research has necessitated the breeding 
of large numbers of rodents in closed colonies. Murine viruses of low or moderate 
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pathogenicity have proliferated under these epizootiologic circumstances, 
often going unnoticed because they could be perpetuated as asymptomatic 
infections in colonies with a high prevalence of antibody. When "virgin" 
mouse strains were introduced into such colonies, or when some other stress 
was added, mortality rates suddenly became high. Murine hepatitis due to 
mouse hepatitis virus (MHV) was first recognized in a closed mouse colony 
by GLEDHILL and ANDREWES (1951). In this instance, combined infection 
with an otherwise harmless murine protozoon, Eperythrozoon coccoides, and 
MHV led to fatal hepatitis in mice (GLEDHILL et al., 1952; NIVEN et al., 1952). 

Several years earlier a virus which caused encephalitis in mice had been 
isolated by CHEEVER et al., (1949). This virus, JHM strain, was subsequently 
shown to be antigenically related to the viruses discovered by GLEDHILL 
(MORRIS, 1959; CALISHER and ROWE, 1966). Many other strains of MHV have 

'now been described (see Table 1). All have been found to cause both hepatitis 
and encephalitis, although most are either primarily encephalitogenic or 
hepatitogenic. Intravenous infection of susceptible mice with strain MHV-} 
leads to the appearance of infectious virus in spleen, liver, brain, kidney, lung, 
heart, testicles and numerous other organs (PIAZZA, 1967). The pathology of 
the hepatic disease by both light and electron microscopy has been described 
in detail (BAILEY et al., 1949; GLEDHILL and ANDREWES, 1951; NELSON, 
1952; MIYAI et al., 196}; DICK et al., 1956; RUEBNER and BRAMHALL, 1960). 
Necrosis is focal in nature, and both Kupffer and parenchymal cells appear 
to be involved. The virus shows in addition a striking ability to destroy 
lymphoid cells both in the spleen (BIGGART and RUEBNER, 1970; HIRANO 
and RUEBNER, 1965) and the bone marrow (BARINSKY and DEMENTIEV, 1968; 
HUNSTEIN, 1969). 

The major problem in MHV control has been the riddance from mouse 
colonies of subclinical endemic infection (ROWE et al., 1963). This problem 

has been effectively combatted by means of breeding techniques which have 
made possible the maintenance of Cesarean-derived, barrier-sustained colonies 
(TRENTIN et al., 1966). Such colonies, under proper care and surveillance, can 
be guaranteed free of all known viruses except those of the mouse leukemia 
group. 

At the present time the importance of MHV lies in its usefulness as a model 
for various problems in the pathogenesis of hepatitis or encephalitis and in 
studies of virus-cell interaction. It is a curious characteristic of infection 
by several strains of MHV that pathogenicity is markedly enhanced by 
various forms of "stress": infestation with Eperythrozoon coccoides (GLEDHILL, 
1962), simultaneous infection with murine leukemia viruses (NELSON, 1952; 
CHANY, 1969; GLEDHILL, 1961), polyoma virus (STURMAN and TAKEMOTO, 
1972), or K-virus of mice (TISDALE, 196}), and pretreatment of mice with 
corticosteroids (DATTA and ISSELBACHER, 1969; VELLA and STARR, 1965; 
MANSO et al., 1959; HIRANO and RUEBNER, 1965; BANG and WARWICK, 1960; 
GALLILY et al., 1964; LAVELLE and STARR, 1969). Liver infection in mice 
by MHV has been used extensively as a model for human viral hepatitis 
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(PIAZZA, 1969). Strain JHM causes wide-spread destruction of myelin in the 
central nervous system (BAILEY et al., 1949) and has been recently suggested 
as a possible model for the human demyelinating encephalitides. There has 
been considerable interest in variations of the genetic susceptibility to MHV 
infection in cells obtained from different strains of mice, both in vivo and in 
vitro (BANG and WARWICK, 1960; GALLILY et al., 1967; SHIF and BANG, 1970a; 
KANTOCH and BANG, 1962; SHIF and BANG, 1970b). 

A detailed and well-referenced review of MHV research has been published 
recently, and the reader is referred to it for information about the pathogenesis 
of murine hepatitis and its value as a model for human disease (PIAZZA, 1969). 

C. Human Coronavirus Strains 

The existence of ether-labile viruses which caused colds in human volunteers 
but were unrelated to known myxo- or paramyxoviruses was first suspected 
by TYRRELL and BYNOE (1965). These workers were able to passage a virus 
recovered from the human upper respiratory tract in organ cultures of human 
embryonic trachea. The virus, named B 814 strain, was subsequently examined 
by electron microscopy (ALMEIDA and TYRRELL, 1967) and found to resemble 
the previously described particles obtained from cultures of lBV (BERRY 
et al., 1964). 

HAMRE and PROCKNOW (1966), working independently, recovered five virus 
strains from medical students with colds which were grown, with some diffi
culty, in secondary human embryonic kidney monolayers or in human diploid 
fibroblasts. The prototype virus, strain 229E, was shown to be ether-labile, 
medium-sized, and RNA-containing, and was later found to resemble lBV 
and strain B 814 in electron microscopic appearance (ALMEIDA and TYRRELL, 
1967). 

The organ culture technique was subsequently used to recover 9 further 
human strains with identical morphology (McINTOSH et al., 1967b; TYRRELL 
and BYNOE, 1965; BRAD BURNE and TYRRELL, 1971), and still other strains 
have been recovered in tissue culture (KAPIKIAN et al., 1969; OSHIRO et al., 
1971; McINTOSH, unpUblished). All these human coronavirus (HCV) strains, 
with a single exception, were originally isolated from specimens obtained 
during upper respiratory disease. Five strains (B 814, LP, EVS, 229E and 
OC43) have been administered to human volunteers and cause colds which 
differ in minor respects from the colds produced by rhinoviruses (TYRRELL 
and BYNOE, 1965; BRADBURNE et al., 1967). Seroepidemiologic studies of 
HCV have shown that infection occurs at all ages and is widespread in 
populations in the United States and the United Kingdom (McINTOSH et al., 
1970; KAYE and DOWDLE, 1969; KAYE et al., 1971). It is a reasonable estimate 
of their importance that they are responsible for about 15 % of colds in human 
adults. Of interest has been the consistent finding that HCV strains are 
primarily epidemic in the winter and early spring (McINTOSH et al., 1970; 
CAVALLARO and MONTO, 1970). One recent study has implicated HCV in 
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exacerbations of symptoms in adults with chronic bronchitis (PHILLIPS et al., 
unpublished studies). Efforts to implicate coronaviruses in lower respiratory 
tract diseases of children have been disappointing (McINTOSH et aI., 1970) 
except in young children with asthma (McINTOSH et aI., 1973) and in infants 
under 18 months where pneumonia and bronchiolitis during infection with 
these agents may occur (MuFsON et aI., 1972). 

A comprehensive review of the human coronaviruses has appeared recently 
(BRAD BURNE and TYRRELL, 1971). 

D. Transmissible Gastroenteritis Virus of Swine 

A distinct disease characterized by a short incubation period (18-24 hours), 
high infectivity, diarrhea and vomiting, and a high mortality in piglets under 
2 weeks of age was first described and attributed to a virus by DOYLE and 
HUTCHINGS (1946). The disease characteristically occurs in the winter time 
(FERRIS, 1971; HAELTERMAN, 1962) and is most striking when an outbreak 
occurs in a farrowing herd, since the symptoms tend to be less severe in the 
adult animal than in the newborn, where the mortality approaches 100 % 

(CARTWRIGHT et aI., 1964; FERRIS, 1971). 
The virus causing transmissible gastroenteritis (TGE) was first grown in 

primary pig kidney monolayers by LEE (1956). Many strains have been 
isolated, either in piglets or in cell culture, and the disease appears to be widely 
distributed in many parts of the world (BAHR, 1969; GOODWIN and JENNINGS, 
1958). Although the virus has been recovered from many organs (CARTWRIGHT, 
1966; KONISHI and BANKOWSKI, 1967; LEE et aI., 1954), the highest virus 
titers are found in the duodenum and jejunum (HOOPER and HAELTERMAN, 
1966), and clinical disease is confined primarily to the gastrointestinal tract, 
where the characteristic pathologic lesion of severe blunting of the jejunal 
and ileal villi is seen (PENSAERT et aI., 1970a; PENSEART et aI., 1970b; THAKE, 
1968). Virus is shed from the gastrointestinal tract for as long as 8 weeks 
after infection (LEE et aI., 1954). TGE has been suggested as a model for both 
adult (HAELTERMAN and HOOPER, 1967) and childhood (KELLY et aI., 1972) 
diarrhea in man. 

Because of the observation that epidemics tend to occur following snow 
falls, when starlings have a habit of congregating around pens, it has been 
found that virus fed to starlings appears in bird droppings for 32 hours after 
feeding (PILCHARD, 1965). It is also likely that dogs and foxes can be infected 
with the virus (HAELTERMAN, 1962). 

The most crucial aspect of control involves effective protection of newborn 
piglets. Since all known strains of TGE virus are serologically identical 
(CARTWRIGHT, 1966; LEE et aI., 1954; BOHL, 1967) the problem of antigenic 
variation, so familiar to workers in the field of lBV, does not OCCllr. However, 
effective vaccines must take into consideration the observation that immune 
mothers confer immunity to their offspring through colostrum and milk. 
Thus, vaccination of mothers must stimulate adequate levels of secretory 
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antibody (DJURICKOVIC and THORSEN, 1970; THORSEN and DJURICKOVIC. 
1970; THORSEN and DJURICKOVIC, 1971). 

There has recently been some dispute about the nature of the virus respon
sible for TGE which deserves comment. One group of workers (MCCLURKIN 
and NORMAN, 1966) claimed to have detected two agents in material passaged 
from infected pig intestines into tissue culture: one agent caused a cytopathic 
effect and the other did not. This dispute arose partly because convalescent 
pig sera incubated with preparations of TGE virus failed to neutralize the 
capacity ofthese preparations to produce disease (LEE et aI., 1954; MCCLURKIN 
and NORMAN, 1966). This failure was, however, effectively explained by 
antigen-antibody dissociation in the stomach (WITTE and EASTERDAY, 1967). 

Recently, NORMAN et al. (1968) claimed that they could separate two 
agents by phenol extraction of a tissue culture-grown virus mixture. A ribonu
clease-sensitive pathogenic agent was derived from this extraction, which appear
ed to produce TGE in susceptible piglets. However, the data presented did 
not show convincingly that the agent derived from the phenol-extracted 
material was different from intact TGEV. Indeed, several other workers 
(CALETTI et aI., 1970; WITTE and EASTERDAY, 1967) have presented evidence 
that TGEV is a single agent with the characteristics of a coronavirus. The 
effect of phenol extraction on purified coronavirus preparations deserves 
further study. 

Clinical aspects of TGE are thoroughly reviewed by E. H. BOHL in his 
chapter of H. W. DUNNE'S Diseases ot Swine, 3rd Edition (BOHL, 1970). 

E. Hemagglutinating Encephalomyelitis Virus 
Of the several viruses implicated in encephalomyelitis syndromes of pigs, 

one appears to be a coronavirus. The exact pathogenic range of this virus, 
hemagglutinating encephalomyelitis virus (HEV) , is not altogether clear. 
Some strains appear to cause a severe encephalitis in suckling pigs (ROE and 
ALEXANDER, 1958; MITCHELL, 1963). This disease, which is fatal in close to 
100 % of piglets up to one week of age, is characterized by squealing, loss of 
appetite, vomiting, constipation, occasional diarrhea, progressive paralysis 
(often accompanied by paddling movements of the legs) and death in 3-4 days 
(MITCHELL, 1963). Slightly older piglets may survive, but they remain sickly 
and grow poorly for several months. Adult animals apparently develop vomiting 
and anorexia but usually recover. Strains recovered in Great Britain, apparently 
serologically identical to the encephalitogenic strains, have been shown to 
cause "vomiting and wasting disease" of piglets under 2 weeks of age, whose 
primary symptoms are those of gastrointestinal infection rather than encephal
omyelitis (CARTWRIGHT et aI., 1969; CARTWRIGHT and LUCAS, 1970). Virus 
was, however, recovered from the brain, and there were histologic signs of 
encephalitis. Still another strain was isolated incidentally from an asympto
matic pig (MENGELING et aI., 1972). 

It appears that all strains of HEV are serologically closed related or 
identical. Likewise, all strains hemagglutinate and cause a syncytial cytopathic 
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effect in primary pig kidney cells. The appearance of typical coronavirus 
particles by electron microscopy was first demonstrated by PHILLIP et al. (1971) 
and subsequently confirmed by MENGELING et al. (1972). The virus was also 
reported to be antigenically related to the virus of TGE (PHILLIP et aI., 1971), 
although the relation appeared not to be a close one. 

F. Rat Coronavirus 

In their studies of antibodies to MHV in species other than the mouse, 
HARTLEY et al. (1964) found that a high proportion of laboratory rats had 
apparently experienced infection with that or a related virus. A systematic 
-effort to detect such a virus was made by PARKER et ai. (1970) who recovered 
a coronavirus serologically related to MHV from the lungs of asymptomatic 
rats. The virus, named rat coronavirus (ReV), was pneumotropic, causing a 
fatal pneumonitis in newborn suckling rats and an asymptomatic pulmonary 
infection in adults. Apparently infection was widespread, being found in 
3 of 5 specific pathogen free colonies, 100 % of conventional colonies and 
40 % of individual rats trapped in the wild. 

G. Sialodacryoadenitis Virus 

A virus serologically related to ReV has been recently recovered from rats 
with sialodacryoadenitis (SDA) (BHATT et aI., 1972). The disease was first 
described in 1961 (INNES and STANTON, 1961) and was studied pathologically 
by JONAS et al. (1969). These authors found virus-like particles in thin sections 
of submaxillary salivary glands which, in retrospect, resemble coronaviruses 
as described by others. BHATT et al. (1972) studied the properties of this virus 
and discovered its close resemblance to both MHV and ReV. There is now 
preliminary evidence for the existence of still other rat coronaviruses (BHATT, 
personal communication), but these have not been described in detail. 

H. Summary 

It thus appears that members of the coronavirus group are widely distribut
oed in nature and show a variety of tissue and species tropisms. Man, chickens, 
pigs, mice and rats are naturally infected, and disease is caused by virus 
multiplication and cytopathogenicity in the upper and lower respiratory, 
tract, the kidneys, the genital tract, the small and large intestines, the brain, 
the salivary glands and elsewhere. It appears likely that coronaviruses infecting 
other species will be found. As was mentioned previously, antibody to TGE 
virus has been found in dogs (NORMAN et aI., 1970), and this could represent 
either infection with TGE virus or, possibly, evidence of a related canine 
virus. Moreover, a virus associated with infectious feline peritonitis has been 
described which has a morphology in thin sections making it a likely candidate 
for a cat coronavirus (WARD, 1970; WARD et aI., 1968). 

I t is the purpose of the following section to discuss common issues of 
importance among all the known members of the coronavirus group. It will 
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be seen that, although the coronaviruses share many features in common, 
they differ significantly in certain ways, and the problems facing virologists 
in their study and control vary widely. 

III. Properties of Coronaviruses 

A. Morphology of the Virion 

1. Negative staining 

Although the particles in suspensions of IBV were studied by electron 
microscopy as long ago as 1948 (REAGAN and BRUECKNER,1952; REAGAN 
et aL, 1948), it was not until the techniques of negative staining were applied 
that adequate surface morphology was outlined. On the basis of its physical 
characteristics, IBV had always been classified in the myxovirus group. 
BERRY et aL (1964) were the first to draw attention to the unique "bulbous 
appearance of the surface projections" of IBV particles and to the obscure 
nature of the internal portion of the virus. Both these characteristics were in 
contrast to influenza virus, which they studied by the same techniques. 

Some time la.ter, in attempts to outline the properties of the human corona
virus B 814, ALMEIDA and TYRRELL (1967) described clearly the distinct 
morphology of that virus strain and strain 229E (HAMRE and PROCKNOW, 
1966) and their resemblance to IBV. McINTOSH et al. (1967b) soon thereafter 
found that the ether labile viruses they had recovered from man in human 
embryonic tracheal organ culture had a similar morphology, and in related 

Table 2. The size of coronavirus virions as measured by electron microscopy of negatively 
stained preparations 

Virus Type or Investigator (s) Over-all Length of 
species strain diameter projections 

(nm) (nm) 

IBV A163, H17, . BERRY et a1., 1964 80-120 
Conn. & Mass. 

IBV 42 McINTOSH et a1., 1967b 120-200 20 

IBV F ESTOLA and WECKSTROM, 1967 100-120 

IBV Mass. NAZERIAN and CUNNINGHAM, 1967 110 (av.) 

IBV GN-2 HIRAI and SHIMAKURA, 1971 60-220 20 

IBV Clark-333 COWEN et al., 1971 b 50-100 

HCV B814,229E ALMEIDA and TYRRELL, 1967 80-120 20 

HCV OC16,229E McINTOSH et a1., 1967b 120-200 20 

TGE TO OKANIWA et al., 1968a 97-120 12 

TGE TO T AJIMA, 1970 100-150 24 

TGE PHILLIP et a1., 1971 133-168 20 

HEV PHILLIP et a1., 1971 140-177 19 

RCV 8190 PARKER et al., 1970 79-118 17 



Fig. 1. Human coronavirus, strain 229E, prepared from untreated infected WI-38 cell 
lysate and stained with 2 % phosphotungstic acid at pH 7.0. Bar represents 100 nm. 
Figs. 1,2,3, and 5 are printed with permission of the Proceedings of the National Academy 

of Sciences and appeared originally in McINTOSH et aI., 1967b 

Fig. 2. Human coronavirus. strain OC 16, prepared from infected human embryonic 
tracheal organ culture fluids, concentrated by ultracentrifugation and stained as in 

Fig. 1. Bar represents 100 nm. 

Fig. 3. Infectious bronchitis virus, strain Beaudette, prepared from infected lO-day 
embryonated eggs as untreated allantoic fluid. Staining as in Fig. 1. Bar represents 100 nm 

Fig. 4. Mouse hepatitis virus, strain A-59, prepared from infected NCTC-1469 cells, 
untreated. Stained as in Fig. 1. Bar represents 100 nm 

Fig. 5. Influenza A2, negatively stained with phosphotungstic acid, shown for compar
ison with coronaviruses. Bar represents 100 nm 
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100 mp. 

Fig. 6. Rev, strain 229E, treated for 10 minutes at room temperature with tween 
80-ether. Projections are distorted or destroyed, and no internal component is visible. 

Magnification before publication, X 288,000 

studies added MHV to this morphologic group (McINTOSH et aI., 1967a). It 
was at this point that the name "coronavirus" was coined by an ad hoc inter
national committee (TYRRELL et aI., 1968a), the name being descriptive of the 
"corona" of projections seen in negatively stained preparations. Other members 
were then, one by one, added to the group on the basis of this characteristic 
appearance. 

Although there is some disagreement between investigators on the exact 
size range of various coronaviruses, the common properties and the size of 
the projections of all coronaviruses are clear (see Table 2). Filtration studies 
(BEACH and SCHALM, 1936; BEAUDETTE and HUDSON, 1937; ESTOLA, 1966; 
TEVETHIA and CUNNINGHAM, 1968; CARTWRIGHT et at, 1965; SHEFFY, 1965; 
MCCLURKIN and NORMAN, 1966; HAMRE and PROCKNOW, 1966; TYRRELL and 
BYNOE, 1965; KAPIKIAN et at, 1969; BHATT et at, 1972) tend to confirm the 
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Fig. 7. HCV, strain 229E, treated with 1.0% sodium dodecylsulfate for 10 minutes at 
room temperature. The projections are relatively spared, but, again, no internal com

ponent is visible. Magnification before publication, X 240,000 

measurements obtained on electron microscopy, and will not be outlined in 
detail. Moderate pleomorphism has been a feature of all coronavirus strains, 
as have the peculiar club-shaped projections and the characteristic wide 
spacing of these proj ections (Fig. 1-5) . 

Attempts to obtain a consistent picture of the internal structure of corona
viruses by means of negative staining have met with only qualified success. 
Ether, tween 80-ether, sodium dodecyl sulfate, or desoxycholate treatment 
of corona virus suspensions destroys the morphologic integrity of the virus 
particles and leaves amorphous material which is presumably altered membrane 
and "internal component" (KAYE et al., 1970; BERRY and CRUICKSHANK, 

1964) (Fig. 6 and 7). Formalinization of strain 229E produces particles which 
seem to extrude a possible internal component. This "loop" (see Fig. 8) appears 
to remain attached to the external membrane of the virus. 
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Fig. 8. HeV, strain 229E, treated with 10% formalin at room temperature for one 
hour. Many particles appear to be extruding a "loop", which may be related to the 

"tongues" seen in Figs. 9 and 10. Magnification before publication, X 180,000 

Perhaps the most convincing view of coronavirus internal structure has 
emerged from studies of J. D. ALMEIDA. She has applied a technique which 
uses antibody and complement to produce small holes in the outer envelope 
of IBV (BERRY and ALMEIDA, 1968). By this means she introduced phospho
tungstic acid inside with little distortion of over-all morphology. Internally 
projecting "tongues", continuous with the outer membrane of the virus, were 
observed in virus particles treated this way (Fig. 9 and 10). The relation of 
these "tongues" to the nucleic acid of the virus is unknown. The "tongues" 
may be identical to the "loops" seen in formalinized virus preparations. 
ALMEIDA'S observations remain unconfirmed at this time, although they 
represent a plausible concept of internal structure which is consistent with the 
findings in fixed ultra-thin sections. 
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Fig. 9. lBV, incubated before staining with fresh specific (heterologous) rabbit anti
serum, unheated. Stained with 3 % phosphotungstic acid. The "holes" are visible in 
some of the virus envelopes and internally projecting "tongues" are visible. Magnifi
cation before publication, X 200,000. Figs. 9 and 10 were kindly supplied by Mrs, J. D. 

ALMEIDA 

2. Ultra-thin sections 

Just as in the direct examination of virus particles, early investigators 
described coronaviruses in sections of infected tissue, but no details were seen 
(DOMERMUTH and EDWARDS, 1957). Before it was recognized as a coronavirus, 
the particles of MHV were described in thin sections of mouse liver (STARR 

et al., 1960). They were thought to be 90 ± 20 nm in diameter, round, and 
clustered in cytoplasmic vesicles. A later study of MHV, strains MHV-2 and 
MHV-3 (SVOBODA et al., 1962), confirmed and extended these findings. 
Particles thought to be MHV virions were 90 nm in diameter and contained 
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Fig. 10. IBV, incubated before staining with fresh human serum containing antibodies 
to IBV. Stained as in Fig. 9. A long "tongue" is visible. Magnification before publication, 

X 300,000 

a "nucleoid" separated from the outer membrane by an electron-lucent space. 
A further study of MHV, strain A-59, described particles in tissue culture 
cells (DAVID-FERREIRA and MANAKER, 1965). In this instance, the average 
diameter of the particles was 75 nm, and an electron-dense inner shell 55 nm 
in diameter was observed, which was separated from the outer "double" 
membrane by an electron-lucent space 8 nm wide. The studies of BECKER 
et al. (1967) showed that strain 229E, a human coronavirus grown in WI38 
cells, was very similar in morphology to MHV. Fig. 11 shows a detailed section 
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Fig. 11. Cytoplasm of a 229E-infected WI38 cell. Complete virus particles are shown. 
with the double outer membrane, inner core and space in between. Cells were fixed 
in 6.5 % glutaraldehyde for 1 hour, post-fixed in 1 % osmium tetroxide and stained with 
uranyl acetate and lead citrate. IS: inner shell. OS : outer shell. Magnification before 
publication, x 120,000. Bar represents 100 nm. Figs. 11, 12, and 13 are printed with 
permission of the American Society for Microbiology and appeared originally in BECKER 

et al., 1967 

of strain 229E particles, including the inner and outer shells, reproduced from 
this published paper. In the same study, IBV was described as the same size 
as 229E (67-110 nm, mean 82 nm), but the avian virus showed no evidence 
of an electron-lucent space between the outer and inner shells (Fig. 12). It is 
of interest that this feature of IBV, namely the close apposition of the outer 
and inner shells, was described also by N AZERIAN and CUNNINGHAM (1968) and 
COWEN et al. (1971b). However, the recent micrographs of UPPAL and CHU 
(1970) show the space present. Thus, it appears that there is no consistent 
difference in morphology between IBV and the human or murine corona
viruses. 

ApOSTOLOV et al. (1970) have recently examined thin sections of purified 
IBV particles. They described an "internal thread-like structure 7-8 nm in 
diameter". The morphologic definition of that structure, however, was not 
absolutely clear from their published micrographs. It may represent the 
structure described as the "inner shell" by BECKER et al. or as the "core" by 
others. 
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Fig. 12. Chorioallantoic membrane cell infected with lBV, Beaudette strain. Complete 
virus particles show no space between the core, or inner shell, and outer membrane. 
Fixation and staining as in Fig. 11. Magnification before publication, X 120,000 

Virus particles with a size and morphology similar to those of strain 229 E 
have been described for TGE virus (BRADFUTE et aI., 1970; CHANDLER et al., 
1969; OKANIWA et aI., 1968b; THAKE, 1968; VETTERLEIN and LIEBERMANN, 
1970; WITTE et aI., 1968), HEV (MENGELING et aI., 1972), RCV (PARKER 
et al., 1970) and SDA virus (JONAS et aI., 1969). Numerous studies of MHV 
in mouse liver and spleen cells have been published (WATANABE, 1969; 
RUEBNER and BRAMHALL, 1960; CUCCURULLO and PIAZZA, 1964; RUEBNER 
et al., 1967; BIGGART and RUEBNER, 1970), and all are in essential agreement 
with the findings of others. It is of interest that infectious feline peritonitis 
virus shows a very similar morphology and morphogenesis, although micro
graphs confirming a coronavirus-like appearance in negatively stained pre
parations have not been published (WARD, 1970). 

B. Physical and Chemical Characteristics of Coronaviruses 

1. Nature of the nucleic acid 

In all instances where they have been so studied the growth of corona
viruses has been shown to be insensitive to the action of inhibitors of DNA 
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metabolism (BOHL and KUMAGAI, 1965; HARADA et aI., 1968; MCCLURKIN 
and NORMAN, 1967; PENSAERT, 1970; SHEFFY, 1965; WITTE et aI., 1968; 
CALETTI et aI., 1968; GREIG and GIRARD, 1969; ESTOLA, 1966; TEVETHIA and 
CUNNINGHAM, 1968; MALLUCCI, 1965; HAMRE and PROCKNOW, 1966; KAPIKIAN 
et aI., 1969; McINTOSH et aI., 1967b; BRADBURNE, 1969). The inhibitors which 
have been tested have been principally 5'-iododeoxyuridine and 5'-bromode
oxyuridine, but cytosine arabinoside (PARKER et aI., 1970), 5'-fluorode
oxyuridine (ESTOLA, 1966; MALLUCCI, 1965) and aminopterin (AKERS and 
CUNNINGHAM, 1968) have also been used. These inhibitors do not affect either 
the induction of cytopathic effect (CPE) or the production of new viruses. 
Likewise, actinomycin D (0.01 - 1 mg/ml) has no effect on the CPE produced 
by several coronavirus strains (MCCLURKIN and NORMAN, 1967; PARKER 
et aI., 1970; MALLUCCI, 1965; McINTOSH, unpublished). 

Because of these studies, the nature of the coronavirus nucleic acid has 
been thought to be RNA. Direct extraction and analysis of the nucleic acid 
from highly purified virions, including determination of single- or double
strandedness, have not been reported. 

2. Sensitivity to Lipid Solvents 

Both ether and chloroform destroy or markedly reduce the infectivity 
of coronaviruses. It is likely, in view of their morphology and morphogenesis 
in thin sections, that the outer shell of the virus consists of cell-derived 
membrane which contains lipid and is necessary for infectivity. 

There have been many attempts to visualize the interior of the virion 
by examining ether or ether-tween treated virus in the electron microscope. 
As seen in Fig. 6, one can observe the disintegration of the virion by this 
method, but there remains little or no organized internal structure (KAYE 
et aI., 1970; BERRY et aI., 1964; NAZERIAN and CUNNINGHAM, 1967). Treatment 
with detergents such as sodium dodecyl sulfate and sodium desoxycholate 
has a similar destructive effect (Fig. 7), following which little infectivity or 
organized structure remains (CARTWRIGHT et aI., 1965; KAYE et aI., 1970; 
HIERHOLZER et aI., 1972; BERRY et aI., 1964; ESTOLA, 1966; TEVETHIA and 
CUNNINGHAM, 1968; GREIG and GIRARD, 1969). 

3. Sensitivity to Physical Agents: Heat and Acid 

The details of the stability of coronaviruses at various temperatures 
depend so markedly on the exact nature of the experimental conditions, the 
purity of the virus preparations and the presence of ions and colloids in the 
medium that a summary of the results of studies in this area seems unwarranted. 
It is clear that most coronaviruses are inactivated at 56° C in 10-15 minutes, 
at 37° C in several days, and at 4° C in several months (HOFSTAD, 1956; 
ESTOLA, 1966; WITTE and EASTERDAY, 1967; SHEFFY, 1965; HARADA et aI., 
1968; VON BULOW, 1967; HIRONAO et aI., 1970; HIRAI and SHIMAKURA, 
1971; COWEN et aI., 1971b; BUCKNALL et aI., 1972b; PAGE and CUNNINGHAM, 
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1962). The viruses are generally quite stable through several freeze-thaw 
cycles and may be kept at temperatures of -600 C or lower for years without 
loss of infectivity. There may be considerable variation in thermolability 
between different egg passages of the same strain (VON BULOW, 1967). On the 
other hand, more detailed studies of two human coronavirus strains demon
strated that differences in susceptibility to heat were almost entirely accounted 
for by differences in aggregation (BUCKNALL et aI., 1972b). 

Investigators disagree regarding the stability of various corona viruses at 
acid pH. It is not clear whether these disagreements reflect differences in 
methods or in strains of coronaviruses tested. Some of the published results 
of stability tests are shown in Table 3. It is clear that a systematic and 
standardized study of the pH stability of coronaviruses should be performed. 

4. Chemical Composition of the Virion 

The presence of lipids essential to infectivity has been amply demonstrated 
by the action of detergents and lipid solvents on coronavirus particles. Similar 
early attempts to demonstrate essential proteins concentrated on the effect 
of trypsin on virus infectivity. Although there is some disagreement on the 
point (CORBO and CUNNINGHAM, 1959; NAZERIAN and CUNNINGHAM, 1967), 
the bulk of evidence indicates that the biological activity of coronaviruses IBV 
and TG EV is not sensitive to trypsin (ESTOLA, 1966; STEELE and LUGINBUHL, 
1964; VON BULOW, 1967; COWEN et aI., 1971b; SHEFFY, 1965; CARTWRIGHT 
et aI., 1965; HARADA et aI., 1968; MULDOON and CUNNINGHAM, 1961) and that, 
indeed, there is no morphologic effect of this or other proteolytic enzymes on 
IBV (BERRY et aI., 1964; ApOSTOLOV et aI., 1970). On the other hand, purified 
human coronavirus OC43 loses its infectivity, its complement fixing activity, 
and much of its hemagglutinating ability when treated with 1 % trypsin 
for 2 hours (KAYE et aI., 1970). 

More recently, coronavirus OC43 has been extensively purified by batch 
CaHP04 chromatography, and the solubilized polypeptides have been analyzed 
by polyacrylamide gel electrophoresis (HIERHOLZER et aI., 1972). In these 
recent studies six or seven separate polypeptides were identified in purified 
virions with molecular weights varying from 15000 to 191,000 daltons. Four 
polypeptides contained carbohydrates and one contained lipid. Bromelin 
treatment (COMPANS et aI., 1970) removed the projections, and purified "bald" 
particles lacked two of the four glycopeptides, numbers 2 and 6. 

HIERHOLZER et aI. (1972) tested purified OC43 virions for neuraminidase 
by the sensitive technique of LAVER and KILBOURNE (1969) and found none. 
Earlier, BERRY et al. likewise found no detectable neuraminidase activity in 
partially purified preparations of IBV (1964). Some neuraminidase activity has 
been reported associated with the hemagglutinating activity of allantoic fluid 
harvested from IBV-infected eggs (BISWAL et aI., 1966). It appears likely, how
ever, that this activity is not part of the infectious IBV particle itself (see 
below). 



106 K. MciNTOSH: 

5. Buoyant Density of the Virion 

There are several reports of the buoyant densities of coronaviruses in 
gradients of various compositions (Table 4). Infectivity of coronaviruses is 
preserved both in sucrose and potassium tartrate, but is much reduced in 
CsCI (TEVETHIA and CUNNINGHAM, 1968). 

Table 4. Buoyant Density of Coronaviruses by Equilibrium Centrifugation 

Corona- Strain Gradient Buoyant References 
virus substance density 
species (gm/ml) 

HCV OC43 Sucrose 1.19 KAYE et aI., 1970 
OC43 KTartrate 1.18 HIERHOLZER et aI., 1972 
229E Sucrose 1.18 BRADBURNE and TYRRELL, 1971 

lEV ? Sucrose 1.19 CUNNINGHAM, 1970 
Beaudette CsCI 1.23 TEVETHIA and CUNNINGHAM, 1968 

TGE Purdue Sucrose saline 1.19 WITTE et aI., 1968 

HIERHOLZER et aL (1972) reported that treatment of the virion of strain 
OC43 with bromelin decreased the buoyant density in potassium tartrate 
gradients from 1.18 to 1.15 gm/ml with concomitant removal of the surface 
projections. 

IV. Coronaviruses in Infected Cells 
A. Growth of Coronaviruses in Cell Monolayers and Laboratory 

Animals 

The major impediment to progress in research on certain members of the 
coronavirus group has been the fastidious nature of their growth requirements 
in the laboratory. This problem is particularly acute in the cultivation of the 
human strains but also exists to some extent in research on IBV, TGEV, RCV, 
SDAV and MHV (BARINSKY, 1967). 

Table 5 shows a summary of the available information on the growth of 
coronaviruses in animals and cell monolayers. The table is in certain instances 
somewhat misleading: at times although virus growth in one or another cell 
type has been conclusively demonstrated, this growth has been of limited 
extent and poorly reproducible in different laboratories. This characteristic 
has rendered this particular cell or tissue unsuitable for general research. 

Of particular importance has been the difficulty in cultivating field strains 
of IBV in any tissue except embryonated eggs. This feature has led to confusion 
in the areas of serologic typing, the definition of antigenic relationships be
tween strains, and the choice of suitable strains for use in vaccines. Extensive 
adaptation, first to eggs and then to chick embryo kidney or chicken kidney 
monolayers, is necessary before sophisticated antigenic comparisons can be 
made. This adaptation has been performed only for a limited number of 
field strains. 
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Table 5. Growth of coronaviruses in various animals, tissue cultures and organ cultures 

Corona- Serotype or 
virus strain 
species 

A. Primary Isolation 
IBV all 

MHV 

MHV 

MHV 

MHV 

MHV 

MHV 

HCV 

all 

MHV-1 

MHV-3 

A-59 

MHV-2 

MHV-B 

229E 

Animal or tissue 

IBV has been isolated pri
marily only in chickens or in 
embryonated hens' eggs 

all strains of MHV have been 
isolated in suckling mice 

NCTC-1469 (tc a) 
1 Ob mouse kidney (tc) 
mouse embryo (tc) 

NCTC-1469 
10 mouse liver (tc) 
mouse macrophage (tc) 

mouse embryo 

NCTC-1469, 10 mouse spleen 
(tc) 

NCTC-1469 
mouse liver macrophage (tc) 

10 mouse liver 

20e human embryonic kidney 
(tc), WI-38 (tc) 
Human embryonic intestine 
fibroblast (tc) 

10 human embryonic kidney 
(tc), HeLa (tc) 
L-132 (tc) 

human embryonic tracheal 
organ culture 

HCV B814 human embryonic tracheal 
organ culture 

L-132 

HCV "~C" strains human embryonic tracheal 
organ culture 

TGEV all all strains of TGEV have 
been isolated primarily in 
suckling and weanling pigs 

TGEV Purdue 10 pig kidney (tc) 

a tc = tissue culture. 
b 10 = primary. 
c 2 0 = secondary. 

10 fetal pig kidney (tc), 
10 fetal pig thyroid (tc) 
10 canine kidney (tc) 

Reference 

HARTLEY and ROWE, 1963 
STARR and POLLARD, 1960 
GOMPELS and NIVEN, 1953 

HARTLEY and ROWE, 1963 
VAINIO, 1961; PARADISI, 1968 
MALLUCCI, 1965; VAINIO and 
JUDAH, 1962 
HAFF, 1962 

MANAKER et aI., 1961 

HARTLEY and ROWE, 1963 
BANG and WARWICK, 1960 

MIYAZAKI et aI., 1957 

HAMRE and PROCKNOW, 1966 

KAPIKIAN et aI., 1969 

BRAD BURNE and TYRRELL, 
1969 
BRADBURNE and TYRRELL, 
1969; BRAD BURNE, 1969 

BRADBURNE et aI., 1967 

TYRRELL and BYNOE, 1965 

BRADBURNE and TYRRELL, 
1969; BRADBURNE, 1969 

McINTOSH et aI., 1967b 

BOHL and KUMAGAI, 1965; 
WITTE and EASTERDAY, 1967 
WITTE and EASTERDAY, 1967 

WELTER, 1965 
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Table 5. 

Corona- Serotype or Animal or tissue Reference 
virus strain 
species 

TGEV New York II 1 0 pig kidney BOHL and KUMAGAI, 1965; 
LEE, 1956 

TGEV SH 1 0 pig kidney BOHL and KUMAGAI, 1965; 
HARADA et al., 1963 

TGEV FS216j64 1 0 pig kidney CARTWRIGHT et al., 1964; 
MCCLURKIN, 1965 

TGEV Ukiha 10 pig kidney. 1 0 pig spleen ETO et al., 1962 
(tc) 

TGEV field strains 20 pig thyroid (tc) WITTE, 1971 

HEV most strains of HEV have 
been isolated primarily in 
suckling pigs 

HEV HEV-1 1 0 pig kidney GREIG and GIRARD, 1963 

HEV 67N 1 0 fetal pig kidney MENGELING et al., 1972 

RCV 8190 suckling rats. 10 rat kidney PARKER et al., 1970 
(tc) 

SDAV 681 suckling rats. suckling mice BHATT et al., 1972 

B. Adaptation studies 
!BV Beaudette suckling mice ESTOLA, 1967; SIMPSON and 

GROUPE, 1959 
10 chick embryo fibroblast LUKERT, 1966; FAHEY and 
(tc) CRAWLEY, 1956 
10 chick embryo kidney (tc) LUKERT, 1966; CHURCHILL, 

1965; CHOMIAK, 1958; 
CUNNINGHAM and SPRING, 
1965; MOHANTY and CHANG, 
1963 

10 Rhesus monkey kidney (tc), FAHEY and CRAWLEY, 1956 
10 chick embryo heart (tc) 
10 chick embryo lung (tc) LUKERT, 1966 
10 chick embryo liver (tc) LUKERT, 1966; FAHEY and 

CRAWLEY, 1956 

!BV Massachusetts suckling mice ESTOLA, 1967 
chicken tracheal organ COLWELL and LUKERT, 1969; 
culture JOHNSON et al., 1969 

!BV F newborn rabbits, suckling ESTOLA, 1966 
mice, 10 chick embryo kidney, 
10 chick embryo fibroblast 

IBV 16 Japanese 
field strains 10 chicken kidney (tc) KAWAMURA et al., 1961 

MHV A59 Syrian hamsters, WI-38 McINTOSH et al., 1969 

MHV MHV (Balb C) L cells (tc) MOSLEY, 1961 

HCV 229E HeLa, 10 human embryonic BRADBURNE and TYRRELL, 
lung (tc) 1969 
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Table 5. 

Corona- Serotype or Animal or tissue Reference 
virus strain 
species 

HCV OC 38-43 suckling mice McINTOSH et aI., 1967a 
suckling hamsters McINTOSH et aI., 1969 
10 Rhesus monkey kidney, BRucKov A et aI., 1970 
10 vervet monkey kidney (tc), 
BS-C-1 (tc) 

WI-38 KAPIKIAN et aI., 1972 

TGEV Ukiha embryonated hens' eggs ETO et aI., 1962 

TGEV dogs, foxes HAELTERMAN, 1962 

TGEV FS216/64 pig intestinal and nasal RUBINSTEIN, 1970 
organ culture 

SDAV 681 10 rat kidney BHATT et aI., 1972 

Several strains of IBV have been successfully grown in chicken tracheal 
organ cultures (COLWELL and LUKERT, 1969; JOHNSON et aI., 1969). The 
viruses produce a rapid ciliary immobilizing effect without the necessity for 
adaptation by subpassage. This system has not yet been employed either in 
the primary isolation of field strains or in serologic studies. 

It is also clear that some strains of MHV have not shown the fastidiousness 
in tissue culture of the other coronaviruses. The cell line NCTC-1469 has been 
particularly useful for the primary isolation and propagation of many MHV 
strains, both those derived from standard MHV strains and field strains. This 
cell line is, however, not suitable for the growth of large quantities of MHV 
for chemical or physical study since it is heavily contaminated with a murine 
leukemia virus (DAVID-FERREIRA and MANAKER, 1965). This adventitious 
virus is of a size and density very close to that of coronaviruses and would be 
difficult to remove by centrifugation methods. 

Of great importance has been the difficulty of growing many HCV strains 
in laboratory animals or in cell monolayers, and the requirement for human 
embryonic tracheal organ cultures for primary isolation of most strains. These 
features of the human coronaviruses doubtless contributed to their not being 
recognized until very recently. Indeed, if the factors responsible for the extreme 
fastidiousness of naturally occurring human strains could be discovered and 
somehow corrected, it seems highly likely that many new and previously un
recognized strains would be found. 

Isolation of TGEV directly from animals in primary pig kidney monolayers 
has been the most frequent mode of cultivation. Recently, however (WITTE, 
1971), secondary pig thyroid cells have been preferred for the recovery of field 
strains. 

The cytopathic effect (CPE) produced by coronaviruses has been variable. 
Many of the viruses produce syncytia, including IBV-42 (AKERS and CUNNING-
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HAM, 1968; MOHANTY and CHANG, 1963), HCV strains OC38 and OC43 (BRlJ
CKOVA et aI., 1970), TGEV (CARTWRIGHT et aI., 1965), HEV (MENGELING 
et aI., 1972; GREIG and GIRARD, 1963), MHV (PARADISI, 1968; MALLUCCI, 
1965; HARTLEY and ROWE, 1963; LAUFS, 1967), RCV (PARKER et aI., 1970) 
and SDAV (BHATT et aI., 1972). However, not all coronaviruses which do 
produce CPE form giant cells, so that one cannot assign this capacity as a 
general feature to the coronavirus group. The CPE produced by the non-syn
cytium-forming viruses, and in some instances seen in addition to syncytium 
formation, is of a nonspecific degenerative quality. 

The cell monolayer, particularly in early tissue culture passages, merely 
appears "dirty": scattered cells fall off the glass one by one so that the mono
layer is frequently repaired as fast as the infected cells degenerate. This may 
be an explanation for the observation that some coronaviruses produce a CPE 
which is more easily recognized when cells are held under agar (BOHL and 
KUMAGAI, 1965). 

B. Intracellular Development of Coronaviruses 

1. Fluorescent Antibody Studies 

There is little doubt that all known coronavirus species develop exclusively 
in the cytoplasm of infected cells. With the exception of a single report (Mo
HANTY et al., 1964a), all fluorescent antibody studies of the intracellular deve
lopment of coronaviruses have shown only cytoplasmic fluorescence (HAMRE 
et aI., 1967; McINTOSH, et aI., 1969; KONISHI and BANKOWSKI, 1967; MCCLUR
KIN and NORMAN, 1966; PENSAERT, 1970; STEPANEK et aI., 1971; BERRY, 
1967; BITO et aI., 1971; COLWELL and LUKERT, 1969; LUKERT, 1966; VON 
BULOW and SCHNEIDER, 1969; MALLUCCI, 1965; MENGELING et aI., 1972; 
LUCAS and NAPTHINE, 1971). It appears likely that in the one dissenting report 
the seed virus used (Beaudette strain of IBV) was contaminated with another 
virus, possibly an adenovirus, as was reported for certain IBV pools by BERRY 
and STOKES (1968). There does not appear to be any characteristic fine mor
phology of the cytoplasmic fluorescence. Certain studies describe it as begin
ning in the perinuclear region and spreading to involve the entire cytoplasm 
(PENSAERT, 1970). In cells infected at a multiplicity of about 1, the earliest 
fluorescence was seen 4 hours after infection (VON BULOW and SCHNEIDER, 
1969). 

2. Electron Microscopic Studies 

Although many investigations of the matter have been conducted (JONAS 
et aI., 1969; MENGELING et aI., 1972; SVOBODA et aI., 1962; WATANABE, 1969; 
PARKER et aI., 1970; DAVID-FERREIRA and MANAKER, 1965; MIYAI et aI., 
1963; STARR et aI., 1960; OKANIWA et aI., 1968b; WITTE et aI., 1968; BRAD
FUTE et aI., 1970; THAKE, 1968; VETTERLEIN and LIEBERMANN, 1970; BECKER 
et aI., 1967; HAMRE et aI., 1967; OSHIRO et aI., 1971; BUCKNALL et aI., 1972a; 
NAZERIAN and CUNNINGHAM, 1968; COWEN et aI., 1971 b; UPPAL and CHU, 
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1970; RUEBNER et aI., 1967) the details of events during morphogenesis of the 
coronaviruses are not at present finally established. There is agreement in 
published studies of all members of the group that particles collect during 
virus development in small and large cytoplasmic vesicles. Likewise there is 
agreement that virus particles are not observed in the nucleus, and that scat
tered particles are seen between layers of endoplasmic reticulum (ER) and 
often in the Golgi apparatus. Some investigators, but not all, have observed 
budding of virus particles from membranes either of ER or of cytoplasmic 
vesicles (HAMRE et aI., 1967; OSHIRO et aI., 1971; NAZERIAN and CUNNING
HAM, 1968; BRADFUTE et aI., 1970; VETTERLEIN and LIEBERMANN, 1970; 
BECKER et aI., 1967; DAVID-FERREIRA and MANAKER, 1965; RUEBNER et aI., 
1967; WATANABE, 1969). There appears to be a conspicuous absence of budding 
from the plasma membranes. In some studies reticular (D A VID-FERREIRA and 
MANAKER, 1965; SEAMER, 1965) or tubular (RUEBNER et aI., 1967; SEAMER, 
1965; DAVID-FERREIRA and MANAKER, 1965; BECKER et aI., 1967; OSHIRO 
et aI., 1971; HAMRE et aI., 1967) structures have been seen within the cytoplasm 
of cells in a stage of active virus formation, but the relation of these structures 
to development of virus particles is not clear. 

Budding into small cytoplasmic vesicles has been observed in studies of 
all the coronavirus groups. The possible events in the budding process were 
placed in a hypothetical scheme by BECKER et aI. (1967). It was postulated 
that the earliest event in the development of both IBV (strains 41 and 42) and 
HCV (strain 229E) was the formation of "crescents": areas of membrane which 
bulged toward the lumen of the vesicle and onto which a layer of dense material 
was apposed. These events are shown in Fig. 13 for HCV, strain 229E, in 
WI 38 cells. The crescents appeared to bulge into the lumen, developing more 
and more of the dense underlying layer, which ultimately formed a complete 
inner shell, the nucleoid, about 50 nm in diameter. The budding process was 
completed when the outer membrane was pinched off and the virus particle 
floated free in the vesicular lumen. These "crescents" were observed by the 
same authors in their study of IBV in the chorioallantoic membrane and by 
another group of investigators in the morphogenesis of TGEV (VETTERLEIN 
and LIEBERMANN, 1970). 

If budding really is the major or only mode of virus morphogenesis, it must 
occur rapidly, since it is seldom observed, despite the presence of large num
bers of virus particles in the cytoplasm of infected cells. Alternative modes of 
development have been suggested (UPPAL and CHU, 1970; SEAMER, 1965), but 
the details of such mechanisms are still vague, even on the morphologic level. 
Moreover, postulated hypotheses must somehow account for the probable 
presence in corona virus particles of host cell antigenic material within the outer 
envelope (BERRY and ALMEIDA, 1968; HIERHOLZER et aI., 1972). 

Studies of the morphogenesis of MHV in the livers of infected mice have 
been in essential agreement with these observations. Certain specific details 
have been, however, considered to be different. One group of investigators 
(RUEBNER et aI., 1967) felt that entire "nucleoids" (or "inner shells") were 
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Fig. 13. Cytoplasm of a 229E-infected WI38 cell. Crescents surrounding a large cyto
plasmic vacuole, and various stages of budding are seen. Cr: crescents. B: budding 

particle. Magnification before publication, X 60,000. Bar represents 200 nm 

formed in the cytoplasm in close proximity to cytoplasmic vesicles. These 
nucleoids then approached the membrane of a vesicle and were considered to 

bud into it, taking their outer coat from the vesicular membrane. Another 
group pointed to an increase in the number of free ribosome-like particles with
in the cytoplasm and felt that these particles might represent differentiating 
viral internal components (SEAMER, 1965). 

The morphogenesis of different corona virus species in a single host cell 
type has not been systematically examined, so that comparative statements 
cannot be made. It appears likely, however, that different coronaviruses have 
rather similar modes of intracellular development. 

3. Single-cycle Growth Curves 

Some insight into the intracellular development of coronaviruses can be 
gained from observations of single cycle growth curves. Unfortunately, al
though many experiments have been described, the multiplicity of infection 
(MOl) in most studies has been either very low (CARTWRIGHT et ai., 1965; 
STEPANEK et ai., 1971; HARADA et ai., 1968; HIRAI and SHIMAKURA, 1971) or 
undefined (MCCLURKIN and NORMAN, 1966; SHEFFY, 1965; WITTE and EASTER-
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DAY, 1967; VON BULOW, 1966; ESTOLA, 1966; AKERS and CUNNINGHAM, 1968; 
KAWAMURA et aI., 1961; BRAD BURNE and TYRRELL, 1971). One report (WITTE 
et al., 1968) described the events following the infection of fetal pig thyroid 
cell monolayers with the Purdue strain of TGEV, highly tissue culture adapted 
and at a MOl of about 70. In this study new virus appeared at 4 hours after 
infection, and the peak of cell-associated infectivity was at 22 hours. These ob
servations agree more or less with those in other well documented reports where 
other members of the coronavirus group have been studied. At somewhat lower 
multiplicities and, in certain instances, at undefined multiplicities, new virus 
appears 4-6 hours after infection and peak titers are reached 12-36 hours 
after infection (PENSAERT, 1970; LUKERT, 1965; HAMRE et al., 1967; BRAD
BURNE and TYRRELL, 1971; BECKER et al., 1967; ESTOLA, 1966; AKERS and 
CUNNINGHAM, 1968; MCCLURKIN and NORMAN, 1966; MALLUCCI, 1965). In 
general, cell-associated virus titers rise faster than released virus titers (AKERS 
and CUNNINGHAM, 1968; LUKERT, 1965; HARADA et aI., 1968; STEPANEK et al., 
1971; HAMRE et al., 1967). Further details, such as the sequential development 
of various viral antigens and the bio-molecular events during infection, are not 
available. 

V. Immunologic Studies 

A. Virus-Specific Antigens from Coronavirus Infected Cells 

Precipitating antigens from coronavirus infected cells have been recognized 
for some time. In 1959 a single antigen in allantoic fluid from IBV-infected 
eggs was precipitated in agar containing immune chicken serum and 8 % NaCI 
(WOERNLE, 1959). Hypertonic agar has been used since then in systems con
taining chicken serum. BERRY and STOKES (1968) found a single common band 
of precipitation from 10 IBV isolates, using the Ouchterlony technique. 
TEVETHIA and CUNNINGHAM (1968) studied the precipitating antigens from 
IBV-42 infected eggs and found three soluble antigens. All three were present 
in crude concentrated allantoic fluid and in sonicates of infected chorioallantoic 
membrane (CAM). Antigen 1 diffused most rapidly, passed through a filter of 
10 nm pore size, was trypsin sensitive but not ribonuclease sensitive, and had a 
buoyant density of 1.14 in CsC1. Antigen 2 diffused at a moderate rate, passed 
through 50 nm pores but not those of 10 nm, was ribonuclease and trypsin 
sensitive, retained its antigenicity at 100° C for 60 minutes and had a density 
of 1.18 in CsCI. Antigen 3 appeared to be larger and was in low concentrations. 
These workers found that all three antigens could be released from partially 
purified virus which had been treated with ether for 2 hours. 

CHUBB et al. (1971), using different strains of IBV, were also able to identify 
3 soluble antigens released from ether disrupted virus particles. However, they 
found only a single antigen in crude concentrated allantoic fluid and none in 
sonicated CAM. HIRONAO et al. (1970) found only a single precipitin band, 
which was present both in crude allantoic fluid and in homogenized infected 
CAM. The antigen was trypsin, but not ribonuclease, sensitive and probably, 



114 K. McINTOSH: 

therefore, represented antigen 1 of TEVETHIA and CUNNINGHAM. BRAD BURNE 
(1969) reported 2 antigens to be present in IBV-infected mouse brain. 

Similarly detailed studies of TGEV have not been performed. However, 
PHILLIP et al. (1971) reported that a single soluble antigen was present in 
lysates from both TGEV and HEV infected cells, and that these antigens were 
identical by the Ouchterlony technique. 

Likewise, there is only a single study of precipitating antigens in suspensions 
of MHV. BRADBURNE (1970) described 2 precipitin arcs when MHV 3 was 
reacted with homologous hyperimmune serum. 

Several investigators have described multiple antigens in crude or purified 
preparations of human coronaviruses. BRADBURNE (1970) identified two 
precipitin arcs when strain 229 E was reacted with human postinfection sera. 
These findings have been confirmed by BRUCKOVA and McINTOSH (unpub
lished). Suckling mouse brain grown OC43 contains at least three (HIERHOL
ZER, 1972; BRUCKOVA and McINTOSH, unpublished) and perhaps four (BRAD
BURNE, 1970) separate precipitating antigens. HIERHOLZER (1972) obtained 
suggestive evidence that one of these antigens was a host cell antigen, since 
heterologous serum prepared against highly purified OC43 reacted with normal 
suckling mouse brain suspensions, and heterologous anti-mouse brain serum 
reacted with purified virus. This indirect evidence is corroborated by the 
electron micrographs of BERRY and ALMEIDA, which show "holes" in the envel
ope of IBV created by heterologous anti-IBV serum plus complement. These 
"holes" may represent material in the membrane which is antigenically host 
specific since they were not seen when a homologous virus-antibody system was 
used (BERRY and ALMEIDA, 1968). 

Because of the failure in some studies to find multiple "soluble" antigens in 
untreated coronavirus preparations (KAYE et aI., 1970; CHUBB and CUMMING, 
1971; BERRY and STOKES, 1968; HIRONAO et al., 1970) it appears likely that 
such antigens are not produced in large quantities, as they are, for example, in 
adenovirus infected cells. Indeed, those "soluble" antigens which are found in 
untreated cell culture or allantoic fluids may represent components of spontane
ously disrupted whole virion particles. 

B. Hemagglutination 

Only two of the coronavirus species agglutinate erythrocytes spontaneously. 
These are human strains OC38 and OC43 (KAYE and DOWDLE, 1969), which 
are serologically identical and probably represent two strains of the same virus 
serotype, and HEV (PHILLIP et aI., 1971; MENGELING et aI., 1972; GREIG and 
GIRARD, 1963). Strains OC38 and 0C43 were shown to agglutinate human type 
o and vervet monkey erythrocytes at 4°C but not at room temperature or 
37°C, and chicken, rat and mouse cells at any of the three temperatures. The 
highest titers were achieved with rat and mouse cells. Rhesus monkey and 
guinea pig cells failed to agglutinate. HEV (strain 67N) was found to hemag
glutinate rat, chicken, turkey, mouse and hamster erythrocytes at 22° C. 
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Guinea pig, calf, sheep, pig, goose, horse, rabbit and human type 0 red cells 
failed to agglutinate under the conditions examined. 

Ether destroyed the hemagglutinating activity of both viruses. Trypsin was 
found to destroy that of the HCV strains. Evidence was obtained by KAYE 
et al. (1970) that the hemagglutinin of strain 0C43 is closely associated with, 
and probably an integral part of, the infectious virion. Moreover, these workers 
were unable to free hemagglutinating activity from the virion by various 
physical and chemical procedures. HIERHOLZER et al. (1972) found that brome
lin treatment, which removed the clubshaped projections, removed all hemag
glutinating activity as well. Moreover, complement fixing activity and in
fectivity were destroyed at the same time. These experiments suggest strongly 
that the projections of the OC43 virion attach to red cells. It is possible that 
these projections must be part of the intact virus particle to cause hemagglu
tination. 

Both OC38-43 and HEV have been found to cause hemadsorption (PHILLIP 
et al., 1971; MENGELING et al., 1972; GREIG and GIRARD, 1963; KAPIKIAN 
et al., 1972). This finding, which was unexpected in view of the absence of 
budding from the cell surface, was explored further by BUCKNALL et al. 
(1972 a) who found, as others had (HAMRE et al., 1967; OSHIRO et al., 
1971), that human coronavirus particles tended to adhere to the surface of the 
infected cell monolayer. Added erythrocytes, in turn, adhered to the virus 
particles. These authors preferred to call the phenomenon "pseudo-hemadsorp
tion". It is likely, although unproven, that the mechanism of HEV hemad
sorption is similar. 

Immune serum has been found to inhibit the hemagglutinating and hemad
sorbing activity of both OC38-43 and HEV (KAPIKIAN et al., 1972; KAYE and 
DOWDLE, 1969; GIRARD et al., 1964). In serologic surveys, rises in hemaggluti
nation inhibiting antibody to OC43 tend to parallel rises in complement fixing 
antibody, further demonstrating the antigenic specificity of the reaction. 

Hemagglutination is also observed in trypsin-treated crude allantoic fluid 
from IBV-infected eggs (CORBO and CUNNINGHAM, 1959). Further studies have 
demonstrated that the hemagglutinating activity may be detected in untreated 
allantoic fluid from infected eggs if it is separated from nonspecific inhibitors 
by column chromatography (BISWAL et al., 1966). This hemagglutination, how
ever, is not associated with intact infectious virus (BISWAL et al., 1966) and is 
not specifically inhibited by antiviral antiserum (CORBO and CUNNINGHAM, 
1959). IBV hemagglutination is therefore not useful as a serologic tool, and, in
deed, may not be a specific viral or virus-coded substance. 

C. Complement Fixation 

Various strains of human, mouse, rat and avian coronaviruses have been 
shown to fix complement in the presence of convalescent or hyperimmune 
serum. There are no published reports of complement fixation (CF) by porcine 
VIruses. 
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The complement fixing antigen of IBV (Beaudette strain) has been studied 
using guinea pig serum prepared against chicken kidney grown antigen (STEELE 
and LUGINBUHL, 1964). Because concentrated, partially purified virus pre
parations were used, it appears likely that the antigen measured was attached 
to the virion. This antigen was found to be heat stable and trypsin resistant. 

A "soluble" CF antigen has been reported for MHV (CALISHER and ROWE, 
1966). Detailed information on the nature of this antigen is, however, not 
available. The CF antigen from human strain OC43 has been more extensively 
studied. It appears to be attached to the virion in such a way that, unlike that 
of myxoviruses, it is not liberated by ether or ether-tween treatment (KAYE 
et al., 1970). HIERHOLZER et aL (1972) were able to remove all CF activity from 
purified OC43 virions by treatment with bromelin. The same treatment 
removed the projections and destroyed both HA activity and infectivity. The 
CF antigen, like the HA antigen, was relatively resistant to heat (56°C for 
30 minutes). 

D. Serologic Interrelationships Among Coronaviruses 

Coronaviruses, as a group, display complex serologic variability. This 
variability has apparently resulted in interrelationships, more or less close, 
between different strains from the same host species, as well as between strains 
from different host species. The full picture of these interrelationships is not 
yet complete, but certain generalizations are warranted. The details of these 
complex problems are published in recent papers by DAWSON et aL (1971), 
BRADBURNE (1970),and McINTOSH et aL (1969). 

The TGEV strains appear to be unique among the coronaviruses in that no 
antigenic diversity between strains has yet been demonstrated (BOHL and 
KUMAGAI, 1965; SASAHARA et aL, 1958; CARTWRIGHT, 1966; LEE et aL, 1954; 
RISTIC et al., 1965). Interrelationships between TGEV strains and REV strains 
have been briefly explored in a study reported by PHILLIP et al. (1971). A 
precipitation arc of identity between the two viruses was described, despite 
the lack of an antigenic relationship in reciprocal neutralization tests. The 
possibility of an interrelationship between TGEV and IBV is suggested by the 
finding that TGEV-coated bentonite particles were flocculated by a chicken 
antiserum against IBV (strain not specified) at a dilution of 1: 80 (SIBINOVIC 
et al., 1966). Hyperimmune animal sera against 21 other viruses, including a 
chicken serum prepared against fowlpox, failed to flocculate the particles at 
dilutions greater than 1 : 20, and the homologous swine serum flocculated to a 
dilution of 1 : 320. This intriguing finding has not been explored further. 

Also of interest is the presence of moderately high titers of neutralizing 
antibody to TGEV in dogs (NORMAN et aL, 1970). Antibodies were found in 
dogs with no exposure to pigs, although they were not present in animals 
raised in a closed colony. This finding suggests the possible existence of a canine 
coronavirus related to TGEV. Antibodies to TGEV in human sera have not 
been sought. 
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On the basis of evidence available to date, IBVappears to be a serologically 
isolated species: attempts to show relationships between various strains of IBV 
and other coronaviruses (aside from the brief reference to a possible relation 
with TGEV mentioned in the previous section) have been uniformly unsuccess
ful (BRADBURNE, 1970; McINTOSH et al., 1969). Neutralizing antibodies to IBV 
strain 41 have been found in human sera (MILLER and YATES, 1968), but 
exclusively in individuals with close and repeated contacts with chickens. Such 
antibodies are probably stimulated by exposure to virus aerosols, either from 
vaccines or from wild virus, and do not necessarily imply that IBV can replicate 
in man or that a human coronavirus antigenically related to IBV-41 exists. 
Indeed, the results of more direct studies of known human strains (BRAD
BURNE, 1970; McINTOSH et al., 1969) would imply that this was not so. Never
theless, conclusive evidence of the serologic isolation (or lack thereof) of IBV 
must await more sophisticated studies of antigenic relationships within the 
group itself. 

In spite of their isolation, however, the various strains of IBV appear to be 
closely interrelated one with another and form a highly complex and confusing 
antigenic pattern. All strains of IBV may well be interrelated through the 
common precipitating antigen described by BERRY and STOKES (1968). However, 
other serologic techniques, namely neutralization tests in embryonated eggs or 
tissue culture, cross-protection studies in chickens, and fluorescent antibody 
studies, show an exceedingly complex picture (COOK, 1968; HITCHNER et al., 
1966; HOPKINS, 1969; LUCIO and HITCHNER, 1970; WINTERFIELD et al., 1971; 
DAWSON and GOUGH, 1971; HOFSTAD, 1958; HOFSTAD, 1961; LUKERT, 1969; 
COWEN et al., 1971 a; RAGGI and LEE, 1957; WINTERFIELD et al., 1964). Inter
relationships have been frequently demonstrated by one technique and not by 
another, so that a satisfactory over-all scheme cannot be constructed. The 
problem is an important one, since poultry farmers depend on IBV vaccines 
to protect their flocks. Moreover, although there are between seven and fifteen 
well recognized different serotypes, most vaccines contain only two, namely 
the Massachusetts and Connecticut strains (CUNNINGHAM, 1970). This is 
because, in practice, many strains show interrelationships by cross-protection 
studies, even though more discriminating tests demonstrate marked differences. 
It is clear that some systematic effort must be made to obtain plaque-purified 
strains, to perform tests with standardized sera, and to work, in cross-challenge 
tests, with virus-free flocks under tightly controlled conditions. It is only 
through an effort such as this that the picture will be clarified. 

It is not unlikely that a complex picture similar to that described above 
exists for both MHV and the human coronaviruses. Detailed reports of MHV 
serologic studies are not published. However, those data which are available 
show that all known strains of MHV are interrelated, either in CF tests or in 
neutralization tests, although no two strains appear exactly alike (CALISHER 
and ROWE, 1966; MORRIS, 1959; STARR and POLLARD, 1959a; MANAKER et al., 
1961; DICK et al., 1956; GLEDHILL and NIVEN, 1955; MORRIS et al., 1966). 
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MHV, unlike IBV, is serologically related to coronaviruses from animal 
species other than the mouse. Several strains are closely related to RCVand 
SDAV by CF tests and distantly related to RCV by cross-neutralization tests 
(PARKER et al., 1970; BHATT et al., 1972). Likewise, several strains of MHV are 
closely related to human coronaviruses OC38 and OC43 (MciNTOSH et al., 
1967a); MHV-3 has also been shown to be related to strain 229E (BRADBURNE 
1970). Antibody to several strains of MHV is commonly found in human sera, 
probably because of endemic human infection with related coronaviruses 
(HARTLEYet al., 1964). 

The human coronaviruses are similarly complex. The strains which were 
primarily isolated in tissue culture monolayers form a fairly homogenous 
group whose members are similar or identical to strain 229E (HAMRE and 
PROCKNOW, 1966; KAPIKIAN et al., 1969). However, one strain, LP, was origi
nally isolated in HETOC, resembles 229E quite closely, but differs from it by 
neutralization kinetics (BRADBURNE, 1970). Other organ culture isolated 
strains are more heterogenous. The two viruses which were adapted to grow in 
suckling mouse brain, strains 0C38 and OC43, are probably identical (MciN
TOSH et al., 1967a), and another strain OC44, is quite similar (MciNTOSH et al., 
1969). All three are closely related by CF tests to MHV. But other strains, in
cluding B814, EVS, OC16, 0C37 and OC48 are poorly characterized and 
variably related to each other, strains 229E and OC38-43, and MHV. It is not 
unlikely that strain 0C38-43 is related, although distantly, to 229E (BRAD
BURNE, 1970). 

VI. Summary 

This review has concentrated primarily on the comparative aspects of 
coronavirus virology. It is clear that all of the coronavirus species share certain 
biophysical and chemical characteristics: in negatively stained preparations 
their size is 80-160 nm, and particles are round, moderately pleomorphic, and 
covered with widely spaced, 20 nm club-shaped projections; in ultrathin 
sections they are 75-90 nm in diameter, and possess an outer membrane and 
an inner shell; their nucleic acid type is RNA; they are ether and chloroform 
labile; and their buoyant density in sucrose is 1.18-1.19 gms/cu. cm. Some of 
the species (and, perhaps, types) differ in their sensitivity to acid pH and 
trypsin. As far as is presently known, the ultrastructural morphogenesis of all 
species is similar, although perhaps not identical. Two coronavirus species 
hemagglutinate; the rest apparently do not. The antigenic characteristics of 
the various species vary widely: TGEV shows little or no variation between 
strains; MHV and IBV show an apparently limitless antigenic variability 
between strains, and the HCV types probably resemble MHV and IBV. Some 
coronavirus species are extremely fastidious in their in vitro growth require
ments and others are considerably less so. 

As a virus genus, the coronaviruses are of great economic importance. They 
are the cause of several animal diseases of world-wide distribution and high 



Coronaviruses: A Comparative Review 119 

morbidity and mortality. In man they are responsible for a significant pro
portion of upper respiratory illness and are major contributors to economic 
loss due to sick leave. Further investigation into their properties is clearly in
dicated. 

Studies of the biophysical and chemical nature of coronavirus virions have 
lagged behind other types of research and deserve to be pursued now. These 
include an examination of purification methods for all the coronavirus species, 
and chemical and physical characterization of the nucleic acid, core and envel
ope. The molecular events in coronavirus infected cells have not been examined 
to any significant extent. The genetics of coronaviruses have been similarly 
neglected and are particularly important in those species which show marked 
and complex antigenic variation. 

One of the attractive features of coronavirus research is the intriguing 
possibility that discoveries in one species may have application in another. 
Thus, examination of the nature of virus-cell interaction of some less fastidious 
coronavirus species, such as MHV, may elucidate factors leading to more suc
cessful cultivation of human strains. Already the necessary use of the electron 
microscope in the study of HCV strains has led to more rapid and precise 
virologic diagnosis in IBV infection. Such interplay between veterinary and 
human virology was the object of a recent coronavirus workshop (Anonymous, 
1972) and should be encouraged. 

Other areas of research, though perhaps more mundane, are not less im
portant. IBV serology, like HCV serology, is of great practical importance and 
should receive due emphasis. Some of the inter-species antigenic relationships, 
particularly those involving the porcine coronaviruses, should be explored. 
Coronaviruses should be sought in other animal species. And, finally, efforts 
to attenuate coronaviruses should be systematically pursued, since effective 
vaccines, particularly for IBV and TGEV, are clearly of paramount importance. 
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