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INTRODUCTION 

Because of its distinctive clinical picture, 
described in the previous chapter, smallpox 
has been recognized as a disease entity for 
many centuries. Its control by deliberate 
intervention, at first by variolation, then by 
vaccination, began long before such measures 
were adopted for any other disease. Likewise, 
knowledge of the virus that produced the 
disease and those that were used to control it, 
variola and cowpox or vaccinia viruses respec- 
tively, is as old as the relatively new science of 
virology. The particles that cause these two 
diseases were seen with the microscope, and 
then by electron microscopy, before any other 
viruses had been visualized, and their chemi- 
cal composition was analysed earlier than that 
of any other animal virus. The family to 
which they belong, now called Poxviridae, 
was correctly categorized before any other 
viral family, and the genus Orthopoxvirus, 
whose members are the causative agents of 
smallpox, vaccinia and the several related 

diseases with which this book is less directly 
concerned, was delineated as early as any other 
viral genus as the "variola-vaccinia subgroup" 
of the poxvirus group. 

This chapter outlines the historical devel- 
opment and current state of knowledge of the 
orthopoxviruses, based primarily on studies 
with vaccinia virus. Much of the material 
presented will be of special interest to bio- 
logists, but it includes topics of greater 
complexity and of a more technical nature 
than can be readily understood by the other- 
wise informed general reader. However, the 
authors consider that it is important in this 
book to endeavour to embrace the full scope 
of currently available knowledge of the ortho- 
poxviruses. For the virologist the account will 
appear unbalanced, since the intention is to 
limit it to providing the virological back- 
ground that is necessary to understand how 
the body responds to infection with these 
viruses, how the clinical diagnosis can be 
confirmed by laboratory studies, and what 
other related agents may pose threats to man, 
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The Nature of Viruses in General and Poxviruses in Particular 

Viruses form a distinct group of agents, which differ fundamentally from cellular 
microorganisms. The infective particle, known as the virion, is inert; it proceeds to a 
dynamic phase only after it enters a susceptible cell and loses enough of its outer protective 
layers to allow its genetic material to be transcribed and translated. The inert poxvirion is 
the largest of all Girions and its genetic material, a single molecule of double-stranded 
DNA, is among the largest of all viral genomes. Poxviruses differ from most other DNA 
viruses in that they replicate in the cytoplasm rather than in the nucleus of susceptible cells. 
To accomplish this, they have a battery of enzymes not found in other DNA viruses, 
including a viral DNA-dependent RNA polymerase which transcribes messenger RNA 
from the viral DNA. 

confuse the diagnosis or give rise to problems 
in interpreting ecological data. To do this it 
will be necessary to describe some features of 
the orthopoxviruses, such as their structure, 
the composition of their genetic material and 
their behaviour in experimental animals, in 
some detail, but it is not necessary to provide a 
detailed analysis of the complex events of the 
replication cycle, a feature which has always 
been of central interest to virologists. 

CLASSIFICATION AND 
NOMENCLATURE 

The internationally accepted classification 
of viruses is based primarily on the morphol- 
ogy of the viral particle (virion) and the 
nature and structure of the viral nucleic acid. 
As the largest of all viruses, the virions of 
poxviruses were the first to be seen with the 
microscope. 

Development of Knowledge of the 
Structure of Poxvirions 

As early as 1886, Buist (see Gordon, 1937) 
reported that he had seen what must have 
been the virions of vaccinia virus in stained 
smears, although he regarded them as spores. 
Calmette & GuCrin (1901) used the rabbit to  
assay batches of vaccine lymph and in the 
course of this work they observed that the 
lymph contained numerous minute refractile 
particles which they suggested might be the 
"virulent elements". These observations were 
confirmed by Prowazek (1905), an expert 
microscopist, who found that they could be 
stained by Giemsa's method, and revived the 

term "elementary bodies", originally intro- 
duced by Chaveau (1868) and used until 
recently to describe the virions. Paschen 
(1906) used a modified Loeffler's flagellar 
stain and championed the belief that the 
elementary bodies of vaccinia virus thus made 
visible with the microsco~e were the infective 
particles ; they were later also called "Paschen 
bodies" in recognition of Paschen's extensive 
work in this field (Plate 2.1). Negri (1906) had 
shown that the infectivity of vaccine lymph 
would remain after the lymph had been 
passed through a filter that held back bacteria, 
but final proof that the elementary body was 
indeed the infectious entity was not provided 
until Ledingham (1931) showed that antisera 
produced against vaccinia or fowlpox viruses 
would simultaneously and specifically agglu- 
tinate the particles and neutralize the infec- 
tivity of the homologous but not the heter- 
ologous virus. 

Plate 2. I. "Elementary bodies" (virions) of vaccinia 
virus. Bar = Ipm. Imprint of a rabbit cornea infected 
with vaccinia virus, prepared and stained by Paschen 
in 1906. 
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Further analysis of the structure of pox 
virions has de~ended on the use of the 
electron microscope with virions treated in 
various ways. Enzymatic digestion was used 
to demonstrate the existence of a substructure 
within the brick-shaped virions (Dawson & 
McFarlane, 1948). In a series of classical 
studies, Peters (1956), using enzymatic diges- 
tion with deoxyribonuclease and metal shad- 
owing, demonstrated the major viral com- 
ponents and designated them as the outer 
membrane, the lateral bodies and the core. 
Thin sections of infected cells have been 
particularly valuable in elucidating the mor- 
phogenesis of the virions of vaccinia virus. 
Negative staining, combined with a variety of 
methods of degrading the virion, has been 
useful in analysing the substructure of vac- 
cinia virions (Easterbrook, 1966 ; Medzon & 
Bauer, 1970) and in demonstrating the dis- 
tinctive surface structure of the outer mem- 
brane. The negative staining method, first 
used for poxviruses by Nagington & Horne 
(1962). was the cornerstone of the laboratorv 
diagnosis of smallpox as it was developed 
during the Intensified Smallpox Eradication 

The Nucleic Acid of Poxviruses 

Following the development of methods of 
purification of vaccinia virus by differential 
centrifugation, workers at the Rockefeller 
Institute of Medical Research in New York 
showed that the virions contained 5.6% 
DNA (Hoagland et al., 1940) but no RNA 
(Smadel & Hoagland, 1942). The DNA was 
shown to be double-stranded, with a guanine + cytosine content of 36-37% Ubklik, 
1962), and subsequent studies showed that it 
occurred as a single linear molecule with a 
relative molecular mass of about 123 million 
comprising 186 000 base pairs (186 kbp). 

Classification of Poxviruses 

Traditional classifications of diseases were 
based on symptoms, and certain diseases of 
man, cow, horse, sheep and pig were grouped 
together as "poxes" because they were charac- 
terized by pocks on the skin. Several of these 
diseases were caused by poxviruses, but the 
deficiencies of a classification of causative 
agents based on signs and symptoms were 
highlighted by the inclusion of chickenpox 

(caused by a herpesvirus) and "the great pox" 
(syphilis-caused by a spirochaete) in the 
same category as smallpox. 

By examining sections of poxvirus-infected 
tissues, pathologists came to recognize cyto- 
plasmic inclusion bodies as characteristic of 
poxvirus infection (Guarnieri, 1892), al- 
though for many years they were regarded as 
protozoa. Gradually, however, the signifi- 
cance of the minute particles seen in stained 
smears was appreciated, and by the 1920s 
Aragiio (1927) grouped together, as belong- 
ing to one family, the viruses of "myxoma, 
smallpox, molluscum contagiosum, epithe- 
lioma of fowls, etc.". Subsequently, Goodpas- 
ture (1933) formally proposed that vaccinia- 
variola, fowlpox, horsepox, sheep-pox, goat- 
pox, swinepox and molluscum contagiosum 
viruses should be grouped together as the 
genus Borreliota. Some years later, Buddingh 
(1953), using particle morphology and the 
character of the inclusion bodies as well as 
symptomatology and host range as the cri- 
teria, suggested a classification which, as far as 
it goes, accords with current ideas, except that 
all viruses with mammalian hosts were in- 
cluded in the same subgroup. 

Writing on behalf of the Poxvirus Subcom- 
mittee set up by the Sixth International 
Congress for Microbiology, Fenner & Burnet 
(1957) produced a short description of the 
poxvirus group that has remained the basis of 
subsequent classifications in respect of the 
criteria used and the subdivisions adopted, 
although the names they proposed for species 
were not accepted, and the status of categories 
(genus, species, etc.) has been changed. With a 
view to bringing order and international 
agreement into viral classification and no- 
menclature, an International Committee on 
Nomenclature of Viruses was established in 
1966, at the Ninth International Congress for 
Microbiology in Moscow. This Committee, 
whose name was subsequently changed to the 
International Committee on Taxonomy of 
Viruses, is now accepted as the international 
adjudicator on viral taxonomy and nomencla- 
ture (Matthews, 1983); the currently ac- 
cepted classification of the poxviruses of 
vertebrates is set out in Table 2.1. 

Chordopoxvirinae: the Poxviruses of 
Vertebrates 

The basic features of members of the 
subfamily Chordopoxvirinae are the large size 
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Table 2. I .  The classification o f  poxviruses o f  and cross-protection in laboratory animals; 
vertebrates indeed the last two tests form the basis for 

Famlly Poxvlrldae 
the tentative allocation of a poxvirus isolate 

Subfamily Chordopoxvlrlnae to the genus Orthopoxvirus. 
Genera Orthopoxvlrus (vacclnla) Traditionally (e.g., Baxby, 1975, 1977b), 

(prototype species) Avlpoxvlrus (fowlpox) 
Caprlpoxvlrus (sheep-pox) species of Orthopoxvirus have been named 
~epor~poxv~rus (myxoma) primarily on the basis of the host animal from 
Parapoxvlrus (milker's nodule) which they were derived, and identified on 
Sulpoxvlrus (swlnepox) 
Unclasslfled molluscum contaglosum, the basis of a range of biological characteris- 

tanapox tics in laboratory animals. The most import- 

and characteristic ovoid or brick-like shape of 
the virion and the possession of a genome 
consisting of a single linear molecule of 
double-stranded DNA with a relative molec- 
ular mass that ranges, for different genera, 
between 85 million for Parapoxvirus and 185 
million for Avipoxvirus. The virions of all 
members incorporate several enzymes, in- 
cluding a DNA-dependent RNA polymerase. 
These enable poxviruses to replicate in the 
cytoplasm of infected cells. 

The Genus Orthopoxvirus 

The subfamily Chordopoxvirinae includes 
many viruses that are related to each other 
only in the general properties just listed. The 
genus with which this chapter is concerned, 
Orthopoxvirus, is much more homogeneous, as 

ant indicators 'were the host range; the 
morphology of the pock and the ceiling 
temperature at which it was produced on the 
chorioallantoic membrane of the developing 
chick embryo. The situation was changed by 
the discovery by Miiller et al. (1978) and 
Esposito et al. (1978) that the DNAs of 
representative strains of each of several differ- 
ent species of Orthopoxvirus showed distinc- 
tive patterns after digestion with restriction 
endonucleases. With a larger number of 
strains of several different species, Mackett & 
Archard (1979) showed that all species of 
Orthopoxvirus shared a large conserved central 
part of their genomes. Analysis of the DNA 
structure now provides an alternative and 
more fundamental primary criterion for the 
classification of orthopoxviruses (see Fig. 2.6). 

Recognized Species of Orthopoxvirus 

befit; its lower taxonomic status.-Table 2.2 Historical features relating to the discovery lists the names, host ranges and geographical and recognition of the accepted species of distribution of what, on the basis of their Orthopoxvirus are summarized below. biological properties and genome structure, 
are 9 distinct species of Orthopoxvirus. All 
these species show extensive serological cross- virus 
reactivity, by both in vitro tests (gel diffusion, 
complement fixation, haemagglutination This virus, which caused human smallpox, 
inhibition, etc.) and by neutralization tests has a restricted host range in laboratory 

Table 2.2. Species o f  the genus Orthopoxvirus 

Animals found naturally infected 
Host range In 

laboratory animals 
Geographical range: 

natural infections 

Variola 
Vacclnla 
Cowpox 

Monkeypox 

Ectromelia 
Camelpox 
Taterapox 
Raccoonpox 
Uasln Glshu dlsease 

a Infected from man. 

Man (Infection now eradlcated) 
Numerous: man, cow,a b ~ f f a l o , ~  pig,a rabblta 
Numerous: cow, man, rats, cats, gerbils, large 

fellnes, elephants, rhinoceroses, 
okapls 

Numerous: monkeys, great apes, anteaters, 
squirrels, man 

Mice, ?voles 
Camels 
Tatera kempl (a gerbil) 
Raccoons 
Horses (from a wlldlife reservoir host) 

Narrow 
Broad 
Broad 

Broad 

Narrow 
Narrow 
Narrow 
!Broad 
Medlum 

Formerly world-wide 
World-wide 
Europe (and Turkmenian SSR) 

Western and central Africa 

Europe 
Africa and Asla 
Western Afrlca 
USA 
Eastern Africa 
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animals. Earlv revorts of its transfer to Co~vpox virus , L 

animals are dificult to interpret, but monkeys 
were used quite early (Zuelzer, 1874) and 
extensively (e.g., Brinckerhoff & Tyzzer, 
1906). Variola virus was subsequently grown 
in the rabbit cornea and a test developed to 
differentiate it from chickenpox virus (Paul, 
1915). Later it was grown in chick embryos 
(Torres & Teixeira, 1935), and North et al. 
(1944) and Downie & Dumbell (1947b) 
showed that the pocks produced by variola 
virus on the chorioallantoic membrane were 
suficiently distinctive to allow its differenti- 
ation from vaccinia and cowpox viruses. A 
detailed account of the virology of variola 
virus is presented later in this chapter. 

Vaccinia virus 

For many years before the time of Jenner, 
cowpox had been recognized as a disease of 
cows that was transmissible to man, produc- 
ing ulcers on the cow's teats and on the 
milker's hands. The distinction between cow- 
pox and vaccinia viruses was first made by 
Downie (Davies et al., 1938; Downie, 
1939a,b). A number of strains of Orthopoxvirus 
recovered from diverse arlimals in zoos and 
circuses, as well as from rodents (see Chapter 
29), have now been recognized as being very 
similar in both their biological properties and 
their genome maps to the strains of cowpox 
virus that have been recovered from cows and 
man ; all of these strains belong to the cowpox 
virus species. Since cowpoi virus was so 
important in the history of smallpox control 
(see Chavter 6) and causes occasional infec- 

Though a different species of Orthopoxvirus tions in man (see Chapter 29), its properties 
are discussed at greater length later in this 

from Jenner's "variolae vaccinae", vaccinia 
virus is the agent that has been most widelv chapter. 

used for vaccLation. Baxby (1977c, 1981) has 
summarized speculations about its origins Monkeypox virus 
(see Chapter 7). Many strains are supposed to 
have been derived from variola virus (Wo- 
katsch, 1972; see Chapter 11). However, 
when experiments were carried out under 
conditions which precluded the possibility of 
cross-infection with vaccinia virus. "transfor- 
mation" of variola virus into vaccinia virus 
could not be demonstrated (Herrlich et al., 
1963). 

There are many strains of vaccinia virus 
with different biological properties, although 
all have many features in common, such as 
their wide host range, rapid growth on the 
chorioallantoic membrane and distinctive 
genome maps. Since vaccinia virus has a broad 
host range and has been very widely used for 
many decades, accidental infections of domes- 
tic animals were not uncommon when human 
vaccination was practised on a large scale (see 
Table 2.7'). Sometimes serial transmission 
occurs naturally in such animals (cows, buffa- 
loes. rabbits). 

In the history of smallpox eradication, 
vaccinia virus is second only to variola virus 
in its im~ortance. It is also the "model" 

This virus was first recovered from cyno- 
molgus monkeys that had been captured in 
Malaysia in 1958 and shipped by air to 
Copenhagen, where they were housed to- 
gether for several weeks before the disease 
was recognized (Magnus et al., 1959; see 
Chapter 29). Several other isolations of the 
virus were subsequently made from captive 
primates in Europe and North America 
between 1960 and 1968 (Arita & Henderson, 
1968). In 1970 monkeypox virus was isolated 
from a case of a disease in a human being in 
Zaire diagnosed clinically as smallpox (Lad- 
nyj et al., 1972; Marennikova et al., 1972a); 
human monkeypox has now been recognized 
as a rare zoonosis occurring in several coun- 
tries in western and central Africa. 

Monkeypox virus infection in monkeys has 
been used as a model for the study of the 
pathogenesis of smallpox (see Chapter 3). The 
properties of monkeypox virus, the clinical 
and epidemiological features of human mon- 
keypox, and its ecology in Africa are discussed 
in Chapter 29. 

orthopoxvirus, with which the vast majority 
of laboratory investigations of viruses of this Ectromelia virus 
genus have been performed. Aspects of its 
virology are further discussed later in this Infectious ectromelia, later called mouse- 
chapter and its use in the prevention of pox, was described in the United Kingdom by 
smallpox is described at length in Chapters 6, Marchal (1930), and the virus was subse- 
7 and 11. quently recovered from laboratory mice in 
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many parts of the world (Fenner, 1982). 
Serological studies (Kaplan et al., 1980) sug- 
gest that voles may be a reservoir host of 
ectromelia virus in nature. Mousepox has 
been extensively used as a model system for 
studies relevant to the pathogenesis and 
immunology of smallpox (see Chapter 3). 
Ectromelia virus does not produce disease in 
man (Fenner, 1949a). 

Camelpox virus 

This virus shares several biological proper- 
ties with variola virus and was originally 
described as being "extremely closely related" 
to variola virus (Baxby, 1972). However, it 
behaves differently in cultured cells (Baxby, 
1974) and has a distinctive genome structure 
(Fig. 2.6). The camel appears to be the only 
natural host. It was first isolated in tissue 
culture by Ramyar & Hessami (1972) and its 
affinities with the genus Ortbopoxvirus were 
recognized by Baxby (1972). Extensive stu- 
dies in Somalia during the Intensified Small- 
pox Eradication Programme confirmed that 
it did not cause disease in man (Jeiek et al., 
1983). 

Taterapox virus 

This virus was recovered from pooled 
liverlspleen material obtained from small 
naked-soled gerbils ( Tatera kempi) captured in 
Benin in 1964 (Kemp et al., 1974). It  was 
studied by Gispen (1 972) and Huq (1 972), and 
characterized as a species of Ortbopoxvirus by 
Lourie et al. (1975). who described it as "like ,- 
variola minor virus" and speculated about its 
possible role in the long-term survival of 
variola virus. However, it has a distinctive 
genome map (see Fig. 2.6), which shows the 
usual features of orthopoxvirus DNA. 

Nothing is known of its natural history, 
and little exceDt what is shown in Table 2.3 is 
known of its biological properties. Taterapox 
virus may be one of several orthopoxviruses 
responsible for the high proportion of posi- 
tive results obtained in orthopoxvirus haem- 
agglutination-inhibition tests carried out 
onsera derived from a varietv of wild animals 
captured in tropical rain forest regions in 
Africa (see Chapter 29). 

Raccoonpox virus 

The only indigenous orthopoxvirus yet 
recovered from the Americas, this virus was 

isolated from raccoons in the eastern USA 
(Alexander et al., 1972) and characterized as a 
distinct species of Orthopoxvzrus by Thomas et 
al. (1 975). Its genome could not be mapped by 
methods used for other orthopoxviruses, since 
only about half the Hind111 restriction endo- 
nuclease fragments cross-hybridized with 
those of other orthopoxviruses (Esposito & 
Knight, 1985), indicating a much more 
distant relationship than that found between 
other orthopoxviruses. 

Uasin Gishu disease virus 

This is an African orthopoxvirus recog- 
nized only by the fact that it causes papular 
lesions in horses in parts of Kenya (Kaminjolo 
et al., 1974a,b). It  appears to be a virus 
enzootic in African wildlife, and if more 
widely distributed it could complicate ecolo- 
gical studies of monkeypox virus by blurring 
the serological picture. 

CHARACTERISTICS SHARED BY ALL 
SPECIES OF OR THOPOXVIR US 

Having shown the way in which early 
studies of the morphology of poxvirus parti- 
cles led to a classification of the family and the 
designation of the genus Orthopoxvirus, it is 
necessary now to outline current views on the 
structure and chemistry of these viruses. The 
vast majority of such studies were carried out 
with vaccinia virus, but they apply, with 
minor variations, to all orthopoxviruses. 

Morphology of the Virion 

Fig. 2.1, which is based on electron micro- 
scopic studies of vaccinia virus using thin 
sections, negative staining and freeze- 
etching, represents the virion as consisting of 
four major elements: core, lateral bodies, 
outer membrane and, as an inconstant compo- 
nent, an envelope. The well-defined central 
core (Plate 2.2C and D) contains the viral 
DNA, and on each side of the core there is an 
oval mass called the lateral body. The core and 
lateral bodies are enclosed within a well- 
defined "outer membrane", which has a 
characteristic ribbed surface structure (Plate 
2.2A and Fig. 2.1), and is composed of a large 
number of surface tubules (Plate 2.3). The 
viral DNA within the core, which is associ- 
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, Lateral body Envelope 

100 nm Core membrane - \ 
Fig. 2. I .  The structure of the vaccinia virion. Right- 
hand side. section of enveloped virion; left-hand side, 
surface structure o f  non-enveloped particle. The viral 
DNA and several proteins within the core are organ- 
ized as a "nucleosome". The core has a 9-nm thick 
membrane, with a regular subunit structure. Within 
the virion, the core assumes adumb-bell shape because 
of the large lateral bodies. The core and lateral 
bodies are enclosed in a protein shell about 12 nm 
thick-the outer membrane, the surface of which 
consists o f  irregularly arranged tubules, which in turn 
consist of small globular submits. Virions released 
naturally from the cell are enclosed within an envelope 
which contains host cell lipids and several virus- 
specified polypeptides, including the haemagglutinin; 
they are infectious. Most virions remain cell- 
associated and are released by cellular disruption. 
These particles lack an envelope so that the outer 
membrane constitutes their surface; they also are 
infectious. 

ated with at least 4 different proteins, is 
maintained in a superhelical configuration, 
and appears to occur in globular structures 
interconnected by DNA-protein fibres, re- 
sembling the nucleosome structures ofeukary- 
otic chromatin (Soloski & Holowczak, 1981). 
Virions released spontaneously from cells are 
often enclosed within a lipoprotein envelope 
(Plate 2.2B) which contains the vaccinia 
haemagglutinin and several other virus- 
specific polypeptides (Payne & Norrby, 
1976 ; Payne, 1978). Virions released by cellu- 
lar disruption are infectious but lack an envel- 
ope (Appleyardet al., 1971) ;their outer surface 
is then composed of the outer membrane. 

The envelope probably plays a role in the 
spread of virions within the animal body and 
thus in pathogenesis (see Chapter 3). More 
important in the context of smallpox control 
is the suggestion that the low protective 
power of inactivated vaccines (see Chapters 3 

and 11) is due in part to the fact that they 
consist of inactivated non-enveloped virions 
(Boulter & Appleyard, 1973), whereas live 
virus vaccines produce envelope proteins in 
the process of replication. 

Antigenic Structure 

The large and complex virions of ortho- 
poxviruses contain a very large number of 
polypeptides, each of which probably con- 
tains several epitopes (antigenic sites). Much 
modern viroloeical research is concerned 

D 

with the structure and function of the viral 
polypeptides, their location in the virion and 
the processes by which they are produced 
during viral replication. Such research will 
undoubtedly illuminate our understanding of 
the biology of orthopoxviruses and the way in 
which they cause disease, but it is peripheral 
to the practical problems with which this 
book is concerned. However, three aspects of 
the composition of these polypeptides and 
their antigenic makeup are highly relevant: 
(1) some antigens show cross-reactivity across 
the whole subfamily Chordopoxvirinae; (2) 
many antigens, including those important in 
generating a protective immune response, 
show cross-reactivitv within the penus Ortho- 

U 

poxvirus; and (3) some antigens are species- 
specific. 

Antigens common t o  the subfarnib Chordopox- 
virinae 

Investigations carried out some years ago 
using crude chemical and serological 
methods showed that one or several antigens 
were shared by all members of the subfamily 
that could be studied. Takahashi et al. (1959) 
demonstrated that both myxoma-immune 
sera and vaccinia-immune sera reacted with 
members of the Orthopoxvirus, Leporipoxvirus, 
and Av2poxvirus genera when tested by corn- 
plement-fixation and immunofluorescence 
tests. Woodroofe & Fenner (1962) were able 
to demonstrate group cross-reactivity by 
complement-fixation or immunofluorescence 
tests only when they extracted the so-called 
"NP antigen" (Smadel et al., 1942) from 
myxoma or vaccinia virus. Such preparations 
reacted with antisera to a wide range of 
poxviruses, belonging to 5 different gLnera. 

Ikuta et al. (1979) reinvestigated the prob- 
lem, using radioimmunoprecipitation, and 
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Plate 2.2. Electron micrographs of vaccinia virions. A: Non-enveloped virion, showing the surface tubular 
elements that make up the outer membrane. B: Enveloped virion, as released from the infected cell and found 
in extracellular medium. C: Thin section of non-enveloped virion showing the biconcave core (c) and the two 
lateral bodies (lb). D: Viral core, released after treatment of virions with Nonidet 40 and mercaptoethanol. 
Bar = 100 nm. (A from Dales, 1963; B from Payne & Kristensson. 1979; C from Pogo & Dales. 1969; D 
from Easterbrook, 1966.) 

demonstrated that among the 30 antigenic of the serum has been infected with a member 
polypeptides found in one-dimensional gels of the subfamily Chordopoxvirinae. 
~ r e ~ a r e d  from cells infected with vaccinia. 
L 1 

cowpox and Shope fibroma viruses (the last- 
named belonging to the genus Ltporipoxvirus) 
there were 4 which showed cross-reactivity 
between the orthopoxviruses and Shope 
fibroma virus. There were, as expected, addi- 
tional cross-reactive polypeptides shared by 
vaccinia and cowpox viruses but not found in 
fibroma virus. 

These subfamily serological cross-reactions 
are not without practical importance. If 
methods that detect many different antigen- 
antibody reactions are used in serological 
surveys of animal sera for evidence of ortho- 
poxvirus infection (e.g., immunofluorescence, 
enzyme-linked immunosorbent assay 
(ELISA), or radioimmunoassay), positive re- 
actions may be produced by agents other than 
orthopoxviruses, such as tanapox virus, i.e., a 
positive result may mean only that the donor 

Cross-reactions between orthopoxviruses 

An unknown agent having been identified 
as a poxvirus, perhaps by electron microscopy 
of infected tissues (see, for example, the work 
of Kaminjolo et al. (1974a) with the virus of 
Uasin Gishu disease), the next step in its 
identification as an orthopoxvirus depends on 
various kinds of serological cross-reactions 
between it and a recognized member of the 
genus, such as vaccinia virus. Three kinds of 
reactions are employed: (1) cross-protection 
in laboratory animals or cross-neutralization 
of infectivity; (2) demonstration of an ortho- 
poxvirus-specific haemagglutinin; and (3) 
analysis of soluble antigens in agar gels by 
precipitation in gel, immunoelectrophoresis 
or radioimmunoprecipitation reactions. Both 
cross-protection and cross-neutralization are 
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strictly genus-specific, and orthopoxviruses 
are the only members of the family Poxviridae 
that produce a haemagglutinin. 

Cross-protection. This is the classical way of 
demonstrating the relatedness of poxviruses 
as members of the same genus. 1i was first " 
performed as a deliberate experiment by 
Tenner (1798), when he inoculated lames 
Phipps with pus from a case of smallpox-2 
months after having inoculated him with " 
cowpox virus obtained from Sarah Nelmes. 
Cross-protection remains the most important 
test fo-r membership of the genus ~rthopox- 
virus; it can now be supplemented by compari- 
sons of DNA maps. 

Cross-neutralization of infectivit_y. Cross-pro- 
tection tests depend on a range of immune 
reactions. cell-mediated as well as humoral. A 
more limited but more flexible test, since it 
can be performed in eggs or cultured cells, is 
the neutralization of infectivitv of the homo- 
logous and selected heterologous viruses by 
convalescent serum. This test has been widely 
used for demonstrating the relatedness of 
various orthopoxviruses (e.g., Downie & Mc- 
Carthy, 1950; McNeill, 1968). 

"Protective antigensv-i.e., those which 
elicit the production of neutralizing anti- 
bodies to orthopoxviruses-fall into two 
classes: the surface tubular elements of the 
outer membrane of the virion and some of the 
virus-specific antigens in the viral envelope. 
A protein with a relative molecular mass of 
58 000 ~olvmerizes to form the surface tu- . , 
bules that are a prominent feature of the outer 
membrane of vaccinia virions (Plate 2.2A). 
These surface tubular elements have been 
isolated from virions in a pure form (Plate 
2.3) ; they elicit neutralizing antibody to non- 
envelo~ed but not to envelo~ed virions and 
block the neutralizing capacity of antibody to 
non-enveloped virions (Stern & Dales, 1976 ; 
Pavne. 1980). , 

Other protective antigens are located in the 
viral envelope, which is found only in virions 
that are released naturally from cells. Analysis 
of the differences between the polypeptides of 
non-enveloped virions and enveloped virions 
by one-dimensional polyacrylamide gel elec- 
trophoresis (Payne, 1978) showed that the 
envelope contained 10 additional polypep- 
tides (9 of which were glycosylated) with 
relative molecular masses of between 20 000 
and 21 0 000. 

Antibodv to the isolated envelo~es neutral- 
ized the iifectivity of envelopid forms of 

vaccinia virus, as demonstrated by the "anti- 
comet" test of Appleyard et al. (1971) (see 
Chapter 3, Plate 3.10), whereas antibody to 
inactivated non-enveloped virions did not do 
so (Payne, 1980). It  is not known which of 
the envelope polypeptides are involved in 
neutralization reactions. 

Haemaalutination-inhibition tests. Of all the 
poxviruse~, only those of the genus Orthopox- 
virus produce a haemagglutinin. This is active 
only on certain kinds of chicken cells (Nagler, 
1942) and, with ectromelia virus, on mouse 
cells (Mills & Pratt, 1980). The agglutinabil- 
ity of chicken cells is genetically determined; 
White Leghorns produce agglutinable red 
blood cells whereas several other strains of 
chicken (e.g., Plymouth Rock) do not (Suzuki 
et al., 1955). It  was the detection of haemag- 
alutination that could be inhibited bv vac- 
L, 

cinia-immune serum that led Burnet & Boake 
(1 946) to suggest that ectromelia virus was a 
member of the eenus Orthodoxvirus. More " 
recently, the production of the characteristic 
haemagglutination has been important in 
suggesting that raccoonpox virus (Thomas et 
al., 1975), taterapox virus (Lourie et al., 1975) 
and the virus of Uasin Gishu disease (Kamin- 
jolo et al., 197413) belong to this genus. 

Earlv studies showed that vaccinia haem- 
agglutinin was a lipoprotein, composed of a 
viral antigenhand a lipid which was respon- 
sible for attachment to the red blood cell 
(Burnet, 1946; Stone, 1946; Chu, 1948). 
Active haemagglutinin can be reconstituted 
from these two components after they have 
been separated by etherlethano1 extraction 
(Smith et al., 1973). From the time of its 
discovery, the haemagglutinin was regarded 
as separable from the virus particle (Burnet & 
Stone, 1946) and this was the orthodox view 
for many years. However, the numerous 
investigations that demonstrated the disso- 
ciation of haemagglutinin and virion were 
carried out with preparations obtained by the 
disruption of infected cells. With the demon- 
stration that vaccinia virions were sometimes 
released in an enveloped form, the problem 
was reinvestigated by Payne & Norrby (1976) 
and Payne (1979), who demonstrated that 
vaccinia haemagglutinin is the dominant 
glycoprotein in the envelopes of vaccinia 
virions and also occurs in the membranes of 
cells infected with vaccinia virus, where it can 
be demofistrated by haemadsorption tests. 
When cells are disrupted, the non-enveloped 
virions are readily separable from the haem- 
agglutinin by centrifugation. 
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Q.., nr l *  

Plate 2.3. Purified surface tubules of the outer membrane of vaccinia virus. Bar = 100 nm. On  the left is the 
upper part of an electropherogram of virion polypeptides run side by side with a preparation of the surface tubules 
that migrates as a single band of 58 K .  (From Stern & Dales, 1976.) 

Haemagglutinins of different species of 
Orthopoxvirus cross-react extensively. Using 
sera from immunized chickens, McCarthy & 
Helbert (1960) found no evidence of speci- 
ficity for homologous antigens. On  the other 
hand, Fenner (1 949a) found that homologous 
titres were always higher than heterologous, 
when comparing vaccinia and ectromelia 
haemagglutinins. Infection with ectromelia 
virus of mice previously vaccinated with 
vaccinia virus resulted in a reversal of titres of 
inhibition of the respective haemagglutinins. 

Analysis o j  soluble antigens. As already de- 
scribed, there are a few soluble antigens that 
show cross-reactivity throughout the sub- 
family Chordopoxvirinae. However, there are 
very many more that show cross-reactivity 
within each genus. The principal uses of 
methods of identifying soluble antigens (gel 
diffusion and radioimmunoprecipitation) are 
twofold: (1) in analysing the dynamics of 
viral re~lication and the detailed structure of 
the orthopoxvirion; and (2) in comparing 
different mutants, strains and species of 
Orthopoxvirus. In the present context, demon- 
stration of extensive cross-reactivity between 
a known orthopoxvirus and a new poxvirus 
isolate would provide strong evidence that 
the latter belonged to this genus. 

Composition and Structure of the 
Viral DNA 

The genome of all members of the genus 
Orthopoxvirus is a single linear molecule of 
double-stranded DNA. with relative molecu- 
lar masses varying for different species from 
11 0 million to 140 million, comprising 
between 165 kbp and 21 0 kbp. Orthopoxvirus 
DNAs contain no unusual bases and the 
guanine -l- cytosine content is very low- 
about 36%. The relative molecular mass of 
the DNA of different strains of vaccinia virus 
varies between 11 8 million and 125 million. 

Vaccinia virus DNA behaves in an anom- 
alous way when it is denatured. Instead of 
separating, the two sister strands form a large 
single-stranded circular molecule, being at- 
tached at or near each end of the genome by 
covalent links (Geshelin & Berns, 1974). For 
the most part the DNA sequences in the 
vaccinia pknome are unique: but the two " . - 
terminal fragments cross-hybridize with each 
other (Wittek et al., 1977) and with the 
termini of other species of orthopoxvirus 
(Mackett & Archard, 1979). This inverted 
terminal repetition is about 10 kbp long in the 
strains of vaccinia virus used by Wittek, but 
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Fig. 2.2. Schematic representation of the DNA of vaccinia virus (Lister strain). A: Linear double-stranded 
molecule with terminal hairpins and inverted repeats (not to scale). When denatured it forms a very large single- 
stranded circular molecule. B: Cleavage sites of restriction endonucleases Hindlll (vertical lines) and Smal 
(arrow). The asterisk indicates the fragment containing the thymidine kinase gene, which is used in experiments 
with vaccinia virus as a vector for hybrid vaccines. C: Each 10 kilobase pair (kbp) terminal portion includes 
2 groups of tandem repeats of short sequences rich in adeninethymidine. 

its length varies considerably in other ortho- 
poxviruses. For example, in a series of mutants 
of cowpox virus studied by Archard et al. 
(1984), the length of the terminal repetition 
varied from 4.5 kbp to 41 kbp, almost 20% of 
the entire genome. Within each terminal 
repeat of vaccinia virus there are 30 reiter- 
ations of a 70-bp sequence arranged in tandem 
and grouped into 2 discrete groups of 17 and 
13 units (Wittek & Moss, 1980; Fig. 2.2). 
Garon et al. (1978) visualized the terminal 
repetition by electron microscopy, which 
showed that the opposite ends of each strand 
are complementary to each other. The contin- 
uity of the DNA chain around the single- 
strand hairpin loop at the end of the molecule 
was shown in a variety of ways, culminating 
in the determination of the base sequence by 
Baroudy et al. (1982). 

The analysis of vaccinia DNA and of the 
differences between DNAs derived from 
different species, strains and mutants of 
orthopoxviruses entered a new phase with 
Wittek's determination of a physical map of 
vaccinia virus DNA by analysis of the frag- 
ments produced when it was treated with 
various restriction endonucleases (Wittek et 
al., 1977). 

Restriction endonuclease analysis provides 
a most important tool for the study of 
orthopoxviruses. O n  the one hand it opened 
the way to the cloning of selected fragments 
of orthopoxvirus DNA in Escherichia coli, 
ultimately encompassing the whole of the 
viral DNA, with all its implications for the 
examination of the molecular biology of viral 
replication. On the other hand, the demon- 
stration by Mackett & Archard (1979) that a 
large central part of the genome of all 

orthopoxviruses is very similar makes restric- 
tion endonuclease analysis a powerful method 
for taxonomic comparisons of different ortho- 
poxviruses. In this book the composition of 
the DNA, as determined by restriction endo- 
nuclease analysis, has been accepted as the 
ultimate criterion for allocating viruses to 
species within the genus Orthopoxuirus, and as 
the technique of choice for examining the 
affinities of various strains and mutants that 
have been recovered from time to time. 

Non-genetic Reactivation 

Poxviruses exhibit a unique kind of reacti- 
vation of "killed" virus. It  was first observed 
by Berry & Dedrick (1 936) with the leporipox- 
viruses mvxoma virus and fibroma virus and 
was called viral "transformation". However, it 
is now known to be a general property of the 
poxviruses of vertebrates. Poxviruses that 
have been inactivated by methods which do 
not damage their DNA can be reactivated; 
any active member of the subfamily Chordo- 
poxvirinae appears to be able to reactivate any 
other member of that subfamily inactivated 
by, for example, heating (rev~ew: Fenner, 
1962). Reactivation depends on single cells 
being CO-infected with the two viruses con- 
cerned, and is essentially an example of 
complementation. Heating destroys the core- 
associated DNA-dependent RNA polymer- 
ase; the active virus provides this enzyme, or 
enzymes that release DNA from the cores of 
both the active and the reactivated viruses. 
Non-genetic reactivation is a useful tool for 
obtaining hybrids between orthopoxviruses. 
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Restriction Endonuclease Mapping of Orthopoxvirus DNAs 

Restriction endonucleases are bacterial enzymes that cleave double-stranded DNA at 
sites which are determined by sequences of 4 or 6 nucleotides. To  compare the DNAs of 
different orthopoxviruses, a few enzymes have been selected for which there are only a few 
cleavage sites along the whole length of the viral genome. After digestion, the mixture of 
DNA fragments is separated by electrophoresis in agarose gels, stained and photographed 
to show the bands of DNA arranged in accordance with their molecular weights. Cross- 
hybridization with selected radioactively labelled fragments of other orthopoxvirus DNAs 
makes it possible to identify relationships between different orthopoxviruses and arrange 
the fragments in a linear order along the viral genome (see Fig. 2.6). 

To simplify comparisons between the maps of different orthopoxvirus species, strains 
and mutants, a method of computer-aided analysis of the cleavage sites described by Gibbs 
& Fenner (1984) has been used. Briefly, the maps of different DNAs are aligned along 
selected highly conserved cleavage sites. All other cleavage sites for particular enzymes, on 
all the DNAs under study, are then compared and scored as present, absent, or 
"impossible" (the DNA molecule may be too small to accommodate the cleavage site in 
question). The figures thus obtained are analysed by the computer program MULCLAS 
(Lance & Williams, 1967) and the results expressed as a dendrogram indicating degrees of 
dissimilarity. The absolute values depend on the number of attributes (separate cleavage 
sites) in the group of DNAs under study, so that different dendrograms may give quite 
different figures for the "index of dissimilarity" between the same DNA molecules, if 
different restriction enzymes or groups of enzymes are used. With orthopoxvirus DNAs 
such analysis may place undue weight on the effects of internal deletions and 
transpositions, but it offers a rough method of comparing strains that is better than visual 
comparisons of the DNA maps (see Fig. 2.7). 

More detailed analysis of the orthopoxvirus DNA is carried out by incorporating 
selected fragments into plasmids and then into Escherichia coli. Large quantities of the 
selected fragments can then be produced and analysed by further digestion with restriction 
endonucleases for which there are numerous cleavage sites, or particular pieces of DNA 
can be sequenced. 

/' 
CHARACTERIZATION OF 
ORTHOPOXVIRUSES BY 

BIOLOGICAL TESTS 

Morphology is useful for classification only 
at the subfamily level, since only the genus 
Parapoxvirus can be unequivocally distin- 
guished from the other genera of Chordopox- 
virinae by the morphology of the virions, as 
seen in negatively stained preparations. Cross- 
protection and neutralization tests make it 
possible to allocate a poxvirus to the genus 
Orthopoxvirus. Allocation of an orthopoxvirus 
to a particular species depends on the use of 
several biological and chemical tests, respec- 
tively to categorize the effects of the virus in 
various animals and cell systems and to define 
the nature of its DNA and polypeptides. 

In this book attention will be concentrated 
on the attributes of the 4 orthopoxviruses that 
were of most significance in relation to 

smallpox and its eradication: variola, vac- 
cinia, cowpox and monkeypox viruses. More 
detailed descriptions of the biology of these 
viruses, and that of the other species of 
Orthopoxvirus, can be found in Fenner et al. 
(1 987). 

Lesions in Rabbit Skin 

Historically, one of the earliest tests which 
clearly differentiated variola from vaccinia 
virus was the demonstration that only the 
latter virus produced lesions in rabbit skin, 
after either scarification or intradermal in- 
oculation. Subsequent investigations have 
confirmed the value of this test. 

Within the Orthopoxvirus genus, there is a 
correlation between the reaction in rabbit 
skin (Plate 2.6) and the character of the pocks 
produced on the chorioallantoic (CA) mem- 
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Plate 2.4. Allan Watt Downie (b. 190 1). Formerly 
Professor of Bacteriology'in the University of Liver- 
pool, Downie was a leading worker in the virology 
and immunology of poxviruses from the late 1930s 
until the 1970s and made major contributions to our 
knowledge of cowpox, variola and tanapox viruses. 
K.R. Dumbell (Plate 2.12) and H.S. Bedson (Plate 
2.14) trained under him as graduate students. 

brane (see below). Each of 3 species (cowpox, 
monkeypox and neurovaccinia, including 
rabbitpox virus) which produce haemorrha- 
gic (ulcerated) pocks on the CA membrane 
cause large indurated skin lesions with a 
purple-coloured central area that usually ul- 
cerates before healing. "Dermal" strains of 
vaccinia virus, which produce small white 
pocks on the CA membrane, and white pock 
mutants of cowpox, monkeypox and rabbit- 
pox viruses elicit smaller, pink, nodular 
lesions. Variola, camelpox and ectromelia 
viruses produce at most a small papule 
with transient erythema, which is non- 
transmissible. 

on the CA membrane by Downie (1939a), 
who showed that it bright-red 
haemorrhagic pocks, clearly distinguishable 
from those of both vaccinia and variola 
viruses (Plate 2.5). 

Monkeypox virus was not recognized until 
1958, when Magnus et al. (1959) demon- 
strated ~ocks .  which "resembled closelv those 
described for variola virus", on CA mem- 
branes inoculated with material from pustular 
lesions on infected monkeys. Later studies 
(Marennikova et al., 1971 ; Rondle & Sayeed, 
1972) showed that the pocks of monkeypox 
virus are distinguishable from those of other " 
orthopoxviruses; like those of variola virus, 
they are small, but instead of being dense, 
white and opaque, they are pink andhave an 
ulcerated, slightly haemorrhagic surface. 

The pocks produced by species that elicit 
opaque white pocks on the CA membrane are 
usuallv uniform in character; all pocks on a 
membrane are similar. O n  the oiher hand, 
species or strains of virus that produce 
ilcerated pocks (cowpox, monkeypox, and 
the neurovaccinia and rabbitpox strains of 
vaccinia virus) regularly produce white pock 
mutants (Downie & Haddock, 1952 ; Fenner, 
1958 ; Gemmell & Fenner, 1960 ; Dumbell & 
Archard, 1980), which usually differ from the 
strains red pocks i n  several other 
biological characteristics, such as the type of 
lesion in the rabbit skin and, often, their 
lethalitv for mice and chick embrvos. Vac- 
cinia virus passaged for commercial vaccine 
production may contain virions producing 
both white and grey ulcerated pocks; the 
passage of vaccinia virus by intracerebral or 
intratesticular inoculation of rabbits or mice 
usually selects for mutants which produce 
ulcerated, haemorrhagic pocks on the CA 
membrane. 

Pocks on the Chorioallantoic Membrane 

All orthopoxviruses produce pocks on the 
CA membrane, without the need for adapta- 
tion by passage. Goodpasture et al. (1 932) first 
cultivated vaccinia virus on the CA mem- 
brane and Keogh (1936) demonstrated that 
dermal and neurotropic strains of vaccinia 
virus produced readily distinguishable kinds 
of pocks, which were white and haemorrhagic 
(ulcerated) respectively. In contrast, variola 
virus produces small white pocks on the CA 
membrane, which can be readily distin- 
guished from those of vaccinia virus (North et 
al., 1944). Cowpox virus was first cultivated 

Ceiling Temperature 

When carrying out experiments on the 
growth of several different viruses on the CA 
membrane, Burnet (1936) noticed that ectro- 
melia virus produced pocks at 37 "C but not at 
39.5 "C. This finding was developed by Bed- 
son & Dumbell (1961), who introduced the 
concept of the "ceiling temperature" as the 
highest temperature at which pock formation 
on the CA membrane would occur. The 
ceiling temperature has proved to be a useful 
criterion for distinguishing between different 
species of Orthopoxvzrus (Table 2.3). It  has also 
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f Appearance of Orthopoxvirus Pocks on  the Chorioallantoic Membrane 

The most useful laboratory test for distinguishing between species of Orthopoxvirus is the 
appearance of pocks on the CA membrane. Unlike plaques in cultured cells, which result 
from the direct interaction between cells and virus, a third component enters into the 
appearance of pocks-namely, leukocytes and erythrocytes delivered to the site via the 
bloodstream. Basically, a pock is a greyish-white focus, varying in diameter from 0.4 mm to 
4 mm, according to virus species. It  is produced by a combination of hyperplasia of the 
ectodermal laver of the CA membrane and the infiltration of cells into the mesodermal 
layer. Sometimes, as with variola virus, the surface of the pock is glossy white, owing to  
pronounced hyperplasia of the ectoderm; sometimes, as with monkeypox virus, the 
superficial layer ulcerates and there is a superficial haemorrhage into the crater. The pocks 
of cowpox virus are bright red, because very little leukocytic infiltration occurs and there 
are capillary haemorrhages into the pock. 

Expression of the "characteristic" pock phenotype is influenced by the concentration of 
pocks and the temperature of incubation. Expression of the "red" pock phenotype is 
enhanced when the pocks are semiconfluent or confluent. Also, at higher temperatures 
pocks tend to be greyish-white and non-ulcerated, whereas at lower temperatures some 
species (but not variola virus) produce pocks with an ulcerated, haemorrhagic centre. For 
example, at 37 "C camelpox virus produces small pocks very similar to those of variola virus 
(Mayr et al., 1972), but at 35 "C it produces pocks with a haemorrhagic centre 
(Marennikova et al., 1973). Likewise, at 37 "C monkeypox virus produces white pocks very 
likethose of variola virus (Magnus et al., 1959), whereas at 35 "C the pocks are ulcerated 
and haemorrhagic (Marennikova et al., 1971). 

moved useful in distinpuishing between vari- " " 
ola major and alastrim viruses (Nizamuddin & 
Dumbell, 1961 ; Dumbell & Huq, 1986). 
Cultured cells can also be used for measurinb " 
ceiling temperatures (Porterfield & Allison, 
1960). 

Different species of orthopoxviruses recov- 
ered from geographically separate places and 
at different times usually have the ceiling 
temperature characteristic of the species. 
However, in the laboratory ceiling tempera- 
ture mutants, which are then usually called 
temperature-sensitive (ts) mutants, can be 
readily obtained by appropriate selection 
methods. Sambrook et al. (1966) and Dales et 
al. (1978) have recovered large numbers of 
different ts mutants of vaccinia virus. Con- 
versely, Dumbell et al. (1967) obtained two 
therm;-efficient strains of variola major virus 
by serial passage at incrementally higher 
temperatures. 

Lethality for Mice and  Chick Embryos 

The response to infection depends on the 
age of the animal and its genetic background, 
the route of inoculation, and the viral species 

or strain. Variola virus is much less lethal for 
mice and chick embryos than the other species 
of Orthopoxvirus that can infect man (Table 
2.3). 

Growth in  Cultured Cells 

Most orthopoxviruses can be grown in one 
or another kind of cultured cell and assayed by 
plaque counts in suitable susceptible cells. 
Species which have a wide host range among 
intact animals (e.g., vaccinia, cowpox and 
monkeypox viruses) tend to grow to high 
titres and in a wide range of cells, and to 
produce lytic plaques. Species with a restric- 
ted host range, such as variola virus, replicate 
in a narrower range of cells and often produce 
hyperplastic foci (see Plate 2.1 3). However, on 
serial passage, adaptation occurs readily and 
may involve change to a more lytic plaque. 
Monolayers infected with viruses that pro- 
duce hyperplastic foci usually yield much less 
virus than those infected with viruses that 
produce lytic plaques, since most cells in the 
monolayer remain uninfected. Differential 
growth capacity in particular cell lines (e.g., 
the rabbit cell line RK 13 and pig embryo 
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Plate 2.5. The appearance of pocks on the chorioallantoic membrane produced by various 
species of Ortho~oxvirus that infect man. Monke pox virus pocks photographed after incubation 
for 3 days at 35 C; all others after 3 days at 36 X!. A: Variola major virus. B: Vaccinia virus (Lister 
strain). C: Monkeypox virus (Copenhagen strain). D: Cowpox virus (Brighton strain). 

Plate 2.6. Lesions produced in the rabbit skin 5 days after the intradermal inoculation of doses 
of 105 pock-forming units of various species of Orthopoxvirus. Ectromelia (ECT), taterapox (TAT) 
and camelpox (CAM) viruses produce no lesions and variola (VAR) virus elicits only a sli ht  

g: 'f, erythema. Monkeypox (MPX) and cowpox (CPX) viruses produce lar e indurated lesions wi t  a 
urple centre that often ulcerates. The response t o  vaccinia virus (V C) varies with the strain; 

'dermalw strains usually produce a distinct red indurated nodule and neurovaccinia a lesion like 
that produced by cowpox virus. 








































































