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PREFACE 

This book was written during a period when the technologies of genetic 
engineering were being applied to the study of animal viruses and when the 
organization and function of individual virus genes were being elucidated. 
This book, which uses human and animal viruses as models, aims to under­
stand the developments in molecular virology during the last 20 years. Al­
though molecular virology could also be taught by means of bacteriophages or 
plant viruses, the advantage of using animal viruses is in their ability to cause 
human and animal diseases as well as to transform cells, a primary problem in 
medicine. 

For the sake of clarity and convenience, not all the individual contributors to 
the various aspects of molecular virology were cited in the text. Instead, the 
reader is referred to review articles or key papers that list the numerous excel­
lent publications that have contributed to clarification of the various molecular 
processes. Thus the end-of-chapter bibliographies will guide the reader to the 
publications in which the original contributing authors are quoted. References 
given under the heading Recommended Reading are intended to assist those 
interested in pursuing a given subject further. 

I hope that this book will fulfill the purpose for which it is designed, and I 
urge readers to contact me if errors are found or updating is required. 

ix 
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I. MOLECULAR ASPECTS OF ANIMAL VIRUSES 



1. STEPS IN THE DEVELOPMENT OF VIRUS RESEARCH 

VIRUSES AS DISEASE-CAUSING AGENTS 

Evidence that even many centuries ago viruses were human pathogens causing 
epidemics and death can be obtained from examining sources that have sur­
vived through the ages. These include ancient scripts, art, and archaeology. 
Epidemics in humans and animals were vividly described in the Bible and 
other historic writings, but our ability to distinguish between an epidemic 
caused by a pathogenic bacterium and one originating from a virus did not 
develop until the end of the nineteenth century and gained momentum during 
the first half of the twentieth century. 

One of the first indications that viruses caused diseases in humans several 
thousand years ago can be found in Egyptian archaeology. Examination of the 
3,000-year-old mummy of Pharaoh Ramses V revealed pockmarks similar to 
those found on the faces of persons infected with smallpox virus (figure 1). 
This suggests that the Egyptian king may have contracted smallpox. Another 
example is recorded on a wall covering dating from the period of1500 B.C., in 
which an Egyptian prince is depicted leaning on a cane because his left leg is 
thinner and shorter than the right one (figure 2), Comparing the picture of the 
ancient prince to a contemporary victim of paralytic poliomyelitis leads us to 
deduce that infantile paralysis has been prevalent in North Africa, and possibly 
the Mediterranean basin, for at least 3,500 years. 

The Persian physician, Muhamad ibn Zakariyya (Rhazes), who was born 
August 27, 865 A.D. and lived in Baghdad, described smallpox as an epidemic 
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4 I. Molecular aspects of animal viruses 

Figure 1. Pockmarks on the 3,OOO-year-old mummified head of Egyptian Pharaoh Ramses V 
testify to the length of time that smallpox has scourged humanity. 
(WH0/11617, General, Health Historical, SM 2-3, 1977. Reprinted by permission from World Health Or­
ganization, Geneva, Switzerland.) 

brought into Arabia during the sixth century A.D., most probably by troops 
arriving from Abyssinia. In his writings, Rhazes also referred to the fact that 
smallpox had been described by the physician Galen in the second century 
A.D. and by the Hebrew physician EI Yehudi who lived in the seventh century 
A.D. Smallpox spread through Africa during the sixteenth century and, with 
the advent of slavery, infected Africans brought the disease to the New World. 

During the sixteenth century, smallpox also spread in England, and during 
the eighteenth century the disease wrought havoc in many parts of the world 
among children under the age of ten. Rhazes wrote a treatise on smallpox and 
measles but did not recognize them as separate diseases. The physician Avi­
cenna, in his book, Canon, written 115 years later, recognized that smallpox 
and measles were two different diseases (Elgood 1951). 
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Figure 2. An Egyptian youth with a withered leg paralyzed by what may have been polio­
myelitis is depicted in a sculpture that is 3,500 years old. 
(WHO/8063, General, Health Historical, SM 2-3, 1977. Reprinted by permission from World Health Organi­
zation, Geneva, Switzerland.) 

Viruses before the dawn of human history 

Viruses infect all prokaryotic and eukaryotic cells in nature. Althou~ the 
ancestors of viruses and their evolution are not known (chapter 21), it is 
possible to assume that viruses paralleled the evolutionary processes in nature. 
Viruses can be looked upon as primitive forms of evolution that have lost their 
ability to live an independent life and have attained the form of parasitic nucleic 
acids. Studies on viruses of vertebrates and mammals revealed relatedness 
between more ancient viruses (such as rodent viruses) and viruses of monkeys 
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higher on the evolutionary ladder. It is assumed that viruses adapted them­
selves to infect and colonize more advanced forms of life in order to maintain 
themselves in nature and avoid extinction together with the disappearing 
species of animals that could not adapt to the changing environmental condi­
nons. 

Attempts to immunize humans against smallpox and measles 

In the eighteenth century, smallpox was widespread in Europe, especially in 
England. A medical procedure called variolation was developed in Turkey to 
immunize humans against the disease. In this procedure, material taken from a 
vesicle on the skin of a smallpox patient was inserted into a scarification in the 
skin of the individual being immunized. At the site of inoculation, a vesicle 
usually formed within a few days, and the vaccinated person invariably fell ill, 
but with a milder form of the disease than that contracted naturally. However, 
some of the people immunized did develop a devastating infection and died. 
This method of variolation was practiced in England starting in 1721. 

Francis Home attempted to immunize humans against measles by scarifica­
tion of the skin with blood of infected individuals. The procedure was partially 
successful. 

The concept of virus (meaning poison) 

The English physician Edward Jenner was the first to realize that vesicles that 
appeared on the hands of farm workers in contact with cows protected them 
from smallpox. Jenner noted that the cows had vesicles on their udders which 
were similar to those on the hands of the laborers and concluded that the 
reason for the farm workers' resistance to smallpox was their exposure to 
infection with cowpox. To test his hypothesis, Jenner used fluid from vesicles 
on the hands of a milkmaid infected with cowpox to inoculate an eight-year­
old boy and subsequently infected the child with material taken from vesicles 
of a smallpox patient, thus challenging him with the virulent form of the 
disease. The boy developed a mild illness after the second procedure and 
recovered. Thus Jenner, using the procedure of variolation, demonstrated that 
cowpox is capable of protecting humans against the more deadly smallpox. 

In his study published in 1798 (Brock 1961) Jenner used the term virus to 
describe the fluid taken from the skin vesicles. He assumed that the fluid 
contained a poison (virus in Greek), and the transfer of cowpox material to a 
nonimmunized person was named vaccination (vaaa being the Latin word for 
cow). Both expressions introduced by Jenner have remained in use, even 
though the nature of viruses began to be understood only about 40 years ago. 
Jenner's method of vaccination against smallpox is employed today almost 
without modification. 
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The concept of virus as a filterable agent not visible in the light microscope 

The groundwork of immunization against many viral diseases was laid by 
Louis Pasteur in his efforts to produce a vaccine against the rabies virus (chap­
ter 13). Pasteur injected a brain homogenate from a rabid dog infected with 
street virus into the brains of rabbits and then used the rabbit brains and spinal 
cords to produce a vaccine by gradual desiccation. This was done without 
knowledge of the nature of the causative agent of the disease or what effect 
drying would have on the agent. Pasteur hoped that injection of the desiccated 
material into humans would lead to the production of neutralizing antibodies 
that would protect against the disease. Pasteur's technique, in modified form, 
was used for many years; but today vaccine is prepared from inactivated virus 
particles grown in cultured cells under in vitro conditions. 

During Pasteur's era, researchers became aware that bacteria give rise to 
sickness, but Pasteur suggested that agents smaller than bacteria might also 
trigger human diseases. These tiny agents are below the resolution of the light 
microscope and pass through filters that retain bacteria. This theory subse­
quently proved to be true when tissue homogenates of infected animals were 
passed through a filter that retained bacteria and cell debris. Injection of the 
filtrate into susceptible animals led to development of a disease. The term used 
for these filterable agents was virus, as suggested by Edward Jenner 100 years 
earlier. 

The use of filters that retain bacteria caused two other agents to be classified 
with the viruses. The microorganisms Chlamydia and Mycoplasma were subse­
quently demonstrated to be prokaryotic cellular organisms that are obligate 
parasites of eukaryotic cells. 

Mosaic disease of tobacco plants 

In 1887, A.E.M. Mayer described the mosaic disease of tobacco plants and 
demonstrated that the disease could be transferred from sick to healthy plants. 
D.1. Ivanovski showed in 1892 (Lechevalier 1972) that, after passing a 
homogenate of infected leaves through a filter that retains bacteria, the filtrate 
could still cause disease in healthy plants. Ivanovski suggested that the causa­
tive agent was a toxin. Beijerinck repeated Ivanovski's experiment in 1899 and 
concluded that the cause of tobacco mosaic disease was a virus. Studies on this 
virus by W.M. Stanley 40 years later made the breakthrough into understand­
ing the role of nucleic acid as the carrier of virus genetic information (Brock 
1961). 

Foot and mouth disease in cattle 

The first written description of foot and mouth disease in cattle was provided 
in 1514 by Hyronimus Proctorius, who lived in northern Italy. The disease­
causing agent was not known then or 240 years later when the disease appeared 
in Germany. 
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In 1898, F. Loeffier and P. Frosch (Brock 1961) published their report on the 
nature of foot and mouth disease. They used fluid from vesicles of infected 
cattle to demonstrate the absence of bacteria and the presence of an agent 
capable of infecting calves and heifers via the mucous membrane of the lips. 
They showed that bacteria-free filtrates of lymph from diseased animals were 
as infectious as the unfiltered material and that the agent was active at a higher 
dilution than that found with tetanus toxins. They speculated that other dis­
eases like smallpox, cowpox, measles, and so on might also be caused by these 
filterable agents (viruses) capable of replication in the infected host. Subse­
quently, in 1901, J. Caroll discovered the virus of yellow fever. 

Viruses cause cancer 

Using the filtration technique to separate filterable agents from tissue cells, the 
investigators V. Ellerman and O. Bang of Copenhagen were able to transmit 
leukemia of hens in 1908 (Gross 1978). In 1911, Peyton Rous in New York 
succeeded in demonstrating that sarcomas in chickens are also caused by 
filterable agents. Sarcomas were removed from chickens, homogenized, and 
filtered, and the filtrates were injected into healthy chickens. At the site of 
inoculation, a tumor developed that was similar to the original sarcoma used 
for the experiment (Hughes 1977). 

Viruses infect bacteria: the discovery of the bacteriophages 

These viruses were discovered independently by two investigators. F. W. 
Twort in 1915 described a phenomenon that he named glassy transformation in 
bacterial cultures (micrococcus) that were isolated from a preparation of small­
pox vaccine. Twort suggested that the glassy transformation is caused by 
living protoplasma, an enzyme that can replicate, or possibly by a virus. In 
1917, F. d'Herelle published an investigation into the properties of an agent 
antagonistic to dysentery bacilli isolated from convalescing patients, using 
Chamberland filters to retain the bacteria. The filtrates were able to lyse both 
cultures of dysentery bacteria and to cause the appearance of clear spots in 
bacterial cultures on agar. The clear spots contained bacteria that were unable 
to infect test animals. In his communication, d'Herelle used the term bac­
teriophage for the first time. His work was based on his previous study (per­
formed in 1910 but not published) on the isolation of bacteria pathogenic to the 
locust. In cultures of the locust bacteria, clear spots appeared with a diameter 
of 2-3 mm, and the bacteria in the clear spot disappeared. The agent causing 
the clear-spot phenomenon was still active after it was passed through filters 
that retained bacteria (Brock 1961; Duckworth 1976). 

Viral diseases in test animals 

The search for a suitable host susceptible to different viruses led to the use of 
mice, rabbits, guinea pigs, ferrets, hamsters, horses, cattle, monkeys, and 
others as test animals. However, it became apparent that injection of tissue 



1. Steps in the development of virus research 9 

homogenates into test animals and the demonstration that they developed a 
disease could be misleading, since in certain circumstances a virus already 
latent in the test animal could be reactivated. In addition, animals to be used in 
virus research must be bred and kept under special conditions to protect them 
from infections by viruses or other agents, and large numbers of test animals 
are needed for quantitation of each infectious-virus preparation. Also the 
growing need for wild animals like monkeys might eventually threaten their 
existence. Thus the introduction of the chick embryo as a test animal during 
the 1930s was a great step forward in virus research. Fertilized eggs can be 
obtained in large numbers, and they provide a closed, sterile environment in 
which different viruses are able to develop, either in the embryo's tissues or in 
the different membranes surrounding the embryo. In the laboratory, the fer­
tilized eggs are incubated for 10 or 11 days prior to inoculation with viruses, 
and the virus yield is harvested after a few more days of incubation. 

Yellow fever virus attenuated by passage in chick embryos 

The use of the chick embryo by Theiler for the cultivation of the virus of 
yellow fever led to a new breakthrough in the immunization of humans 
against virus diseases. Consecutive passages of yellow fever virus in the yolk 
sac of chick embryos led to the selection of a new virus strain that retained the 
antigenic properties of the original virus but lost its virulence for man. Thus 
the newly developed yellow fever virus, named 17D, is the attenuated form of 
a highly pathogenic virus that can be safely administered to individuals who 
live or travel in areas where the yellow fever virus is endemic in local monkeys 
and mosquitoes. Theiler's investigation, therefore, added a new dimension to 
Jenner's concept that a safe, attenuated live-virus vaccine confers lifelong im­
munity. In the case of yellow fever, the virus was a laboratory-selected variant 
or mutant that developed when the wild-type virus was passed through an 
unnatural host like the chick embryo, which is a different species and has a 
higher developmental temperature than monkeys or mosquitoes, the natural 
hosts of the virus. 

Viruses replicate in the infected host in selected tissues 

Infection of test animals with disease-causing viruses led to the observation 
that different viruses infect different tissues. Pasteur's studies on rabid dogs led 
him to the understanding that the infectious agent resides in the dog's brain 
and saliva, and Pasteur's attempts to develop a heat-inactivated vaccine from 
brains of experimentally infected rabbits were based on these observations. In 
order to classify viruses precisely, it became acceptable to group the different 
viruses according to the tissues they affected. Thus viruses were classified as 
neurotropic if they affected the brain and viscerotropic if they affected the 
viscera. These observations on the tropism of viruses for specific tissues in the 
infected animals led to the realization that, in order to develop inactivated 
human virus vaccines, large numbers of animals would have to be infected to 
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provide sufficient infected tissues for vaccine preparation. Thus preparation of 
an inactivated vaccine to protect against poliomyelitis, which appeared during 
the 1940s as a worldwide epidemic, was not feasible since poliovirus is a 
neurotropic virus capable of infecting monkey brains by direct inoculation. It 
became obvious that the use of monkeys for the preparation of such a vaccine 
was impractical, and scientists warned that injection of foreign neurological 
material into humans could lead to brain damage. In the face of an epidemic 
causing paralysis and death in large numbers of children and adults, a break­
through was of the utmost urgency. 

Animal viruses can replicate in isolated tissues in culture 

Parallel with the development of virology, scientists made attempts to explant 
tissues from vertebrates in the hope of adapting them to growth under defined 
conditions in vitro. The technique was to remove tissues from animals or 
humans (such as skin explants) and to culture them under sterile conditions in a 
medium containing the essential nutrients. Enders, Weller, and Robbins (1949) 
used cultured human-embryonic tissues to determine whether poliomyelitis 
virus replicates in tissues other than those of neural origin. A small amount of 
poliovirus from a mouse-brain suspension was inoculated into human­
embryonic tissue in culture, incubated at 37°C, and after a few days the virus 
content of the culture fluid was monitored in mice or monkeys. It was demon­
strated that poliovirus replicates in embryonic muscle cells grown in culture. 
This finding opened up a new phase in virus research, since large quantities of 
poliomyelitis virus could now be obtained from cells cultivated under in vitro 
conditions. 

Trypsinization of animal tissues was used to digest the connective tissue 
holding the cells together and to release the cells into a suspension that was 
placed in culture medium and seeded into suitable glass or plastic containers. 
The cells attach to the glass or plastic surfaces and develop into a monolayer. 
The use of antibiotics like penicillin and streptomycin put an end to the prob­
lems of bacterial contamination, and a new wave of activity was generated in 
all virus laboratories to isolate viruses in cell culture. Viruses were now charac­
terized according to their ability to affect the cultured cells and cause a cy­
topathogenic effect (CPE) or a change in cell properties like cell transforma­
tion. The more practical impact of the introduction of cell cultures for 
virological research was their use for the production of human and animal 
vaccines. Shortly after the investigation by Enders, Weller, and Robbins, it 
was found that poliomyelitis can grow in monkey-kidney-cell cultures. Large 
quantities of poliovirus were produced in such cultures, and the formal­
dehyde-inactivated poliovirus vaccine was produced in the early 1950s by J. 
Salk. 

It was thought that cultured cells are free of viruses, but subsequently it was 
discovered that monkey-kidney cells harbour a virus named simian virus 40 
(SV 40) in a latent form. This virus was activated in the cultured monkey­
kidney cells under in vitro conditions, and the poliovirus vaccine was indeed 



I. Steps in the development of virus research 11 

found to be contaminated with an undesirable virus that was shown to be 
capable of transforming cells in vitro. Subsequently, this virus was removed 
from the vaccine preparations. More rigorous control measures are now ap­
plied to the cell systems used in vaccine production. The large-scale vaccina­
tion oflarge numbers of people with the Salk vaccine had an immediate impact 
in reducing the severity of poliovirus epidemics throughout the world. 

Plaque assay for animal viruses allowed quantitative analysis 

Developments in culturing of cells made it possible to titrate animal viruses in 
cell monolayers. Dulbecco (1952) demonstrated that cells infected with an 
animal virus which were then covered with an agar overlay produced foci of 
infection called plaques. This plaque method of titration considerably enhanced 
the study of animal viruses. 

Electron microscopy and the visualization of virus structure 

Coincidentally with developments in adapting viruses to growth in cultured 
cells, the electron microscope as a tool in virus research became available. 
Until the introduction of the electron microscope, viruses had never been seen, 
with the exception of the poxviruses, which have a diameter large enough for 
resolution in the light microscope after staining of the virus particles. All other 
viruses were detected by their effects on animals or by their ability to cause 
pocks on the chorioallantoic membrane of the chick embryo. During the 
1950s, the electron microscope became the eyes of the virologists, and for the 
first time it became apparent that viruses differed in their structure and mor­
phology. Viruses were seen both outside and inside infected cells, in in vitro 
cultures as well as in situ in infected tissues. A new wave of research, which 
started with identifying all viruses morphologically, eventually led to the de­
velopment of techniques for the visualization of the viral nucleic acids in the 
electron microscope. 

Viruses and mouse leukemia 

The role of viruses as causative agents of mouse leukemia was elucidated in 
1951 by L. Gross, who was aware that spontaneous leukemia appeared at a 
high rate in mice from AK and C58 breedings, while C3H mice had a very low 
rate of leukemia. Gross injected into newborn C3H mice homogenates of 
tissues from normal female AK or C58 mice, after filtration to remove intact 
tissue cells, and showed the inoculated newborn C3H mice developed 
leukemia. Thus vertical transmission of leukemia by a filterable virus (namely 
introduction of the virus into the animal) is possible (Gross 1978). 

Fungal viruses (mycorna) 

Fungi, like plants and animals, are also infected by viruses. In 1950, J. W. 
Sinden and E. Hauser noted a disease in the fungus Agasicus bisporus and 
suggested that a virus was the causative agent. Electron microscopy of infected 
fungi revealed the presence of viral particles (Lemke and Nash 1974). These 
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viruses of fungi were found to have a double-stranded ribonucleic acid (RNA) 
genome and belong to the family of Reoviridae (chapter 12). 

MOLECULAR ASPECTS OF VIROLOGY: NUCLEIC ACIDS 
AS CARRIERS OF THE VIRAL GENES 

Tobacco mosaic virus (TMV) genes in the viral RNA 

The studies by D.1. Ivanovski and M.W. Beijerinck, which revealed that 
mosaic disease in plants is caused by a filterable agent, were continued by 
Stanley (1935), who noted that addition of ammonium or certain acids to the 
juice of infected plants resulted in the formation of crystals. These crystals 
were found to contain the tobacco mosaic infectious agent since inoculation of 
the dissolved crystals into tobacco plant leaves resulted in the development of 
the mosaic disease. Analysis of these crystals revealed that, in addition to a 
protein, they also contained a nucleic acid of the RNA type. Using available 
extraction procedures, Cohen and Stanley (1942) separated the RNA from the 
protein and analyzed its physical properties. Stanley subsequently inoculated 
tobacco plant leaves with the purified RNA and showed unequivocally that the 
typical disease symptoms occurred only in leaves infected with the viral RNA 
in which infectious virus particles were made. Stanley's conclusion that the 
viral RNA is the genetic element of the TMV (Stanley 1946) opened the way 
for the development of molecular virology and led to the understanding that 
TMV RNA molecules are the viral genomes that carry viral inheritance. 

Experimental evidence that viral deoxyribonucleic acid (DNA) 
contains the viral genes 

The studies by Rosalind Franklin and Maurice Wilkins on the x-ray crystallo­
graphic structure of the B form of DNA and the double-helix model of DNA 
provided by J. Watson and F. Crick in 1953 gave an insight into the three­
dimensional structure of DNA (Olby 1974). Watson and Crick (1953a,b) ana­
lyzed the genetic implications of the double-helix model regarding DNA 
molecules present in virus particles and suggested that the viral DNA or RNA 
contains the genetic information necessary for expression of the virus in in·· 
fected cells. 

Hershey and his colleagues used T4 bacteriophage of Escherichia coli (E. coli), 
labeled with different radioisotopes in the DNA and proteins, to show that 
after attachment of the bacteriophage to the bacterial cell wall, the viral DNA 
is injected into the cell, while the viral protein coat is retained on the outside. 
Replication of the viral DNA in the bacterial cell leads to the formation of new 
viral particles that contain DNA coated with proteins. Thus Hershey con­
cluded that the T4 DNA carries the viral genetic information that codes for the 
viral functions. 

Viral DNA as template Jor messenger RNA in the synthesis oj viral proteins 

The central dogma in molecular biology, which states that the genetic infor­
mation of an organism or virus is encoded in nucleotide sequences of the DNA 
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and DNA molecules are made on DNA templates, came from the studies of 
Watson and Crick. However, the mechanisms that operate during the process 
of gene expression and that lead to the formation of the gene products­
namely, the proteins-were not known. The concept of messenger RNA 
(mRNA) was first provided by Jacob and Monod (1961), when they proposed 
that the intermediate stage between the genes in the DNA and the final protein 
product represents short-lived RNA molecules that are transcribed from the 
DNA, keeping the base sequence of the genes unchanged. The first demon­
stration that mRNA molecules are transcribed from the DNA genome of a 
virus was presented by Becker and Joklik (1964), using cells infected with 
vaccinia virus. The mRNA molecules are then translated by the protein­
synthesizing machinery of the cell-namely, the ribosomes that interact with 
the RNA and form polyribosomes. Penman, Scherrer, Becker, and Darnell 
(1963) were the first to show that RNA viruses can serve as mRNA in the 
infected cell on their own. It was reported that the viral RNA associates with 
the cellular ribosomes to form polyribosomes on which the viral-coat proteins 
are synthesized. 

Studies by Kates and McAuslan (1967) and Munyon and associates (1967) 
revealed that vaccinia virus particles themselves contain an RNA polymerase, 
thus providing evidence that virus particles not only contain a nucleic acid and 
a protein coat, but also enzymes. A few years later, Temin and Mizutani (1970) 
and Baltimore (1970) independently discovered the RNA-dependent DNA 
polymerase (reverse transcriptase) inside retrovirus particles (chapter 21). This 
discovery revolutionized the central dogma that DNA can only be synthesized 
from other DNA molecules. The reverse transcriptase utilizes the RNA 
genome of a retrovirus as a template to synthesize a double-stranded DNA 
molecule which functions in infected cells and also integrates into the cellular 
DNA. Thus the genetic information of this group of viruses alternates be­
tween the RNA genome in the virion and the viral DNA genome in the 
infected cells. The RNA-dependent DNA polymerase is currently used to 
transcribe specific mRNA molecules from mammalian cells. Thus synthesis of 
mammalian genes became possible. 

THE DEFINITION OF A VIRUS 

A. Lwoff and S.E. Luria originally defined the virus as a particle containing a 
molecule (or molecules) of nucleic acid, either DNA or RNA, which carries all 
the genetic information needed for the virus to replicate in infected cells. 
Viruses are obligate parasites of these cells. 

Subviruses as infectious agents 

Viral agents that differ from most other viruses in their properties are called 
nonconventional viruses, since they do not have the ability to produce virus 
particles as the conventional viruses do. This group of agents includes viroids 
found in plants and certain pathogens of animals and humans (chapter 23). The 
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viroids in plants are extremely small, circular RNA molecules; the agents in 
animals have not yet been clearly defined. 

Genetic engineering technology in isolating and studying individual genes 

The introduction of bacterial plasmids as cloning vehicles for DNA fragments 
has opened up a new horizon for the study of animal-virus genes. DNA 
viruses are digested by restriction enzymes and then cloned in bacterial plas­
mids (Bolivar et al. 1977; Sutcliffe et al. 1978; McKnight 1980). The genomes 
of RNA viruses can be transcribed into their DNA copy by the reverse tran­
scriptase and thus can also be cloned in bacterial plasmids. This new technol­
ogy allows individual viral genes to be analyzed and their nucleotide sequences 
to be determined. 

Cloning of viral genes in bacterial plasmids may have practical application in 
the future-for example, in the use of the viral gene products in vaccine 
production. 
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2. CLASSIFICATION OF VIRUSES 

With the accumulation of information on the morphology of virus particles 
(virions), their chemical composition, and the nature of their nucleic acid it 
became evident that viruses differ markedly from each other. Viruses with the 
same structure and morphology were isolated from a variety of hosts which 
included bacteria, fungi, plants, insects, and both lower and higher forms of 
vertebrates. Attempts to classify viruses were initially based on their morphol­
ogy, although analyses of the nature of the viral genomes provided another 
method for classification based on the type of nucleic acid (DNA or RNA), the 
properties of the nucleic acid (double- or single-stranded), and molecular 
weight. To obtain a system of classification acceptable to all virologists, an 
International Committee on Nomenclature of Viruses (ICNV) (subsequently 
changed to International Committee on Taxonomy of Viruses [ICTV)) was 
elected. Expert subcommittees dealt with vertebrate viruses, invertebrate vi­
ruses, plant viruses, and bacterial viruses. 

The committee for nomenclature decided not to use the Linnean system 
used for bacteria but instead opted for an internationally agreed-upon system 
to be applied universally to all viruses. The names of the viruses would be 
latinized; the genus should be a collection of various species of viruses with the 
name ending with " ... virus" (e.g., herpesvirus). A family of viruses would 
contain a number of genera and the ending of the name would be " 
viridae" (e.g., herpesviridae). 

16 
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METHOD OF CLASSIFICATION 

The viruses were divided into five different taxa, each containing different 
viruses according to the hosts they infect. 

Taxon A: viruses that infect more than one host 
Taxon B: viruses infecting vertebrates only 
Taxon C: plant viruses 
Taxon D: bacteriophages 
Taxon E: viruses of invertebrates 

The cryptogram 

The cryptogram was designed to provide a short, precise description of the 
virus group, taking into consideration the biological and chemical properties 
of the viruses belonging to a particular family. The cryptogram contains four 
entries, each with two properties. 

The first pair the type of nucleic acid/strandedness of the nucleic acid; D 
stands for DNA and R for RNA; 1 means single-stranded 
and 2 means double-stranded. 

The second pair the molecular weight of the viral nucleic acid (in millions)/ 
percentage nucleic acid in the purified virions. When the 
virion nucleic acid is not in one molecule but in the form 
of a segmented genome, the Greek letter sigma (!,) is 
added before the molecular weight. 

The third pair the morphology of virions, envelope, when present, the 
shape of the nucleocapsid. S is spherical; E is elongated 
with parallel sides and straight ends; u is elongated but 
with circular end(s); X is complex or otherwise different 
from previous shapes; e refers to envelope present in vi­
nons. 

The fourth pair the host/method of viral transmission/nature of vector. 

Vectors 

Hosts: A-alga; B-bacterium; F-fungus; I-inverte­
brate; S-seed plant; and V-vertebrate. Transmission: 
C-congenital; I-intestinal tract; O-contact with en­
vironment; R-respiratory tract; and Ve-invertebrate 
vector. 

Ac-ticks and mites (Acarina); AP-aphids; Au-Ieaf-, 
plant-, or tree-hoppers; Cl-beetles (Coleoptera); Di­
flies and mosquitoes (Diptera); Si-fleas (Siphonaptera); 
Th-thrips (Thysanoptera); Fu-fungi; and Ne-nema­
todes. 
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In addition, an asterisk (*) symbolizes that the property of the virus is not fully 
known and parentheses () are used when the information is doubtful or 
unconfirmed. 

Virus classification 

Taxon A: Viruses affecting a number of hosts 

1. Family Iridoviridae (chapter 6) 
Cryptogram: C/2:130-160/12-16:S or Se/S:I, VIC, I, 0, VelAc 
Virus particles have a diameter ranging from 130-300 nm and are made up 
of about 1,500 capsomeres (the subunits of the viral capsid). The viral 
particle is made of a large number of proteins and enzymes; lipids are 
present in the envelope. These viruses replicate in the cytoplasm of the host 
cells. 

2. Poxviridae (chapter 5) 
Cryptogram: D/2:130-240/5-7.5:X/*:I, V/O, R, Ve/Ac, Di, Si 
The virions are brick-shaped, measuring 300-450 X 170-260 nm with a 
lipid envelope containing more than 30 proteins, of which 10 are antigenic. 
The viruses replicate in the cytoplasm of the infected cell. Hemagglutinin is 
produced by orthopoxviruses. 

3. Parvoviridae (chapter 11) 
Cryptogram: D/1: 1.5-2.2/19-32:S/S: I, VIC, I, 0, R 
Nonenveloped virions with a diameter of 18-26 nm. The virions have a 
density of 1.38-1.46 g/ml. In some members the virions contain single­
stranded DNA strands of opposite orientation; these are named plus (+) 
and minus (-) strands. In others, only the DNA( +) form is present in 
virions. There are two types of viruses: (1) self-replicating viruses and (2) 
viruses requiring adenovirus to provide helper functions to allow them to 
replicate. These viruses can be regarded as parasites of viruses. 

4. Reoviridae (chapter 12) 
Cryptogram: R/2:I12-I19/15-30:S or SolS: I, S, VII, 0, Ve/Ac, Au, Di 
The virion has an isometric capsid with icosahedral symmetry and a diame­
ter of 60-80 nm, usually without an envelope. The virion has a density of 
1.31-1.38 g/ml, a sedimentation coefficient of 630 S. The capsomeres are 
arranged in two layers and an enzyme, the RNA-dependent RNA poly­
merase, is attached to the viral RNA in the core. These viruses replicate in 
the cytoplasm of infected cells. Members of the genus Orbivirus replicate in 
vertebrates and insects; plant reoviruses replicate in plants and insects. 

5. Bunyaviridae (chapter 17) 
Cryptogram: R/1:I6-I7/*: Se/E:I, VIC, Ve/Ac, Di 
Enveloped virions with a diameter of90-100 nm. The envelope contains at 
least one glycoprotein. A ribonucleoprotein complex with a diameter of2-
2.5 nm is present in the capsid. The viral genome is composed of three 
single-stranded RNA molecules of 0.8, 2, and 4 X 106 daltons, respec-
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tively. The virus replicates in the cytoplasm of the infected cell and the 
nucleocapsids bud through the cytoplasmic membrane to acquire their en­
velopes. 

6. Picornaviridae (chapter 18) 
Cryptogram: R/1:2.3-2.8/30:S/S:I, VII, 0, R 
Virions are not enveloped, the capsomeres are arranged in the capsid in an 
icosahedral shape, the diameter of the virion is 20--30 nm, and the virus 
replicates in the cytoplasm. The viral RNA is monocistronic, infectious, 
and acts as messenger RNA for the synthesis of viral pep tides which are 
cleaved from a precursor into the functional peptides, the viral capsid pro­
tein, and the viral replicase (RNA-dependent RNA polymerase). 

7. Rhabdoviridae (chapter 13) 
Cryptogram: R/1:3.5-4.6/2-3:Ue/E:I, S, VIC, 0, Ve/Ap, Au, Di 
The virions are bullet-shaped, 130--300 nm in length and 70 nm in width, 
with an envelope covering an elongated nucleoprotein with helical sym­
metry. The virions have a density of 1.20 g/ml and contain five major 
proteins, including the RNA-dependent RNA polymerase. They replicate 
in arthropods, insects, vertebrates, and higher plants. 

8. Togaviridae (chapter 19) 
Cryptogram: R/1:3.5-4/5-8:Se/S:I, VIC, I, 0, R, Ve/Ac, Di 
The virions are spherical with a diameter of 40--70 nm with a lipoprotein 
envelope attached to a capsid with icosahedral symmetry. The density of 
the virions is 1.25 g/ml, and they replicate in arthropods and vertebrates. 

Taxon B: Vertebrate viruses 

This taxon includes eight virus families that replicate only in vertebrates. 

1. Adenoviridae (chapter 8) 
Cryptogram: D/2:20--30/12-17:S/S: V II, 0, R 
The virions lack an envelope; the 252 capsomeres are arranged in icosahe­
dral symmetry in the capsid which has a diameter of 70--90 nm. Capso­
meres with filaments attached are antigenically distinct from others. The 
density of virions is 1.33-1.35 g/ml and the sedimentation coefficient is 795 
S. The G + C content of the viral double-stranded DNA is 48 to 61 % in 
different strains. The virus replicates in the nucleus and several strains have 
the ability to transform cells. Certain strains are capable of agglutinating 
cells of different species. 

2. Herpesviridae (chapter 7) 
Cryptogram: C/2:92-102/8.5:Se/S:(F), (I), VIC, 0, R 
The enveloped virions contain a nucleocapsid of 162 capsomeres arranged 
in icosahedral symmetry; the diameter is 120--150 nm. The virions have a 
density of 1.27-1.29 g/ml and contain approximately 33 proteins with a 
total molecular weight of290,000 daltons. The G + C contents of the viral 
DNA range from 33-74% in different strains. The virus replicates in the 
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nucleus of the host cell. Herpes-type viruses that are also found in fungi and 
in oysters, occur in lower and higher vertebrates. 

3. Papovaviridae (chapter 9) 
Cryptogram: D/2:3-S/12:S/S:V/0, Ve/Ac, Si 
Unenveloped spherical virions with a diameter of 45-55 nm are composed 
of 72 capsomeres. Elongated virions were also described. The G + C 
content of the circular, double-stranded DNA molecules is 41-49%; den­
sity is 1.34 g/ml. The virus replicates in the nucleus and most strains are 
capable of cell transformation. 

4. Arenaviridae (chapter 16) 
Cryptogram: R/l: 13.2-IS.6/*:Se/*:V/C, 0 
Virions are spherical or pleomorphic with a diameter of 50-300 nm, have 
envelopes and contain particles similar to cellular ribosomes (two glycopro­
teins and two polypeptides). The genome is composed of 1-3 short and 
four longer single-stranded RNA molecules of 0.03; 0.7; 1.7; 1.1, and 
2.1 X 106 daltons. The virions contain an RNA-dependent RNA poly­
merase. Most viruses infect a particular rodent and cause a persistent infec­
tion accompanied by viruria (excretion of virus in the urine). Infection of 
other rodents or of humans is infrequent. 

5. Coronaviridae (chapter 20) 
Cryptogram: RI1:9/*:Se/E:V/I, R 
Pleomorphic-enveloped virions with a diameter of 100 nm. Peplomers are 
found on the surface of the envelope. Single-stranded RNA genome of 
9 X 106 daltons. These viruses replicate in the cytoplasm of infected cells. 

6. Orthomyxoviridae (chapter 15) 
Cryptogram: R/l: 14/1:Se/E:V/R 
Spherical or elongated enveloped virions with a diameter of80-120 nm. On 
the envelope there are glycoprotein peplomers 10-14 nm in length and 4 
nm in diameter, consisting of the hemagglutinin (HA) and the enzymc 
neuraminidase (NA). The virions contain an RNA genome composed of 
eight single-stranded RNA molecules and the RNA-dependent RNA poly­
merase. 

7. Paramyxoviridae (chapter 14) 
Cryptogram: RI1:S-8/1:Se/E:V/0, R 
Pleomorphic, usually spherical, enveloped virions with a diameter of 150 
nm or more. Long filamentous forms also occur. The envelope contains an 
HA and an NA. The genome is unsegmented, single-stranded, and linear 
RNA (5-8 X 106 daltons) and forms a ribonucleoprotein complex in the 
virion containing an RNA-dependent RNA polymerase. 

8. Retroviridae (chapter 21) 
Cryptogram: R/l:7-10/2:Se/*:V/I, C, 0, R 
Spherical-enveloped virions with a diameter of 100 nm with an icosahedral 
core containing single-stranded RNA of 7-10 X 106 daltons which dis­
sociates into two or three pieces. The virion contains RNA-dependent 
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DNA polymerase (reverse transcriptase), which is responsible for the syn­
thesis of the double-stranded DNA genome of the virus that can integrate 
into the host nuclear DNA. This integrated viral DNA is also the proviral 
DNA. 

Taxon C: Plant viruses 

Twenty families of viruses, all of which (except one) have an RNA genome. 

Taxon D: Bacteriophages 

1. Corticoviridae 
Cryptogram: D/2:S/12:S/S:B/O (includes phage PM2 with a lipid en­
velope) 

2. Myoviridae 
Cryptogram: D/2:21-190/4-49:X/X:B/C, 0 (T even phage) 

3. Pedoviridae 
Cryptogram: D/2:12-73/44-51:X/S:B/C, 0 (T uneven phage, like T7) 

4. Styloviridae 
Cryptogram: D/2:25-79/44-62:X/X:B/C, 0 (Lambda (X) phage) 

5. Inoviridae 
Cryptogram: D/l:1.9-2.7/12:E/E:BIC, 0 (fd phage) 

6. Microviridae 
Cryptogram: D/l :1.7 126:S/S:B/O (0X phage) 

7. Cystoviridae 
Cryptogram: R/2:113/1O:Se/S:B/O (06 philge) 

8. Leviviridae 
Cryptogram: R/l:1/31:S/S:B/O (Ribophage like f2, OB) 

Classification of viruses as a continuing process 

The classification of viruses is a continuing effort that is updated and aug­
mented annually. Different vertebrate virus families will be presented in this 
book according to the properties of their nucleic acid, starting with the viruses 
containing the largest DNA genome (poxviridae) and ending with the 
unclassified subviruses. 
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3. MOLECULAR CONSIDERATIONS OF VIRUS REPLICATION 
AND VIRUS-CELL INTERACTIONS 

Virions were defined by A. Lwoff and S.E. Luria as infectious particles con­
taining the viral genetic material in the form of a DNA or RNA molecule 
covered by a protein coat. These particles constitute the stable infectious form 
of the virus since during the growth cycle in infected cells the virions disap­
pear, and after an eclipse period, new progeny appear. The viral nucleic acid is 
packaged inside the virions in a form that protects it from damaging agents 
outside the living host cell; the virions can, therefore, be regarded as the stable 
or dormant phase in the virus life cycle. In certain virus families, the virions 
themselves carry enzymes essential for virus replication after entry into the 
new host cell. 

Viruses as obligate parasites of cells 

The viral nucleic acids vary in size and molecular weight ranging from the 
largest viral DNA of vaccinia virus, which has a molecular weight of about 
150 X 106 , to the smallest viral RNA or DNA with a molecular weight of 
1-2 X 106 and containing only a few genes (e. g., picornaviruses). In compari­
son, Chlamydia trachomatis, a prokaryotic obligate parasite of mammalian cells, 
contains a DNA genome of 660 X 106 daltons with several hundred genes. In 
order to replicate, the viral nucleic acid requires the cellular energy-producing 
systems, protein-synthesizing systems, as well as specific cellular enzymes and 
proteins that the cell normally utilizes for its own metabolism. Viruses that 
encapsidate replication enzymes in their virions can be studied under in vitro 

22 
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conditions after removal of the virion envelope and incubation of the exposed 
viral enzymes and the viral nucleic acid in a suitable reaction mixture. 

The entry of virions into host cells is followed by the uncoating process­
namely, the release of the viral nucleic acid from its protein coat. A series of 
processes is then set in motion which leads to the synthesis of viral proteins, 
replication of the viral genome, and finally the formation of new virus prog­
eny, identical to those that initiated the infectious process. 

In certain instances, cell-virus interactions can lead to the suppression of the 
virus replicative cycle. In such nonpermissive cells, expression of the viral 
genetic information is suppressed, and the viral genomes can be retained in the 
cells for prolonged periods. Only when certain changes take place in these cells 
can the virus escape from the control of the cell and replicate itself. 

Virus genes code for different groups of functional proteins 

In the different virus families (except viroids and viruses, which are parasites of 
other viruses), the genome is essentially made up of three types of genes: (1) 
genes for enzymes that participate in the replication of the viral nucleic acid; (2) 
genes for proteins that are involved in regulatory processes; and (3) genes 
coding for the structural viral proteins-namely, the proteins that are needed 
to form the viral capsids and envelopes. A number of virus structural peptides 
form the capsomere-the subunits that assemble into the viral capsid. The 
number of capsomeres in the virion capsid differs according to the size of viral 
nucleic acid. The formation of a capsid requires that the capsomeres be ar­
ranged into stable structures. 

Viral capsomeres assemble into capsids 

The internal organization of the capsomeres in the viral capsid was examined 
in the electron microscope and also by x-ray diffraction methods (summarized 
by Caspar and Klug 1962). Three types of cubic symmetry are possible in the 
viral capsid: tetrahedral (2:3), octahedral (4:3:2), and icosahedral (5:3:2). This 
means that these structures contain 12, 24, or 60 capsomeres, respectively, 
arranged on the surface of a sphere. Crick and Watson (1956) had originally 
suggested that cubic symmetry was the most fitting form for viruses. With the 
accumulation of evidence on viral structure, it became obvious that a number 
of viruses have the shape of a regular icosahedron. This was first shown by 
Caspar (1956) in x-ray diffraction studies on tomato bushy stunt virus, and 
shortly afterward by Klug, Finch, and Franklin (1957) with turnip yellow 
mosaic virus. The most conclusive evidence of icosahedral symmetry was 
presented by Williams and Smith (1958) with Tipula iridescent virus, and 
subsequently by Finch and Klug (1959) with poliovirus. The theory of Caspar 
and Klug (1962) for the icosahedral structure of viruses was based on the 
structure of a geodesic dome, which is composed of triangular subunits ar­
ranged in groups of five. Icosahedral symmetry appeared to be the most 
efficient form of packing subunits into a sphere, but further analysis showed 
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this to be only one aspect of the more comprehensive idea of the optimum 
design of a shell. 

Tobacco mosaic virus (TMV) has its capsids arranged in the form of helical 
symmetry. The helical framework is most suited for packaging of a long, 
single-stranded RNA molecule since it allows optimal interaction between the 
viral structural coat protein and nucleic acid. The capsid subunits might also be 
assembled in the absence of the viral ribonucleic acid. 

Virion formation and capsid-nucleic acid interactions 

In the final stages of virion assembly, the coiling of the viral nucleic acid into a 
structure that can fit into the capsid requires specialized proteins that vary 
according to the size and properties of the viral nucleic acid and sometimes also 
polyamines. In the family Herpesviridae (chapter 7), the viral DNA is large 
(100 X 106 daltons) and is coiled into the form of a torus, whereas in small 
DNA viruses (e.g., Papoviridae), cellular histones attach to the viral DNA 
which attains the form of a minichromosome. 

In other viruses (e.g., Orthomyxoviridae), the viral RNA forms a ribonu­
cleoprotein complex due to the interaction with specific viral proteins. Such 
complexes are incorporated into a membrane that contains the viral glycopro­
tein and buds from the cell membrane. The mechanism of insertion of the viral 
nucleic acid into a capsid differs in the various virus families; some (e.g., 
Herpesviridae) acquire a lipid envelope when passing through the membranes 
of the infected cell which contain the virus-coded glycoprotein. Thus viral 
structural proteins (glycoproteins) form part of the virion envelope and pro­
vide the virus specificity of the membrane. 

Cells transfected with naked viral nucleic acids 

Naked viral nucleic acids (DNA or RNA) might retain their infectivity for 
cells under in vitro conditions, provided special conditions of infection are 
used. Double-stranded viral DNA molecules are made to enter host cells by 
forming a calcium phosphate precipitate on the cell membrane which also 
contains the viral nucleic acid. The precipitate is taken up by the cells, and the 
viral DNA can function in the cell. Viral RNA molecules were introduced into 
cells by adding DEAE dextran to the medium of the cells infected with 
purified viral RNA. 

Virions released to initiate new infections 

A number of different mechanisms are used for the release of virions from 
infected cells. At the end of the replicative cycle, icosahedral viruses that lack 
an envelope and replicate in the nucleus (e.g., adenoviruses) or in the cyto­
plasm (e. g., picornaviruses) are neatly arranged in crystal-like arrays and are 
released from the infected cell after it disintegrates. 

Enveloped virions of different virus families (e.g., Herpesviridae, Toga­
viridae, Retroviridae), on the other hand, utilize an active mechanism of re­
lease. The virions of the Herpesviridac obtain part of their envelope when 
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passing through the nuclear membrane and an additional part of their envelope 
during egress through the cytoplasmic vacuoles. Other virus families (e.g., 
Myxoviridae, Retroviridae) obtain their envelopes during passage of the viral 
nucleocapsids through the cellular membrane. The nucleocapsid is enveloped 
with a cellular membrane that contains inserted viral glycoproteins. 

Transfer of viruses from one host to another 

Many viruses spread from host to host via the respiratory and alimentary 
tracts. Thus viruses that are excreted in the feces (e. g., poliovirus or Coxsackie 
virus) or urine (e. g., hemorrhagic fever virus) or via the respiratory tract (e.g., 
influenza virus or the common cold viruses) can be disseminated with ease. 

Another mode of transfer of viruses involves introduction of the virus di­
rectly into the recipient tissues. Rabies virus is spread by rabid animals which 
secrete the virus in their saliva. An animal or person bitten by a rabid animal 
becomes infected. Viruses that belong to Taxon A (capable of replicating in 
more than one host) can infect blood-sucking insects. When such an insect 
feeds on an infected animal at the stage when the virus is in the blood (the 
viremic state), the insect is also infected and can transmit the virus to a healthy 
host. 

Insects also transmit viruses mechanically by transferring the virions present 
on the proboscis to a new host during biting, without the virus actually 
replicating in the insect. Viruses that are able to infect via the alimentary tract 
must overcome the acid barrier of the stomach. Indeed, it was found that such 
viruses (like poliovirus) have a capsid that can withstand the acidity in the 
stomach, and thus the virions can reach the susceptible cells in the intestine and 
initiate an infection. Enveloped virions that are destroyed by acid conditions 
infect mucous membranes of the respiratory tract (e. g., poxviruses and myx­
oviruses) or the mouth amI genitalia (e.g., herpesviruses). Viruses that are 
transferred by insects directly into the bloodstream of the host are also en­
veloped. 

The structure of the virion and the properties of the envelope and internal 
capsids play an important role in stability of viruses. In some instances, the 
virions can reside in dust or in organic debris for extended periods prior to 
infection. Smallpox virus (chapter 5), for example, is very stable and can 
withstand dryness and temperatures of up to 45°C for prolonged periods. 

Infection by attachment of virions to receptors in the cell membrane 

For the infectious process to start, the viral genome must be able to reach the 
susceptible cell. In an immunized host who has specific antibodies, the invad­
ing virions interact with the antibodies in the bloodstream, on the surface ofT 
cells, or elsewhere in the body, and virions to which antibodies are attached 
cannot adsorb to the receptors on the cell membrane. Such virion-antibody 
complexes may enter into a cell, but virus replication is prevented since the 
viral nucleic acid cannot be released from its protein coat. 

The first step in the infectious process-namely, attachment of virions to 
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the outer-cell membrane-is electrostatic in nature. Usually, the outer surface 
of the virion is negatively charged, and attachment takes place in areas of the 
cell membrane that are positively charged. This interaction is not a stable one, 
and virions can be released from the membrane if the electrostatic charge in the 
area of virion attachment is changed (by addition of heparin, for example). 
However, if the virions attach to the correct receptor on the cell membrane, 
the second step of attachment can take place. This step is irreversible, and the 
virions can no longer be released. 

The cellular receptors vary for the different virus families and are controlled 
by the host-cell genome. In the absence of such a gene, or in the absence of the 
receptors, the cells will be unable to adsorb the particular virions. It was 
demonstrated that the gene for the poliovirus receptor is localized in chromo­
some 19 of the human cell (chapter 4). Mouse cells do not have a gene for a 
receptor for poliovirions and are therefore resistant to infection with this virus. 
When human cells that have a receptor for poliovirus are fused with mouse 
cells, human-mouse hybrid cell lines can be isolated that have the receptor for 
poliovirus adsorption. The mouse cell synthesizes a receptor protein for 
poliovirus only when the human chromosome number 19 is present. Hybrid 
cell lines containing other human chromosomes cannot produce the receptor 
protein. Other genes in human cells that affect the susceptibility of cells to 
virus infection are described in chapter 4. 

Enveloped virions that are released from infected cells by a process of bud­
ding through the membrane (e.g., Myxoviridae, Togaviridae) enter new cells 
by a cellular response mechanism called viropexis. Since the virion envelope 
and outer membrane of the cell are very similar (apart from the presence of the 
viral proteins) the two fuse to form one continuous membrane, and the viral 
nucleocapsid is released directly into the cytoplasm of the infected cell. Virions 
lacking an envelope (e.g., Adenoviridae, Picornaviridae) or with envelopes 
that do not resemble the outer membrane of the cell (e.g., Poxviridae) are 
introduced into the cells by a mechanism of pinocytosis. The cell membrane 
responds to the attachment of virions by invagination into the cytoplasm, the 
upper part of the invaginated membrane fuses, and a vacuole containing the 
virions is formed in the cytoplasm. L ysosomes attach to the vacuole and 
release proteolytic enzymes in an attempt to degrade the foreign particles. As a 
result, the protein coat of the virus is digested and the nucleic acid molecules 
are released. After uncoating, the viral nucleic acid molecules are able to ex­
press their genetic information in the cytoplasm or nucleus. Cellular transport 
mechanisms are used to move molecules between the different compartments 
of the infected cell. 

RNA genomes as plus or minus molecules 

In some virus families, the RNA genome can serve as messenger RNA for the 
synthesis of viral proteins (e.g., poliovirus). These are RNA + viruses. In other 
virus families, the nucleic acid of the virion already has certain enzymes at­
tached for the initiation of viral RNA synthesis. These are RNA - viruses. 
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Replication of the virus in the infected cell: one-step growth cycle 

In most instances, only some of the virions that attack a cell irreversibly attach 
to the cell membrane. Not all the attached virions are transferred into the 
cytoplasm and not all the virions are uncoated. Thus in order to infect a cell, 
more than one virion is necessary. Essentially, as in the case of poliovirus, 100 
virions are considered as one plaque forming unit (PFU), which means that at 
least 100 virions are needed to infect one cell. Herpes simplex virus requires 
about 36 virions to successfully infect one cell. This is because only 50% of the 
virions enter the cell, of which only 50% are uncoated, and finally only about 4 
viral genomes make their way into the nucleus, the site of virus replication. 

The technique of plaque formation was developed by R. Dulbecco for the 
quantitation of viruses. The infected cells in a monolayer are covered with a 
layer of agar to restrict the spread of virus progeny. Beneath the agar, the virus 
can infect and destroy only neighboring cells, and staining of the infected cell 
monolayers with a stain that enters only living cells results in the appearance of 
clear areas, or plaques. One PFU is due to the successful infection of a single 
cell by a number of virus particles. 

In nature, the infection of an animal or man is initiated by a relatively small 
amount of virus infecting a limited number of cells. The virus progeny spreads 
to neighboring cells, infecting more and more cells, and even though the virus 
infection stimulates the defense mechanism of the host (like the production of 
interferon), the infection continues. To investigate the molecular processes in 
the replication of a virus, experimental cell-virus systems were developed in 
which all the cells were infected simultaneously. Such a synchronous infection 
could be measured at different times after infection by titration of the virus 
progeny by the plaque method. In addition, virus-induced molecular processes 
can be studied, using analytical chemical procedures. It was noted that after 
adsorption of virions to the cells, the infectivity disappeared for a certain 
period (called the eclipse phase), and new progeny of infectious virions ap­
peared afterward. The time between infection and synthesis of new infectious 
progeny differs in various virus families and can also be affected by the host 
cell. 

Enzymes in virions of some virus families 

Viruses, being obligate parasites of cells, utilize numerous cellular biochemical 
processes like the energy-producing systems, the protein-synthesizing mecha­
nisms, the enzymes involved in phosphorylation of proteins, the enzymes 
involved in transcription of mRNA from DNA genomes, as well as enzymes 
required for the synthesis of the cap and poly A sequence attached to the viral 
mRNA. The cellular systems required for lipid and membrane synthesis are 
also utilized for viral synthesis. The viral genome contains the information 
needed for the synthesis of specific viral enzymes that replicate the viral nucleic 
acid and structural proteins, while the rest of the enzymatic processes are 
contributed by the host cells. However, for the initiation of their replication 
cycle, some viruses require specific enzymes that are absent in the host cells. 
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Such viruses carry the specific enzyme to ensure their replication in the in­
fected host. Three specialized enzymes were found to be carried by virions: 

1. DNA-dependent RNA polymerase. This enzyme, which is responsible for 
transcribing 14% of the viral genome, is found in the Poxviridae. 

2. RNA-dependent RNA polymerase. Viruses that have an RNA genome that 
cannot serve as messenger RNA (designated RNA -) produce copies of the 
genome to serve as mRNA for the production of the viral proteins. (These 
mRNA molecules are designated RNA +.) Since the cells do not have an 
enzyme that synthesizes RNA molecules on an RNA template, the virions 
were found to contain an RNA-dependent RNA polymerase which pro­
duces mRNA (regarded as RNA +) from the viral RNA genome (regarded 
as RNA -). Virions of the families Rhabdoviridae, Paramyxoviridae, Or­
thomyxoviridae, Arenaviridae, and Bunyaviridae contain RNA-dependent 
RNA polymerase. 

3. RNA-dependent DNA polymerase (reverse transcriptase). This enzyme, found 
in virions of the Retroviridae, utilizes the viral genome as a template for the 
synthesis of a complementary DNA molecule. The same enzyme synthe­
sizes a second DNA strand, complementary to the first, to form a double­
stranded DNA molecule. Such DNA molecules interact with the host cell 
genome, causing its transformation into a cancer cell. 

The mechanisms utilized for virus replication in infected cells 
depend on the viral nucleic acid 

The organization of the viral genome into single-stranded or double-stranded 
DNA or RNA determines the molecular processes required for its replication: 

A. Double-stranded DNA viruses: 
1. Uncoated viral double-stranded DNA + cellular or viral RNA poly­

merase ~ synthesis of early mRNA. 
2. Early mRNA + cellular ribosomes ~ early viral proteins, including 

enzymes and proteins for the replication of the viral nucleic acid. 
3. Parental viral DNA + replication proteins ~ DNA replication com­

plex involved in the synthesis of progeny viral DNA. 
4. Progeny viral DNA + cellular and/or viral RNA polymerase ~ syn­

thesis oflate mRNA from the late viral genes. 
5. Late mRNA + cellular ribosomes ~ structural viral proteins. 
6. Structural proteins + progeny viral double-stranded DNA ~ nu­

cleocapsids. 
7. Nucleocapsids + envelopes and cellular membranes ~ infectious 

VIrIOns. 

B. Single-stranded DNA viruses: 
1. Single-stranded viral DNA + cellular DNA polymerase ~ double­

stranded DNA 
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2. Subsequent steps are similar to A.1. to 3., but the progeny viral DNA is 
single stranded. 

3. The single-stranded DNA genome + structural proteins - virions. 
C. Double-stranded RNA viruses: 

1. Virions contain 10-12 fragments of parental double-stranded RNA 
molecules + RNA polymerase present in the virions - synthesis of 
mRNA molecules from each individual fragment. 

2. Viral mRNA + ribosomes - viral structural proteins and enzymes. 
3. Viral nonstructural (RNA-dependent RNA polymerase) and structural 

proteins + viral mRNA molecules - synthesis of double-stranded 
RNA in the nucleocapsids. 

4. Nucleocapsid + capsomeres - virions with two layers of capso­
meres. 

D. Viruses with negative single-stranded RNA genome (RNA -). 
1. Single-stranded RNA - + RNA-dependent RNA polymerase attached 

to the viral genome - viral mRNA (RNA +). 
2. Viral mRNA + ribosomes - viral proteins. 
3. Viral mRNA (RNA +) + RNA-dependent RNA polymerase - syn­

thesis of progeny RNA - molecules. 
4. Progeny RNA - molecules + viral proteins (including RNA poly­

merase) - nucleocapsids. 
5. Viral proteins + cellular enzymes - viral glycoproteins. 
6. Viral glycoproteins + cellular membranes - regions in the cell mem­

branes containing viral glycoproteins. 
7. Viral nucleocapsid attaches to the envelope at the site of viral glycopro­

teins - budding to form virions. 
E. Viruses with single-stranded RNA + genomes. 

1. Virion RNA + molecules + cellular ribosomes - one high molecular 
weight viral precursor polypeptide (from monocistronic mRNA). 

2. Viral precursor polypeptide + proteases - viral polypeptides, struc­
tural and functional (RNA-dependent RNA polymerase). 

3. Viral RNA-dependent RNA polymerase + parental RNA + - synthe­
sis of RNA - molecules which serve as templates for the synthesis of 
progeny RNA + molecules. 

4. Progeny viral RNA + RNA dependent-RNA polymerase - synthesis 
of sub genomic (part of the parental RNA +) RNA molecules serving as 
mRNA. 

5. Progeny viral RNA + + capsid (made of a number of capsomeres) -
VIrIOns. 

F. Viruses with single-stranded RNA + genome but with a double-stranded 
DNA phase. 
1. Parental RNA + + RNA-dependent DNA polymerase (in the viral cap­

sid) - synthesis of RNA-DNA hybrid - synthesis of double-stranded 
DNA. 
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2. Linear progeny double-stranded DNA ~ circular double-stranded 
DNA. 

3. Circular double-stranded DNA + chromosomal DNA ~ integration 
into cellular DNA. Some viral double-stranded DNA genomes are re­
tained in the nuclei of infected cells as episomes. 

4. Viral DNA in the chromosomal DNA + cellular DNA-dependent 
RNA polymerase II of the host cells ~ viral mRNA. 

5. Viral mRNA + ribosomes ~ viral proteins. 
6. Viral proteins + viral RNA + molecules ~ viral nucleocapsids. 
7. Nucleocapsids + cellular membranes (containing viral glycoproteins) 
~ budding of virions. 

Cell response to the virus infection 

Certain viruses are cytocidal, while other viruses can transform cells, causing 
them to proliferate indefinitely. Several cell-virus relations can be noted: 

1. The cell dies at the end of the virus replicative cycle, and the virus progeny 
is released. 

2. The infected cell remains alive but continues to synthesize virions. 
3. The infected cell is transformed by the virus but continues to produce 

VIrIOns. 

4. The infected cell is transformed by the virus, but virions are not synthe­
sized. 

5. The cell is infected by the virus, but the virus cannot replicate (latent 
infection); the cells remain alive, and the virus can be activated. 

BIBLIOGRAPHY 

Caspar, D.L.D. Structure of tomato bushy stunt virus. Nature 177:476-477, 1956. 
Caspar, D.L.D., and Klug, A. Physical principles in the construction of regular viruses. Cold 

Spring Harbor Symp. Quatlt. BioI. 27:1-24, 1962. 
Crick, F.H.C., and Watson, J.D. The structure of small viruses. Nature 177:473-475, 1956. 
Finch, J.T., and Klug, A. Structure of poliomyelitis virus. Nature 183:1709-1714, 1959. 
Klug, A.; Finch, J.T.; and Franklin, R.E. The structure of turnip yellow mosaic virus: X-ray 

diffraction studies. Biochim. Biophys. Acta 25:242-252, 1957. 
Williams, R.C., and Smith, K.M. The polyhedral form of the Tipula iridescent virus. Biochim. 

Biophys. Acta 28:464-469, 1958. 

RECOMMENDED READING 

Bachrach, H.L. Comparative strategies of animal virus replication. Adv. Virus Res. 22:163-186, 
1978. 

Baltimore, D. Expression of animal virus genomes. Bact. Rev. 35:235-241, 1971. 
Bishop, D.H. Virion polymerases. Comprehensive Virology (H. Fraenkel-Conrat and R.R. Wagner, 

eds.) Plenum Press, New York, 1977, Vol. 9, pp. 117-278. 
Butterworth, B.E. Proteolytic processing of animal virus proteins. Curro Top. Microbiol. Immunol. 

77:1-41, 1977. 
Dales, S. Early events in cell-animal virus interactions. Bact. Rev. 37:103-135, 1973. 
Doerfler, W. Animal virus-host genome interaction. In: Comprehensive Virology (H. Fraenkel­

Conrat and R.R. Wagner, eds.) Plenum Press, New York, 1977, Vol. 9, pp. 279-400. 



3. Virus replication and virus-cell interactions 31 

Huang, A.S., and Baltimore, D. Defective interfering animal viruses. be Comprehensive Virology 
(H. Fraenkel-Conrat and R.R. Wagner, eds.) Plenum Press, New York, 1977, Vol. 9, pp. 73-
116. 

Naha, P.M. Early functional mutants of mammalian cells. Nature New BioI. 241:13-14, 1973. 
Raghow, R., and Kingsbury, D.W. Endogenous viral enzymes involved in messenger RNA 

production. Annu. Rev. Microbiol. 30:21-39, 1976. 
Russell, W.e., and Winters, W.D. Assembly of viruses. Prog. Med. Virol. 19:1-39, 1975. 
Shatkin, A.J.; Banerjee, A.K.; and Bott, G.W. Translation of animal virus mRNA in-vitro. In: 

Comprehensive Virology (H. Fraenkel-Conrat and R.R. Wagner, eds.) Plenum Press, New York, 
1977, Vol. 9, pp. 1-72. 

Simchen, G. Cell cycle mutants. AmlU. Rev. Genet. 12:161-191, 1978. 



4. GENES IN HUMAN CELLS DETERMINING 
VIRUS SUSCEPTIBILITY 

The use of somatic cell hybrids formed between human and mouse cells led to 
the discovery that certain genes in human cells determine cell sensitivity or 
resistance to virus infections. The technique is based on the property of hu­
man-mouse somatic cell hybrids to lose most of the human chromosomes 
during cultivation under in vitro conditions. The human and mouse cells are 
fused by a virus (Sendai virus) or by the chemicals lysolecithin or polyethyl­
eneglycol. The hybrid cells are propagated in culture, and the human and 
mouse chromosomes are defined by selective staining. With this technique, the 
following genes in human cells were defined: 

Chromosome 1 is an integration site for adenovirus 12 DNA (adenovirus 12 
chromosome modification sites 1q and 2q3) (McKusick 1975; 1978). 

Chromosomes 2 and 5 contain genes (Ifl and If2) for the production of inter­
feron. (Animal cells respond to virus infection with the production of pro­
tein with a molecular weight ranging from 16,500 to 23,000 that has 
antiviral activity) (Tan et al. 1974). The interferon-1 gene (alpha-leukocyte 
interferon) has three loci. Another gene (interferon-2), responsible for the 
antiviral state, is found in the short arm of chromosome 5. Chromosome 9 
contains the gene for interferon-3 (fibroblast interferon). 

Chromosome 3 contains a gene for sensitivity to herpes simplex virus type 1 
(HSV-l). This gene determines the ability ofHSV-l to replicate in the host 
cell. The function of this gene is not yet known, but a gene in chromosome 
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3 is responsible for the ability of the cell to pass from the G1 stage of the cell 
cycle to the S phase, the phase of DNA synthesis. A cell mutant was isolated 
that could not synthesize chromosomal DNA at a raised temperature (re­
ferred to as temperature sensitive [ts]), and thus remained in the G1 phase. In 
such cells, at the nonpermissive temperature, HSV -1 cannot replicate 
(Yanagi et al. 1978). The relationship between the gene function required for 
HSV-1 replication and the gene function required for the S phase is not 
known (Carritt and Goldfarb 1976; Smiley et al. 1978). 

Chromosome 6 contains an integration site for the proviral DNA of a baboon 
retrovirus. The locus designated Bevi contains an integration site for the 
proviral DNA of the baboon type C virus (Lemons et al. 1977). 

Chromosome 7 contains an integration site for SV40 virus DNA (site 1) 
(Croce and Koprowski 1975). 

Chromosome 11 contains xenotropic BALB virus induction gene designated 
BVIX. 

Chromosome 15 contains BALB virus induction gene (N tropic) designated 
BVIN. 

Chromosome 17 contains the second integration site of SV40 DNA (site 2) 
(Kelly and N a thans 1977). 

Adenovirus 12 chromosome modification site 17: this virus causes gaps and 
breaks at a site on the long arm of chromosome 17 (McDougall 1971). 

Chromosome 19 contains the gene for poliovirus receptor and a gene that 
determines Echo virus 11 sensitivity and Coxsackie B virus sensitivity. This 
gene is also responsible for infection by baboon M7 endogenous virus (Mil­
ler et al. 1974). 

Chromosome 21 contains the gene for the receptor for interferon in the cell 
membrane. The interferon molecules synthesized by the genes in chromo­
somes 2 and 5 are released from the stimulated cells. In order to protect cells, 
the interferon molecules must bind to a receptor protein molecule present on 
the outer surface of the cell membrane. The gene for such a receptor is 
present in chromosome 21 (Tan, 1975; Epstein and Epstein, 1976; Wiran­
skowa-Stewart and Stewart, 1977; Slate et al., 1978). After attachment of 
interferon molecules to the receptor, the cell is induced to activate a gene (its 
location is not yet known) to synthesize mRNA for a new protein molecule 
which is responsible for the antiviral state of the cell. In interferon-treated 
cells, this protein prevents the replication of the invading virus (Chapter 26). 

Further information on the mapping of genes in chromosomes of human cells 
is given in the journal entitled Cytogenetics and Cell Genetics (see in particular, 
McKusick, 1982). 
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II. VIRUS FAMILIES 



A. DOUBLE-STRANDED DNA VIRUSES 



5. POXVIRUSES 

POXVIRIDAE: THE POXVIRUS FAMILY 

Poxviruses are the largest viruses among the members of Taxa A and B. The 
virions that replicate in the host cell cytoplasm contain a double-stranded 
DNA genome of 130-240 X 106 daltons and more than 30 proteins, including 
an enzyme, a DNA-dependent RNA polymerase. The virion proteins elicit 
antibodies to at least 10 antigens. One antigen is common to all the members 
of this virus family. 

Members of the poxviridae 

Vaccinia subgroup: Orthopoxvirus 
Vaccinia virus 10 man: used for vaccination against 

smallpox. 
Cowpox in cattle and man. 
Variola in man, responsible for smallpox. (Two forms 

of the disease are known: variola major and variola 
minor.) 

Monkeypox in monkeys. 
Rabbitpox in rabbits. 
Ectromelia in mice. 
Also poxviruses of buffalo and camels. 
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Fowlpox subgroup: Avipoxvirus 
Viruses of birds, like canarypox virus, turkeypox vi­

rus, pigeon pox virus, quail pox virus. 
Sheeppox subgroup: Capripoxvirus 

Goatpox virus and sheeppox virus. 
Myxoma subgroup:, Leporipoxvirus 

Myxomavirus, rabbit fibroma virus (Shope), squirrel 
fibroma virus, hare fibroma virus. 

Orf subgroup: Parapoxvirus 
These viruses can infect man: milker's node virus, 

bovine pustular stomatitis virus. 
Insect subgroup: EIltOlnOpoxviru5 

These are insect viruses that most probably do not in­
fect vertebrates and have no antigenic relationship 
with the other poxviruses, 

There are still some unclassified poxviruses: Tanapoxvirus and molluscum 
contagiosum virus of man, Yaba monkey tumor poxvirus, and swinepox 
virus. 

Relatedness between viYllses by DNA-DNA reassociation techlliques 

The relatedness of the different poxviruses is determined by the DNA-DNA 
hybridization technique. In this procedure, the DNA molecules from two 
viruses are extracted and denatured to the single-stranded form of the virion 
DNA. The two DNA preparations, one of which is radioactively labeled, are 
mixed in equivalent amounts in a suitable salt solution at the proper tempera­
ture, and the molecules are allowed to regain their double-stranded form 
(annealing or reassociation). The extent of reassociation (hybridization) of 
DNA is determined after digestion of the residual single-stranded molecules 
by a DNase that specifically digests DNA (51 DNase), and the percentage of 
radioactive DNA that reassociates into double-stranded DNA is calculated. 

Such studies showed that variola virus (the cause of smallpox) has 30% 
homology with vaccinia virus which is used for human vaccination. Vaccinia 
virus DNA is completely homologous with rabbit poxviruses. 

Since variola virus is a human pathogen and vaccinia virus is the vaccine 
strain that protects man against smallpox, most of this chapter will focus on 
these two viruses. 

Orthopoxvirus subgroup 

The virions have a specific brick shape (figure 3), as seen in the electron 
microscope. Thin sections through the virions revealed a central core covered 
with a lipid envelope. Two lateral bodies are situated between the envelope 
and the core. The outer surface of the virion envelope contains protein projec­
tions (peplomeres). The composition of virions purified through a sucrose 
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Figure 3. Electron micrograph of virions of vaccinia virus. 
(Department of Molecular Virology, Hebrew University-Hadassah Medical School, Jerusalem, Israel.) 

gradient (Joklik 1962), can be analyzed following the disruption of their coat 
by treatment with detergents. 

The DNA genome contains more than 150 genes 

The DNA of vaccinia virus is linear with a molecular weight of153 X 106 and 
length, as determined by electron microscopy, of75-80 nm (Becker and Sarov 
1968). The sedimentation profile of the viral DNA in a sucrose gradient is 
presented in figure 4A. Digestion of the viral DNA with restriction enzymes 
allowed the various virus species to be classified according to the digestion 
product pattern after agarose gel electrophoresis (Esposito et al. 1978) (figure 
4Ba). 

Restriction endonuclease analysis has shown that the genomes of orthopox­
viruses vary considerably in size. Rabbitpox, vaccinia, and variola viruses 
were found to have similarly sized genomes with an average molecular weight 
of 120, 124, and 121 X 106 , respectively. The genomes of monkeypox, cow­
pox, or ectromelia viruses are significantly larger, with molecular weights of 
128, 145, and 136 X 106, respectively (Machett and Archard 1979). 

A unique property of poxvirus DNA is the presence of covalent cross-links 
between several nucleotides present on opposite DNA strands, usually at the 
ends of the molecule. The long inverted terminal repetition (molecular weight 
6.8 X 106) of vaccinia virus DNA was found to contain a fragment that 
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Figure 4. Properties of vaccinia virus DNA 
A. Equilibrium centrifugation of vaccinia virus DNA in sodium diatrizoate density gradients 

(0 -- 0 density; __ [14C] thymidine; 0-0 eHJleucine-labeled virions. 
B. (a) Analysis of vaccinia virus DNA (from A) after cleavage with Hind III and electrophoresis 

in agarose gels. 
(b) Structural proteins of vaccinia virions in SDS-discontinuous gel electrophoresis. 

(Esposito. et al. 1978. Reprinted by permission from Viro!oxy, Vol. 89, Figs. 3 & 4, p. 59.) 

encodes early mRNAs (Witteck et al. 1980). The purified viral DNA 
molecules are not infectious and cannot replicate when introduced into cells. 

Structural proteins and enzymes in pox virions 

Proteins released from the virions can be analyzed by electrophoresis in poly­
acrylamide gels. Under such conditions, the faster migrating polypeptides 
have the lower molecular weights. The proteins in the gels can be stained by 
the dye Coomassie blue or detected by radioautography after labeling with 
radioactive amino acids. A typical analysis of viral proteins under denaturing 
and reducing conditions is presented in figure 4B(b). About 30 polypeptides 
ranging from 200,000-8,000 daltons were detected in vaccinia virions. The 
overall calculated molecular weight of the 30 virion peptides is 2 X 106. The 
relative amounts of the different virion peptides were also determined: four 
peptides constituted 10.5%, five other pep tides constituted 6.5% to 9.1 %, and 
the rest of the pep tides each were 0.3 to 3.4% of the total peptide content. This 
does not rule out the possibility that some cellular proteins may also be present 
in the virions. 
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In addition, a glycoprotein of 38, 000 daltons and a phosphoprotein of 11,000 
daltons were identified. 

The enzymes in the poxvirion 

1. The discovery by Kates and McAuslan (1967) that vaccinia virions contain 
the virus coded enzyme DNA-dependent RNA polymerase was a turning 
point in the understanding of the molecular biology of viruses, since it 
showed that poxvirions carry with them a specific enzyme not provided by 
the host cell for the transcription of the viral DNA. It was found that this 
DNA-dependent RNA polymerase is indeed coded for by the viral DNA 
and is responsible for the transcription of 14% of the viral genome. The 
mRNA molecules transcribed by this viral enzyme have a sedimentation 
coefficient of 8--10 S and represent the early mRNA of the virus-namely, 
the mRNA molecules which are transcribed from the parental DNA prior 
to the synthesis of viral progeny DNA. 

2. An additional enzyme that was found in the poxvirions polymerizes 
adenosine monophosphatcs into a polymer. This enzyme was named 
poly(A) polymerase; it is made up of two polypeptides of35,000 and 50,000 
daltons and is capable of synthesizing a poly A stretch of 200 bases which is 
covalently attached to the 3' end of the viral mRNA molecule. 

3. Two enzymes, each of65,000 daltons, were also described. One hydrolyses 
A TP or dA TP and the other hydrolyses ribo- and deoxyribonucleoside 
triphosphates. The role of these enzymes is not yet known. 

4. A deoxyribonuclease (DNase) of 100,000 daltons was also isolated that has 
a pH optimum of 4.4 and degrades single-stranded DNA with both endo­
and exo-nucleolytic activity. 

5. The enzyme protein kinase capable of phosphorylation of proteins was also 
found. 

6. DNA nick closing enzyme (made of two subunits of 35,000 and 24,000 
daltons). 

Cell infection with a poxvirus as a multistage process 

Poxvirions phagocytized by infected cells 

Poxvirions attach to the outer membrane of a mammalian cell and are engulfed 
into a cytoplasmic vacuole called a phagosome. The process of phagocytosis of 
virions is inhibited if the cells are treated with NaF and the attached virions are 
retained on the surface of the cell. 

The phagosome is the cellular organelle used to degrade foreign bodies with 
the aid of lysosomal enzymes. Indeed, inside the phagosomes the viral cores 
are released after digestion of the outer virion envelope. 

Poxvirions treated with specific antibodies are able to attach to the cell 
membrane and enter into the phagosomes, but the cellular proteolytic en­
zymes cannot remove the virion envelope, making release of the core impossi-
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ble. Similarly, heat-inactivated virus in a phagosome cannot be digested by the 
cellular enzymes. Reactivation of the heat-inactivated virus can be achieved by 
infecting the same cell with active virus that is able to bring about the release of 
the cores from the inactive virion. Virions inactivated by ultraviolet (uv) treat­
ment cannot infect cells since the viral cores are not released in the phago­
somes. 

Uncoating oj the virions leads to release oj'viral cores 

The cores are released from the phagosomes into the cytoplasm where the 
availability of the four ribonucleoside triphosphates (A TP, UTP, GTP, and 
CTP) stimulates the virion DNA-dependent RNA polymerase to synthesize 
the early viral mRN A molecules. Inactivation of poxvirions by heat treatment 
may be due to the inability of the DNA-dependent RNA polymerase in the 
core to function. Under suitable conditions, one virion is able to infect a cell 
and produce virus progeny, but it is generally accepted that one to ten virions 
constitute one PFU, the smallest number of virions able to infect one cell. 

To relate the molecular processes that take place in an infected cell with the 
fate of the parental and progeny virus, it is necessary to synchronize virus 
infection. This can be done by infecting cells in suspension (e.g., L cells) at a 
high multiplicity of infection (a large number of PFUs per cell), allowing the 
adsorption of the virions to be completed within 15 min of incubation. The 
amount of infectious virus in the cells rapidly decreases due to uncoating of the 
virions, and the first new progeny appears only 8 hr after the initiation of the 
infection, gradually increasing to a maximal virus yield at 24 hr postinfection. 
The virus titer is determined by sampling infected cells at different time inter­
vals and determining the virus content by the plaque assay. 

Effect oj virus il1jectiOfl on nuclear processes 

The synthesis of the nuclear RNA in the infected cells was found to continue 
for three hr after infection and then to stop gradually. At seven hr after infec­
tion, more than 85% of nuclear RNA synthesis is inhibited. The synthesis of 
nuclear 45 S RNA ribosomal precursor molecules is inhibited, indicating that 
the infected cell is unable to synthesize new ribosomes. 

Synthesis of cellular DNA and proteins in the infected cell is also affected by 
an unknown mechanism. The virus infection thus leads to paralysis of the 
activities of the host cell and to a takeover by the virus. 

Expression oj early viral geHes leads to the syllthesis oj early viral II1R.'\JA molecules 

The DNA-dependent DNA polymerase present in the virion core is responsi­
ble for the transcription of 14% of the parental viral DNA genome in the 
cytoplasm and also when the virions are incubated under in vitro conditions. 
The mRNA species produced under the in vitro conditions resemble the 
mRNA synthesized in infected cells prior to the replication of viral DNA. The 
mRNA species synthesized at different stages after infection are shown in 
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Figure 5. Size distribution of the rapidly labeled cytoplasmic RN A. HeLa cells were infected and 
samples of6 X 107 cells were pulse labeled for 10 min with uridine-2-14C at 1/2 hr (A), 1 hr (B), 3 
hr (C), 5 hr (D), 7 hr (E), and 9 hr (F) after infection. 6 X 107 un infected cells were similarly 
treated (A). Radioactive material insoluble in 18% TCA was measured. Closed circles: infected 
cells. Open circles: uninfected cells. Line: optical density. 
(Becker and Joklik 1964. Reprinted by permission from Pro," ;Vat!. Acad. Sci. USA 51, Fig. 4, p. 581.) 

figure 5 and include the 10 S mRNA species (Becker and Joklik 1964). This 
was the first demonstration that a viral double-stranded DNA is responsible 
for the synthesis of mRNA to produce viral proteins. Short labeling periods 
with 3H-uridine were utilized to label the viral mRNA in the cytoplasm in 
order to circumvent the release of cellular labeled RNA from the nuclei. 

Early mRNA molecules which have a sedimentation coefficient of 10 S with 
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Figure 6. The effect of actinom ycin D and puromycin hydrochloride on the establishment of re­
pression of thymidine kinase synthesis .• thymidine kinase activity in CP-infected cells; @ thy­
midine kinase activity after addition of actinomycin at 2 hr; 1'0 thymidine kinase activity after ad­
dition of puromycin hydrochloride at :2 hr; ... thymidine kinase activity after removal of 
puromycin inhibition at 5% hr; 0 thymidine kinase activity after addition of actinomycin 30 min 
before removal of puromycin hydrochloride. 
(MeAuslan 1963. Reprinted by permissiun from Virology 21. Fig. 5. p. 3R8.) 

a tail of 100-200 adenosines (poly-adenosine) attached at the 3' end are synthe­
sized by the viral poly(A) polymerase. At the 5'-terminus of vaccinia virus 
mRNA, there is a cap structure m 7G5 ' pppAm- or m7G5 'pppGm_ that is 
synthesized by a series of RNA polymerase and capping enzymes contained in 
the virus particle (U rushibara et al. 1981). 

Analysis of the tRNA present in the cytoplasm of infected cells revealed a 
mixture of cellular and viral tRNA molecules, the latter probably synthesized 
on the viral DNA template. 

The mRNA molecules transcribed from the viral DNA attach to cytoplas­
mic ribosomes present around the site of virus replication. The viral proteins 
synthesized by the cellular ribosomes according to the nucleotide sequences in 
the viral mRNA include the enzymes required for viral DNA biosynthesis­
namely, DNA-dependent DNA polymerase, thymidine kinase, alkaline 
deoxyribonuclease, and polynucleotide ligase. 

The biosynthesis of viral enzymes like the thymidine kinase (TK) is con­
trolled by the viral DNA. McAuslan (1963) demonstrated (figure 6) that the 
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cessation of synthesis of the viral TK enzyme is naturally regulated and stops 6 
hr after infection. However, treatment of the infected cells with the antibiotic 
actinomycin D, which inhibits the synthesis of DNA-dependent RNA and 
DNA replication, resulted in the continued synthesis of the TK enzyme. This 
finding revealed that the synthesis of new viral mRNA is needed to switch off 
the synthesis of the viral TK. 

The biosynthesis of viral DNA in discrete cytoplasmic sites 

The viral DNA is synthesized in discrete cytoplasmic sites (or so-called fac­
tories), designated viroplasm, in which the viral proteins accumulate. The 
viral mRNA molecules synthesized on the viral DNA template associate with 
ribosomes present at the periphery of the viroplasm, and the viral proteins are 
produced close by. 

Labeling of infected cells with 3H-thymidine for short intervals (pulse­
labeling) revealed that viral DNA synthesis in the cytoplasm is initiated 90 min 
after infection. Four and a half hours after infection, the synthesis of viral 
DNA is terminated. Electron microscopy of replicating viral DNA molecules 
suggested that the replication fork of the newly synthesized DNA strand 
moves in one direction on the viral double-stranded DNA template. Synthesis 
is initiated on one DNA strand close to the end of the molecule, which opens 
up to form a circle. This is possible because the viral DNA contains cross-links 
close to the end of the molecule. After synthesis of the DNA strand by the viral 
DNA polymerase in one direction on one template DNA strand, the viral 
DNA polymerase continues to synthesize DNA on the opposite strand in the 
opposite direction. At the end of the DNA replication process, the ends of the 
molecule are cleaved, and two viral double-stranded DNA molecules become 
available. 

Enzymes involved in DNA biosynthesis include the viral DNA polymerase, 
which was found to differ from the cellular DNA polymerases a, ~, and 'Y. A 
viral polynucleotide ligase is capable ofligating nicks present in DNA. Three 
viral DNases were identified, each with a different pH optimum for their 
nucleolytic activity. 

Expression of late viral genes in the infected cell after viral DNA synthesis. 

Late mRNA is transcribed from progeny viral DNA only. The viral DNA­
dependent RNA polymerase responsible for transcription of late viral genes 
differs from the viral RNA polymerase that transcribes early genes. The profile 
of the late viral mRNA species is presented in figure 5. 

RNA-DNA hybridization experiments revealed that during the early phase 
of virus replication (prior to the synthesis of viral DNA), certain mRNA 
species are transcribed that await translation until after viral DNA biosynthesis 
and thus constitute a portion of the late viral mRNA. The mechanism that 
controls this process is not known. The majority of the late mRNA species 
that are transcribed from progeny viral DNA are not synthesized when: (1) 
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viral DNA synthesis is inhibited; (2) the infected cells are incubated in an 
arginine-deficient medium; or (3) infected cells are treated with protein in­
hibitors early in infection. The late viral mRNA molecules are polyadenylated 
(contain a poly A stretch of 100 .... 200 adenines in the 3' end) and have a methyl­
guanine cap in the 5' end. 

Most of the proteins synthesized by translation of the late mRN A molecules 
are structural proteins needed for the synthesis of new virions. However, the 
DNA-dependent RNA polymerase that is inserted into the virions for the early 
transcription of the viral DNA in the new host is also a late protein as well as 
being a single-stranded DNase. 

A number of structural proteins are modified posttranslationally to enable 
them to function in the assembly of the virions. At least three structural 
proteins were found to arise from one viral polypeptide. The cleavage of such 
precursor polypeptides takes place after their incorporation into the viral en­
velope. The antibiotic rifampicin, which inhibits cleavage of the precursor 
polypeptide, prevents the formation of the viral envelope and thus inhibits the 
production of infectious virions. 

Some late polypeptides are glycosylated posttranslationally to make them 
suitable for insertion into the viral envelope, and some other viral polypeptides 
are phosphorylated. 

A1orphogellesis of the poxviriolls 

Studies on the assembly of poxvirions by electron microscopy showed that the 
initial capsids formed in the cytoplasmic viroplasms are vesicle-shaped. The 
viral DNA molecule is introduced into these capsid-like structures. Subse­
quently, the capsids are completed and the cores are formed with a lipid 
envelope. Since the poxviruses are cytocidal, the infected cells disintegrate and 
the virions are released into the environment. 

Antiviral agents specific for poxviruses 

Isatin-{3-tlziosemicarbazone (IE T, l\1arboral1) 

The thiosemicarbazone side chain that is bound to isatin in the ~ position 
(relative to the NH) has specific antiviral activity against poxviruses. The 
position of the side chain in the isatin molecule is important, since a derivative 
of isatin, in which the side chain is in the ex position, has no antiviral activity. 
This antiviral compound affects the late viral mRNA (Cooper et a1. 1979). In 
infected, untreated cells, these mRNA molecules have a sedimentation 
coefficient of 16 S, as opposed to 8 S in IBT-treated cells. Vaccinia virus 
mutants that are either resistant to, or dependent on, IBT develop at high 
frequency in the virus population (Ghendon and Chemos 1972). 

MARBORAN AS A PROPHYLACTIC DRUG AGAINST SMALLPOX. Marboran was 
tested in countries where smallpox was endemic. It was found that, when 
given to smallpox patients and to healthy attendants, Marboran had no 
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beneficial effect on the smallpox victims but markedly reduced the extent of 
disease incidence in the healthy attendants (chapter 26). 

RIFAMPICIN AS AN INHIBITOR OF POXVIRUSES. Rifampicin is a semisynthetic 
compound: rifamycin SV is a fermentation product of the mold Streptomyces 
mediterranei. Addition of the side chain -CH=N-(CH2)zN(CH3)CH2CH2 to 
rifamycin SV by a chemical reaction yields the compound rifampicin. The 
hydrazone side chain of rifampicin enhances the ability of the drug to inhibit 
the replication of poxviruses, and modifications in the side chain lead to loss of 
antiviral activity. Rifampicin inhibits the cleavage of a structural viral polypep­
tide needed for the virion envelope, and therefore the formation of complete 
infectious virions is inhibited (chapter 26). 

INTERFERON. Interferon, a cell-made polypeptide, is released from the in­
duced cell, attaches to a specific receptor on a noninfected cell, and induces the 
synthesis of a 2' ,5' -oligoadenylate synthetase. The 2' ,5' oligoadenine induces a 
nuclease that cleaves the viral mRNA and thus prevents virus replication 
(chapter 26). Interferon is capable of preventing vaccinia virus replication in 
cultured cells in vitro. 

DISTAMYCIN A. Distamycin A is an antiviral substance that is synthesized by 
the mold Streptomyces distallicum and is capable of binding to A-T rich regions 
in the DNA. In the presence of the antiviral substance, synthesis of vaccinia 
virus DNA is inhibited. 

Smallpox: past, present, and future 

This much-feared disease-smallpox-spread from the Middle East and 
North Africa to Europe, and from Spain to Central America during the Span­
ish conquest in the sixteenth century. With the advent of slavery, the virus 
migrated from Central Africa to America. Until recently. smallpox was still 
endemic in large parts of Africa and Latin America, as well as in India, 
Sumatra, and Borneo. As a result of the comprehensive smallpox-eradication 
program undertaken by the World Health Organization (WHO) in 1967, all 
persons in endemic areas were vaccinated, and the incidence of the disease 
markedly decreased. By 1978, isolated cases of smallpox were found only in 
the horn of Africa: Somalia, Ethiopia, and Sudan. The child with smallpox 
shown in figure 7 is one of the last smallpox victims in Africa. The success of 
the immunization program, which could mean an end to smallpox, has led to 
the declaration by WHO that the disease has been eradicated. Nonetheless, 
surveillance will continue since the smallpox virus is very stable, and it could 
reappear after relaxation of the immunization program. 

The infectious process in humans 

The smallpox virus (variola) is present in the vesicles on the skin of smallpox 
patients (figure 7). The virus in skin debris is spread in the air, and the portal of 
entry in healthy individuals is through the respiratory tract. After an initial 
sequence of virus replication, the virions enter the bloodstream (viremia) and 
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Figure 7. Last recorded case of smallpox in Kenya during an outbreak that was brought under 
control in February 1977. 
(WH0I17877. Afro, Smallpox, SM 4,1978. Reprinted by permission from World Health Organization, 
Geneva, Switzerland.) 

spread into the capillaries in the skin, internal organs, and mucous membranes. 
During the viremia stage, which lasts 4-6 days, the patient's body temperature 
increases, followed by extreme headache which subsides when vesicles appear 
on the skin (first on the face and hands and later on the body and legs). After 
14-16 days, the vesicles begin to dry, and within a week they disappear, 
leaving pitted scars. 

Some patients die within one to two weeks of the appearance of the symp­
toms. In these patients, bleeding from the mucous membranes of the nose and 
mouth is common. Death is attributed to the appearance of toxic substances in 
the blood. The pathology also shows damage to the heart. 

Smallpox appears in two forms: variola major (the severe form) and variola 
minor (a milder disease). In pregnant women, infection causes intrauterine 
bleeding and abortion. The embryo is infected due to the viremia in the 
mother. 
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Smallpox patients must be isolated, and the medical staff must be protected 
by immunization and prophylactically treated with Marboran. 

Importance of d~fferential diagnosis of smallpox. 

The most rapid method for identification of the virus present in skin vesicles is 
by observation in the electron microscope. Fluid is withdrawn from skin 
vesicles, stained with phosphotungstate (negative staining), and viewed in the 
electron microscope. Particles can easily be diagnosed as poxvirions with typi­
cal morphology (see figure 3). 

It is possible to isolate smallpox virus by infecting the chorioallantoic mem­
brane of embryonated eggs. This results in the formation of typical pocks on 
the surface of the membrane. Cultured cells infected under in vitro conditions 
are incubated and stained with immunofluorescent antibodies specific for 
smallpox virus for identification of the virus. 

Virulent smallpox viruses in research laboratories as a worldwide danger 

With the disappearance of smallpox, the only places where the virus can still be 
found are in research laboratories. Although the virus is extremely virulent, no 
special precautions are taken apart from those usually in practice in virological 
laboratories. This is in contrast to viruses like Marburg disease and Ebola 
(chapter 22), which are studied in special security laboratories completely 
sealed off from their surroundings by special treatment of the air and refuse 
coming out of the laboratory. 

Two recent incidents of smallpox infections in humans reported in England 
demonstrated that smallpox virus can leak from a regular virology laboratory. 
In the first instance, a technician who made unauthorized use of a balance in a 
smallpox-virus laboratory developed a respiratory infection that was not diag­
nosed as smallpox. During hospitalization, she infected two visitors who sub­
sequently died of smallpox. In the second incident, the virus leaked from the 
virology laboratory through the air-conditioning system and infected a 
woman (who subsequently died of the disease) working on another floor of the 
same building. 

Laboratories in China, West Germany, Japan, Peru, South Africa, Great 
Britain, the United States, and USSR still preserve smallpox (variola) virus; 
there are more than one laboratory in China and 15 laboratories in the other 
eight countries. It is the aim of WHO to limit variola virus maintenance to 
only four laboratories in the world that would then be potential collaborators 
on diagnostic studies of poxviruses of universal importance. 

Humans and monkeypox virus 

In Africa, in the Democratic Republic of Congo, Liberia, and Sierra Leone, 
five children were diagnosed as suffering from smallpox. From these children, 
a monkeypox virus was isolated. Another smallpox patient, a 24-year-old 
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man, had handled internal organs of a monkey three-four weeks prior to 
developing the disease. All these patients recovered from their illness. Exami­
nation of captured monkeys in Liberia revealed that they had antibodies to 
monkeypox virus. Until now, 29 cases of monkeypox were known (21 of 
them in Zaire) but this virus does not seem to be a serious public-health 
problem. 

Another poxvirus isolated from monkeys was termed whitepox because of 
the white pocks it forms on the chorioallantoic membrane of embryonated 
chicken eggs. This virus has not been associated with human disease. Monkey­
pox mutants arising spontaneously or after serial high multiplicity passage 
resemble whitepox and variola viruses in several markers tested, but all are 
distinguishable phenotypically from these. None resembles whitepox viruses 
in genome structure (Dumbell and Archard 1(80). 

Animal pox viruses 

Molluscum contagiosum is a poxvirus disease noted in cynomolgus monkeys 
by von Magnus in Copenhagen. About 0.5% of the monkeys die from infec­
tion during shipment. The virus can be isolated in cultured cells. 

Yaba virus of monkeys 

This virus is associated with localized tumors in the skin. The properties of the 
virus are not known. 

Myxomatosis ill rabbits 

European rabbits brought to Australia by early settlers proliferated to enor­
mous numbers in the absence of natural enemies and constituted a danger to 
agriculture. These rabbits were found to be highly susceptible to the myx­
omavirus that causes myxomatosis in South American rabbits and is trans­
ferred from one rabbit to another by insects. F. Fenner released a number of 
infected Australian rabbits and thus introduced a highly virulent myxomavirus 
into the wild rabbit population of Australia. Most of the rabbits (except those 
that developed immunity) were killed by the virus. Myxomavirus remained in 
the wild rabbit population, but with changed pathogenicity, and a stable rela­
tionship or biological balance eventually developed between the virus and the 
rabbits. Thus during periods when natural conditions allow the rabbits to 
multiply, the virus becomes more virulent and reduces the rabbit population. 
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6. IRIDOVIRUSES 

FAMILY IRIDOVIRIDAE 

Iridoviruses, which replicate in the cytoplasm, have a double-stranded DNA 
genome of 100-130 X 106 daltons. The virions, which range from 130-300 
nm, are icosahedral with a capsid of 1500 capsomeres. Many proteins, includ­
ing several enzymes, are present in the virus particles. 

Genus iridovirus. 

These are arthropod viruses that are unenveloped. This iridescent group of 
viruses consists of: 

African swine fever virus (ASFV) (figure 8), which can be found in ticks, is a 
virus of pigs. 

Frog virus types 1-3, 5-24, L2, L4, L5 from Rana pipiens; L T1-4, and T6-20 
from newts; T21 from Xenopus laevis. 
Fish virus: lymphocystis virus. 
Gecko virus. 
Insect virus: Tipula iridescent virus 

African swine fever virus (ASFV) 

ASFV resembles other iridoviruses in the structure of the virions. The viral 
DNA replicates in the nuclei of infected cells, while the assembly of the virions 
takes place in the cytoplasm (Ortin and Vinuela 1977; Tabares and Sanchez-

54 
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Figure 8. Thin sections of ASFV particles in the process of penetration into cells. A. Free 
virions. B. Virion attaching to the cell membrane. C. Virion in contact with the cell membrane. 
D. Virion in the process of penetration. 
(EUR 5626e, 1977, Plate XI, p. 64. Reprinted by permission from the Commission of the European Com­
munities, Brussels, Belgium.) 

Botija 1979), This virus, which infects wild and domestic swine and occurs in 
wild boars in central Africa, also spread to Iberia, most probably in pork. The 
virus, originally isolated from infected domestic pigs, infects pig lymphocytes 
and can be grown in other cell types in culture. The virions are icosahedral and 
were found to contain a double-stranded DNA genome of 100 X 106 daltons 
(figure 9; Adlinger, et al. 1966; Sanchez-Botija, et al. 1977; Enjuanes, et al. 
1976). The virion protein coat is made up of 12 different peptides, of which 3 
or 4 are antigenic (Tabares, et al. 1980a b). The capsid is enveloped with a lipid 
envelope that contains the viral glycoproteins. The envelope is essential for the 
adsorption of the virions to cells. Removal of the envelope by treatment with 
detergent causes the loss of the ability of the virions to infect cells. 

Since the virions do not contain the transcription enzyme RNA polymerase, 
it is assumed that the viral DNA utilizes the nuclear RNA polymerase II of the 
host cell. The viral DNA is transcribed and replicated in the nuclei. Later the 
progeny viral DNA is transported to the cytoplasm and is incorporated into 
the viral capsid. Assembly of virions takes place when the particles pass 
through the cell membrane (figure 8). 
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Figure 9. Electron micrograph of ASFV DNA. The molecular length is close to 50 nrn. 
(EUR 5626e. 1977. Plate X, p. 63. Reprinted by permission from the Commission of the European Com­
munities, Brussels, Belgium.) 

ASFV in pigs 

The disease in the pig is recognized by the appearance of hemorrhages in the 
skin. When introduced into pigs for the first time, the virus is highly virulent 
and many of the pigs die; after the virus becomes established in the swine 
population, however, its virulence is reduced. The virus is transmitted as a 
respiratory infection. African swine fever is endemic to the Iberian peninsula. 
Ticks, after feeding on an infected pig, can be maintained for up to ten years 
and still be able to transfer the virus to a healthy pig. The virus is maintained in 
wild boars and ticks in addition to domestic pigs. Constant surveillance on 
movement of animals in Europe is needed to limit the virus from spreading 
into countries free of the disease. Trading in pigs can spread the virus from one 
country to another and, indeed, such trade is prohibited. The virus is very 
resistant to heat and can also be transmitted via food wastes given to pigs. In 
this way, the virus can spread from herd to herd. To date, no vaccine against 
ASFV is available, and the only way to prevent spread of the virus is to 
eliminate the pigs in an infected area. The animals are killed and then buried. 
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FROG VIRUSES 

Frog virus 3 (FV3)-Structure and organization of the virions 

FV3 has a double-stranded DNA genome of 100 X 106 daltons with a G + C 
content of 56%. Other frog viruses have a G + C content of 30-40% and 
double-stranded DNA genomes of 130-160 X 106 daltons. 

Analysis of virion proteins revealed 20 polypeptides ranging from 10,000-
200,000 daltons. The major peptide is 65,000 daltons (Tan and McAuslan 
1971; Goorha and Granhoff 1974). Five enzymes are present in the virions: 
nucleotide phosphorylase (ATPase) inside the core, a DNase (active at pH 5.0) 
attached to the viral DNA, a DNase (active at pH 7.5), an RNase capable of 
digesting double-stranded RNA, protein kinase, protein phosphatase, and the 
RNA polymerase (Vilagines and McAuslan 1971; Kang and McAuslan 1972). 

Biosynthesis of virions 

FV3 virus replicates in cells from amphibia, birds, and mammals. The optimal 
temperature for virus replication is 28°C and replication is inhibited at 37°C. 
After infection, the virus inhibits the cellular synthesis of DNA and RNA. 
After uncoating of the virions, the RNA polymerase is activated, and the early 
mRNA is transcribed. The molecular processes of virus synthesis resemble 
those of poxviruscs. The synthesis of virions in the cytoplasm is dependent on 
the nucleus, the site of DNA and RNA synthesis (Goorha et al. 1977, 1978). 

L YMPHOCYSTIS VIRUS IN FISH 

Lymphocystis virus causes the proliferation of connective-tissue cells. The 
infected cells enlarge to a diameter ten times that of the original. The cyto­
plasm is filled with virions. The same phenomenon can be obtained in in vitro 
cultured cells. The growth is benign and does not develop into a tumor. 
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7. HERPESVIRUSES 

FAMILY HERPESVIRIDAE 

The herpesvirus family (herpes, in Greek, means crawling or creeping, like a 
snake) named Herpesviridae, consists of viruses that have a similar morphol­
ogy, but with a host range varying from lower vertebrates (reptiles, fish, and 
frogs) to humans. These viruses differ from each other antigenically and in the 
G + C content and organization of the viral DNA. 

The virions are made up of 162 hollow capsomeres arranged in an icosahe­
dral capsid covered by a lipid envelope containing more than 20 polypeptides. 
The capsid contains one DNA molecule of 100 X 106 daltons. 

Subgroup herpesvirus occurs in numerous hosts: 

In humans: Herpes simplex virus types 1 and 2 (HSV-l and 2) 
Varicella-zoster virus (human herpesvirus 3) 
Epstein-Barr virus (EBV) (infectious mononucleosis vi­

rus; human herpesvirus 4) 
Cytomegalovirus 

In animals: Cercopethiced herpesvirus types 1 (B virus) and three 
other monkey herpes viruses 

Pseudorabies virus (PR V) of pigs; also equine herpes­
virus, herpesvirus of cattle, sheep, dogs, and cats 

Avian herpesviruses: Marek's disease virus 

59 
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Herpesvirus of turkeys (HVT) 
A vian infectious tracheobronchitis 

Other herpesviruses: Frog herpesviruses, including Lucke frog carcinoma; 
also herpes viruses of fish and snakes; herpes viruses of 
oysters and a fungus 

The 1980 proposal for classification of the Herpesviridae family is as follows: 

Alphaherpesvirinae Human HSV-l and 2 
Human varicella-zoster virus 
Herpes B virus of monkeys 
Alpha herpesvirus of cattle, pigs, horses, and cats 

Betaherpesvirinae Human cytomegalovirus 
Cytomegaloviruses of mice, pigs, and other mamma­

lian species 
Gammaherpesvirinae EBV 

Gamma herpes viruses of monkeys, fowl, and rabbits 

Icosahedral capsid of 162 capsomeres 

Electron microscopy revealed the internal morphology of the virus (figure 10) 
and the icosahedral structure of the capsid which contains 162 capsomeres. The 
diameter of the capsid is 120-150 nm, and each capsomere has a diameter of 10 
nm. Unenvcloped capsids can be isolated from the nuclei of infected cells as 
well as empty capsids lacking the viral DNA; the nucleocapsid encapsidates 
one viral DNA molecule. Each capsomere has a molecular weight of about 
106 (possibly made of 10 helical polypeptides, each of 100,000 daltons). 
The viral DNA molecule is about 50 nm in length and is arranged around a 
central protein core (designated torus, assuming that the DNA molecule is 
looped around the protein core). The coiled viral DNA molecule is inserted 
into the empty viral capsid through a hole that is later sealed with capsomeres 
to form a complete nucleocapsid. The nucleocapsid is finally enveloped by a 
lipid membrane when the capsid interacts with the inner side of the nuclear 
membrane. 

The viral DNA is double stranded (ds) 

The viral DNA can be released from the nucleocapsid by treatment with 
detergents (e. g., sodium dodecyl sulfate [SDS]) or proteolytic enzymes (e. g., 
pronase). Electron microscopy of the virion DNA revealed that the molecule is 
linear and double-stranded and has a molecular weight of 1 00 X 106 (Becker et 
al. 1968). Analysis on benzoylated-naphthoylated DEAE (BND) cellulose col­
umns that separate dsDNA molecules (that elute with a 1M salt solution) to 
form single-stranded DNA molecules (that elute with formamide or caffein) 
suggested that at least 10% of the virion DNA molecules have single-stranded 
DNA sequences. It was also found that alkali treatment of HSV double-
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Figure 10. An enveloped herpes simplex virion. 
(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Israel.) 

stranded DNA leads to denaturation of the DNA molecules into one complete 
single-stranded DNA strand and fragments of a second single-stranded DNA 
strand. It is still not clear whether the fragmentation of one single DNA strand 
is due to existing nicks in the DNA or to the presence of ribonucleotides or 
apurinic sites that enhance nicking of the DNA chain under alkaline condi­
tions. 

DNAs of different members of the Herpesviridae differ in their density 

Analysis of the viral DNA extracted from members of the Herpesviridae by 
centrifugation in CsCI density gradients revealed marked differences in den­
sity. Canine and cottontail rabbit herpesvirus DNA were found to have a 
density of 1.692 g/cm3 , equivalent to a G + C content of 33%. At the other 
end of the scale, monkey herpesvirus DNA has a density of 1.733 g/cm3, 

equivalent to a G + C of75%. The Herpesviridae also show marked differ­
ences in the antigenicity of the proteins present in the virions, although the 
morphology of the virions is the same in all the members of the group. 

Repetitive sequences of viral DNA 

Alkali-denatured single-stranded DNA molecules ofHSV were found to rean­
neal after removal of the alkali and incubation under appropriate salt and 
temperature conditions. Electron microscopy of self-annealed DN A molecules 
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Figure 11. Herpes simplex virus-l (HSV-l) single-stranded DNA in a self-annealing form; the 
small (s) and the large (L) single-stranded regions are the unique Land S components. The 
double-stranded stalk contains the repeat sequences TRs and TRL . 

(By courtesy of Dr. A. friedmann, Department of Genetics, Life Sciences Institute, The Hebrew University, 
Jerusalem, Israel.) 

(Sheldrick and Berthelot 1974) revealed the formation of figure-8-shaped 
molecules-mostly single-stranded DNA present as small and large loops and 
some as a double-stranded DNA stalk in between the loops (figure 11). The 
small-loop S and the large-loop L are unique sequences of the viral DNA, 
while the repetitive sequences that are flanked on both sides of the Sand L 
unique sequences are termed terminal and internal repeats of the Land S compo­
nents (class 3 DNA) (figure 12). Analyses of the DNA of several herpesviruses 
revealed two additional forms of the viral DNA (Honess and Watson 1977) 
(figure 12): Class 1 DNA molecules have the unique L sequence flanked by two 
repeat sequences, while class 2 DNA molecules contain an S unique sequence 
flanked by repeat sequences and a unique L sequence with one internal short 
repeat sequence. Class 3 DNA has both Land S unique sequences, each flanked 
on both sides with repeat sequences. The G + C content of the repeat se­
quences is higher than the G + C content of the unique sequences. 

Self-annealing of alkali denatured single-stranded DNA made it possible to 
isolate the double-stranded repeat sequences after treatment of the viral DNA 
with S1 endonuclease, which digests single-stranded DNA only. Centrifuga­
tion of the repeated sequences in CsCl density gradients revealed that their 
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Figure 12. A tentative classification of several herpes viruses on the basis of differences in the 
content and arrangement of unique and redundant nucleotide sequences in populations of mature 
virus DNA. For each virus, Land S indicate long and short unique sequences, and ab, and so on 
indicate redundant sequences with a'b' being their complement. Arrows indicate the number of 
relative orientations of unique sequences represented in the population of mature DNA mole­
cules. 
(Honess and Watson 1977. Reprinted by permission from). Cen, Viro/. 37. Fig. 1, p. 17. Cambridge Univer­
sity Press. Cambridge.) 

density was higher by 0.08 glml than the intact virion DNA, whereas the L 
and S sequences had a density slightly lower than the virion DNA. 

Subpopulations of viral DNA in virions 

Cleavage of virion DNA (class 3) with restriction endonucleases followed by 
electrophoresis of the double-stranded DNA fragments in agarose gels re­
vealed that fragments are present in large amounts, while others are present in 
half- or quarter-molar amounts (reviewed by Roizman 1979). Thus herpesvi­
ruses of class 3 contain four types of viral DNA molecules that differ in the 
relative arrangement of the Land S unique sequences (left-hand side in figure 
12). Analysis of class 2 herpesvirus DNA that lacks repeat sequences in the 
terminus of the L unique sequence but has two repeat sequences flanking the S 
component showed that only two isomers can be detected in which the L 
component remains in one orientation, while the S component has two possi­
ble orientations relative to L The absence of the S unique sequence in class 1 
DNA allows for only one isomer of the viral DNA (figure 12). 
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Viral DNA is infectious for permissive cells by transfection 

Naked viral DNA extracted from virions can infect cells under conditions that 
allow entry of the DNA into the cell. This can be done by precipitation of the 
viral DNA with calcium phosphate and its sedimentation onto the cell mem­
brane. The viral DNA is transported to the nucleus and replicates exactly as 
viral DNA from uncoated virions, although the efficiency of infection with the 
naked viral DNA is much lower. The virions do not carry a virus-coded 
transcription enzyme like the poxviruses. It is also possible to introduce frag­
ments of the viral DNA into cells (e.g., the fragment carrying the viral thy­
midine kinase [TK] gene) by infecting TK - cells with fragmented viral DNA. 
The viral TK gene cloned in a bacterial plasmid is incorporated into a TK - cell 
that is then transformed into a TK + cell (Pellicer et al. 1978). Similarly, it is 
possible to transfect cells with fragmented viral DNA and select for cells that 
are transformed morphologically by the viral DNA. 

Partial homology between the DNA of different Herpesviridae 

The genetic relatedness between herpesviruses can be determined by hybridi­
zation of DNA preparations from different viruses. The homology of the two 
viruses ranges from 100% (when the viruses are identical) to zero (when the 
two viruses are unrelated). HSV types 1 and 2 (which are human pathogens) 
were found to have only 50% homology. Bovine mammillitis virus shares 8-
10% homology with the DNA of pseudorabies virus of pigs and 5% homol­
ogy with the DNA of equine herpesvirus. (EBV) of humans has 35% homol­
ogy with a herpesvirus isolated from leukocytes of chimpanzees (H. papio). 
DNA of Marek's disease virus (MDV) of chickens showed 6-10% homology 
with the DNA of HVT which is used for immunizing chickens against 
MDV. It seems that homology between the two viruses is due to a viral 
antigen present in both viruses which makes the chickens immune to MDV. 

Cloning of HS V DNA restriction fragments in bacterial plasmids for analysis of viral genes 

Developments in the field of genetic engineering and the availability of a safe 
cloning plasmid pBR322 have made it possible to clone fragments of HSV 
DNA (and all other known viral genomes). Cloning of a viral DNA fragment 
involves the viral genome's being cleaved with a restriction enzyme and then 
inserted into a suitable bacterial plasmid cleaved in a similar way. HSV DNA 
fragments (e.g., cleaved with the BamHI restriction enzyme) can be cloned in 
the BamHI site of the pBR322 plasmid. Ligation of the cleaved pBR322 DNA 
with the BamHI fragments of HSV DNA, by means of bacteriophage T4 
ligase, leads to the formation of pBR322 plasmids that carry a fragment of 
HSV DNA as an insert. This plasmid now has two BamHI cleavage sites, as 
compared to one in the original. The resulting mixture of ligated plasmid 
DNA molecules is used to transform bacteria which are seeded to form col­
onies. Since the BamHI site in pBR322 DNA is within the gene for tetracycline 
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resistance (tet"), insertion of the HSV DNA BamHI fragment into the plasmid 
leads to inactivation of the tet" gene. Thus selection for ampicillin-resistant 
(amp": the other gene in pBR322 DNA) and tetracycline-sensitive (tetS) 

phenotypes allows for the selection of bacterial colonies that carry the plasmid 
with the HSV DNA fragment inserted in it. Successful cloning ofHSV DNA 
fragments allows large quantities of plasmids with the cloned fragment to be 
produced. By means of other plasmids that allow expression of the animal 
virus genes in bacteria, individual HSV genes can be studied in detail. 

Virion proteins are antigenic 

To determine the molecular weight of the viral structural proteins, mature 
enveloped virions, nucleocapsids, and empty capsids were purified from the cell 
homogenates, dissolved with detergents (usually SDS), and separated by elec­
trophoresis in polyacrylamide gels. A typical protein analysis of herpes sim­
plex virions (figure 13) shows more than 20 viral structural peptides present. 
HSV types 1 and 2 differ from each other in the molecular weights of several 
structural pep tides that range from over 25,000 to about 200,000 daltons. Each 
capsomere has a molecular weight of 1 million and is made up of 10 identical 
polypeptides. Thus since the capsid consists of 162 capsomeres, 1,620 pep­
tides, each with a molecular weight of about 100,000, are required to form 1 
capsid. 

The virion proteins are antigenic, and antibodies can be produced against 
each antigen when the proteins are injected into rabbits. It is possible, there­
fore, to study the relatedness between different HSVs by determining the cross 
reactivity between viral antigens. Table 1 shows the antigenic relatedness be­
tween HSV types 1 and 2, PRY, bovine mammillitis virus (BMV), and equine 
abortion virus (EA V), by comparing the number of precipitin bands found in 
agar gel immunodiffusion reactions between antisera to the herpesvirus and 
extracts of cells infected with each virus. 

HSV-1 has 12 antigens: 6 are shared with HSV-2 and BMV, 3 with EAV, 
and 1 with PRY. HSV-2 has 7 antigens; 4 are shared with HSV-l. The other 
viruses have a much more limited antigenic similarity. 

Herpesvirus replication in cells is controlled by the cell and by the virus. 

Most herpesviruses are able to replicate in permissive cells and have a lytic 
cycle. However, infection of cells with herpesviruses can be abortive if the 
cells do not provide the virus with the systems necessary for replication. This 
can happen when the virus infects nonpermissive cells or permissive cells 
under nonpermissive conditions. 

Adsorption and penetration require a receptor in the cell membrane and a 
corresponding attachment protein in the virion envelope. An intact virion en­
velope is also required, since in its absence the DNA-containing capsid cannot 
adsorb to the cell. The initial interaction between the virus and the cell is 
electrostatic in nature. The subsequent stage is fusion between the virion en-
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Figure 13. Diagrammatic comparison of the number, apparent molecu:ar weight, and relative 
contributions of major polypeptides from purified enveloped virions of eight herpes viruses: 
murine cytomegalovirus (MCMV); human cytomegalovirus (HCMV); Epstein-Barr virus 
(EBV); herpes simplex virus types 1 and 2 (HSV-l, HSV-2); bovine mammalitis virus (BMV); 
pseudorabies virus (PRV); equine abortion virus (EA V). 
(Honess and Watson 1977. Reprinted by permission from]. Gell. Virol. 37, Fig. 3, p. 24. Cambridge Univer­
sity Press, Cambridge). 

Table 1. Number of precipitin bands observed against extracts of cells infected 
with HSV types 1 and 2, bovine mammalitis virus, equine abortion virus (EA V), 
and pseudorabies virus. 

Antisera 
prepared 
against 

HSV-1 
HSV-2 
PRY 

HSV-l 

;;. 12 
;;. 5 

2 

(After: Honess and Watson 1977.) 

HSV-2 BMV 

6 

4 

EAV 

3 
2 

3 

PRY 
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velope and the cell membrane. Virion attachment is dependent on a gene in 
chromosome 3 (in human cells) that controls the synthesis of a cellular mem­
brane protein which serves as a receptor for the virion. 

THE VIRAL DNA IS UNCOATED BY CELLULAR ENZYMES. Entrance of the viral 
nucleocapsids into the cytoplasm results in an interaction with the lysosomes, 
and the lysosomal proteolytic enzymes dissolve the protein capsid and release 
the viral DNA. The lysosomal vacuole releases the viral DNA into the nu­
cleus. 

Early transcription of viral DNA by cellular RNA polymerase II 

In the cell, the DNA-dependent RNA polymerase II is responsible for the 
transcription of the cellular genome and the production of precursors for 
the cellular mRNA species. This enzyme was found to be responsible for 
the transcription of the parental viral DNA. Treatment of HSV-infected cells 
with the toxin a-amanitin (produced by the mushroom Amanita phal/oides) 
results in inhibition of the cellular RNA polymerase II and the prevention of 
virus replication. A cell mutant that has an RNA polymerase II enzyme resis­
tant to a-amanitin is sensitive to HSV-1 replication in the presence of the 
inhibitor. Studies have shown that the cellular RNA polymerase II is, there­
fore, responsible for the synthesis of early viral mRN A. 

Viral mRNA from a particular group of genes ill the viral DNA. 

It is possible to map and characterize the viral genes that code for the synthesis 
of early mRNA and early viral proteins. The viral mRNA synthesized in 
infected cells prior to viral ON A synthesis can be labeled with 32p and ex­
tracted from the cells. These labeled RNA species are hybridized to viral DNA 
fragments obtained after cleavage with restriction enzymes, separation by elec­
trophoresis on agarose gels, and blotting onto nitrocellulose paper, using the 
Southern technique (Southern 1975). Since the position of the DN A fragments 
in the viral genome is previously determined, it is possible to localize the viral 
genes that code for the early mRNA species. Labeled viral RNA extracted 
from infected cells revealed five molecular species of mRNA by elec­
trophoresis in acrylamide gels. 

To characterize the nature of the viral genes coding for early mRNA, the 
isolated mRNA species were added to in vitro protein-synthesizing systems 
(lysates from embryonic wheat or from rabbit reticulocytes). The proteins 
synthesized in vitro according to the information in the viral mRNA can be 
identified by the use of specific antibodies and by electrophoresis in poly­
acrylamide gels, using known proteins as markers. 

The viral mRN A is symmetrically transcribed from both strands of the viral 
DNA, but only one RNA transcript is the functional mRNA. The reason for 
symmetrical RNA synthesis is not known. 

The viral mRNA is synthesized in the form of a precursor which is then 
processed into mRNA. The 3' end of the mRNA contains a poly(A) sequence, 
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and a methylated cap is attached at the 5' end. The viral mRNA is transported 
from the nucleus to the cytoplasm by the same mechanism which transports 
the cellular mRNA species. 

VIRUS INFECTION LEADS TO DISAPPEARANCE OF NUCLEOLI. After viral DNA 
replication takes place, the nucleoli gradually disappear, most probably due to 
disaggregation. The cellular DNA-dependent RNA polymerase I activity di­
minishes, and the infected cell loses the ability to synthesize ribosomal RNA 
and ribosomal subunits. 

SYNTHESIS OF VIRAL PROTEINS AS A PROCESS REGULATED BY VIRUS-CODED 

PROTEINS. The early viral proteins are synthesized in the infected cells under 
the direction of the early viral mRNA. These proteins are responsible mainly 
for the biosynthesis of viral DNA. The a proteins are responsible for the 
synthesis of the J3 proteins, which are responsible for the third and final group, 
the 'Y proteins. The analysis made by Roizman et al. (1978) (figure 14) shows 
that all the a and J3 proteins are the products of genes present in the unique L 
sequence, except for one J3 protein which is coded for by a gene in the internal 
repeat sequence. The genes for the 'Y proteins are localized in the terminal 
repeat sequence of S and in the internal repeat sequence of the L component. 
The exact mechanism of regulation is not known. About 30 viral proteins were 
found to be synthesized during the lytic cycle of the virus in infected cells, and 
more than 20 structural proteins are included in the mature virions. Current 
analyses of the viral proteins on two-dimensional gels revealed that more than 
200 proteins are synthesized in HSV-1 infected cells. The properties of these 
proteins are under study. 

DNA-BINDING PROTEINS IN THE SYNTHESIS OF VIRAL DNA. Nineteen DNA 
binding proteins were isolated from HSV-1 infected cells by chromatography 
on DNA-cellulose columns. In arginine-deprived HSV-1 infected BSC-1 cells 
in which viral DNA synthesis is unaffected but virions are not formed, only 
nine DNA binding proteins were isolated. Among these proteins, it was possi­
ble to identify the viral DNA polymerase (150,000 daltons and another un­
known protein with DNA polymerase activity of 70,000 daltons), two 
DNases (40,000 and 27,000 daltons), and a thymidine kinase (40,000 daltons). 

The interaction of the viral DNA polymerase with viral DNA is shown in 
figure 15. 

CELLULAR GENE FUNCTION IN THE INITIATION OF VIRAL DNA BIOSYNTHESIS. 

Temperature sensitive (ts) cell cycle mutants have been produced which have a 
mutation in the gene controlling the ability of the cell to initiate the synthesis 
of chromosomal DNA in the S phase. Infection of such cells with HSV -1 at the 
nonpermissive temperature results in inhibition of viral DNA replication. The 
cellular protein controlling initiation of viral DNA synthesis is not yet known 
(Yanagi et al. 1978). 

SEMICONSERVATIVE SYNTHESIS OF HSV DNA AT THREE POSSIBLE SITES. Elec­
tron microscopy ofHSV-1 DNA molecules with a replicative loop led to the 
conclusion that in some DNA molecules the initiation site for DNA biosyn-
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Figure 15. Electron micrograph of the binding of DNA polymerase and unwinding protein to 
HSV DNA. Purified HSV DNA was incubated with the viral DNA polymerase or with the 
purified T4 phage gene 32 unwinding protein (illset). The preparations were fixed with glutaral­
dehyde and viewed in the electron microscope. 
(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Israel.) 

thesis is situated 10 nm and in other molecules 20 nm from one of the molecu­
lar ends. One site was found to be in the center of the L unique sequence, the 
second site in the repeat sequence between the Land S sequences, and the third 
site seems to be at one of the molecular ends of the viral DNA (figure 16). 

REPLICATION OF ONE HSV DNA MOLECULE IN 20 MIN. Studies on the synthesis 
of HSV DNA in nuclei of infected cells and in isolated nuclei under in vitro 
conditions revealed that 20 min are required for the semiconservative synthesis 
of one viral DNA molecule. Thus the enzymatic complex that replicates the 
viral DNA polymerizes 15,000 nucleotides/min on each HSV DNA strand and 
duplicates 5 x 106 daltons of DNA per min. 

TEMPERATURE-SENSITIVE MUTANTS Of HSV DEFECTIVE IN DNA SYNTHESIS. 

Treatment of HSV-infected cells with mutagens (e.g., 5-bromodeoxyuridine) 
leads to mutations in the viral DNA. The mutagenized virus is plaque-purified 
and ts mutants are selected by testing for the ability of the virus isolates 
(plaques) to replicate at 31°C and 38°C (reviewed by Schaffer 1975; Subak­
Sharpe and Timbury 1977). Those virus isolates that are restricted in their 
ability to grow at the higher temperature are ts mutants. From these ts mutants 
it is possible to identify the mutants that are blocked in their ability to synthe­
size viral DNA. 
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Figure 16. Top: Models of HSV DNA replication (a) initiation site ("') is located at 10 f.lm from 
one of the molecular ends; (b) initiation site at 20 f.lm from one of the ends, and (c) initiation site 
at one of the molecular ends. A-F are consecutive steps in the replication process. Bottom: Mor­
phology of the replicative loop ofHSV DNA. 
(Friedmann, Shlomai, and Becker 1977. Reprinted by permission from). Cm. Vim!. 34: A - Fig. 7, p. 520; 
B - Fig. 4(C), p. 515. Cambridge University Press, Cambridge.) 

PHOSPHONOACETIC ACID (PAA)-RESISTANT MUTANTS PRODUCE A PAA­

RESISTANT DNA POLYMERASE. PAA is a selective inhibitor that binds to the 
virus-coded DNA polymerase at the same site as the terminal phosphate of a 
deoxynucleoside triphosphate (see chapter 26). PAA-resistant mutants can be 
selected that produce an enzyme that does not bind PAA. 

PLAQUE-MORPHOLOGY MUTANTS OF HSV. HSV strains are known that are 
capable of causing fusion of the outer membranes of infected cells, resulting in 
a large syncytium that contains many nuclei, a property designated Syn +. A 
mutation that leads to inability to form syncytia (Syn -) was described. In 
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addition, strains of small-plaque morphology and large-plaque morphology 
were described. 

Viruses that are recombinants of HS V-l and HS V-2 

Infection of the same cell with HSV types 1 and 2 leads to the appearance of 
recombinant viruses with a DNA molecule made of DNA fragments from 
both parent viruses. Since the proteins of HSV-l and HSV-2, which have a 
similar function in the virus (e.g., structural proteins) have different molecular 
weights and migrate differently in polyacrylamide gels, it is possible to charac­
terize the virus recombinants by analysis of their proteins (Stow and Wilkie 
1978). Furthermore, insertion of a piece of DNA from one virus into the DNA 
of another can be detected by restriction-enzyme cleavage and electrophoresis 
in agarose gels since the cleavage sites change in the recombinant DNA 
molecules (figure 17). Such recombinants were used by Roizman et al. (1978) 
for the construction of the DNA map of HSV (figure 14). 

Defective HS V due to an error in viral DNA biosynthesis 

Infection of monkey cells in culture (BSC-l or CV-l) with undiluted virus 
over a number of consecutive passages leads to the production of defective 
virus. Analysis of the infectious virus progeny produced at each passage level 
by plaque assay revealed that the virus titer gradually declined from about 107 

pfu/ml at passage 1 to about 103 or 104 pfu/ml at passage 5 or 6, but the cells 
produced large quantities of noninfectious virus. The same phenomenon was 
observed in other cell lines, except that the noninfectious defective virus ap­
peared at much higher (more than 14) passage levels. DNA molecules from 
noninfectious virions have a molecular weight of 100 X 106 daltons-the same 
as the DNA in infectious virions. 

Restriction enzyme analysis revealed that defective viral DNA is a fragment 
of the infectious DNA, about 5 X 106 daltons, which is reiterated 20 times 
(Frenkel et al. 1976). The repeated fragments are arranged tail to head in the 
DNA molecules. There are three types of defective DNA molecules contain­
ing: (1) the terminal or internal repeat sequence of the S component (TRs or 
IRs); (2) reiterations of a DNA sequence arising from the center of the L 
component; and (3) sequences arising from two or more sites in the viral 
DNA. 

The defective DNA arising from the TRs (or IRs) sequence has a higher 
density than that of infectious viral DNA. This is due to the high G + C 
content in the repeat sequence, and as a result, defective DNA can be separated 
from the wild type DNA by cehtrifugation in CsCl density gradients. Isolation 
of defective viral DNA of this type from the nuclei of infected cells, followed 
by electron microscopy, revealed DNA molecules resembling rolling circles. 
Such a rolling circle is demonstrated in figure 18, which shows linear DNA 
attached to circular DNA. It was proposed that the circular DNA represents a 
DNA fragment that escaped from the viral DNA and that was reiterated by the 



73 

° , 0,,2 0,3 0,1. D,S 0,6 0,7 0,8 _~O 0,,1 

~---------------------c~~~Cl 
RA1 

RA2 

RAS ---p 

R01 

R02 

R06 -- _________ ._L.I.,J,IL,.-"-:----.,...., 

RH1 ~~----------~L1lJ~;~~-----_-_-_-_-__ -_-_-_~.~L.IJ:I~'~ __ .,~, 
: : 

RH2 , , lL..LJ - ~ - ~ - - - - r- - : 

RH3 _LLD 

RHI. i i WJ -----+ 

RH5 ~---------~~~-----------~~---~ 
tzzzI - - - - .. - - -!- - ~ - - - - T - ~ 
tloH 

RK1 --4 ' , 

RK2 -------------------------.--~ 

RS1 ----u:J 

RS3 LLu~-------------_-_-__ -_-_-__ ~_~~~ 
RSS ~r-----------------------~-,~,----_.;~~ 

RS6 ~--~--~~--------~·--9~: .~. --~ 
tloS 

')'. 0'2 f:h 0'4 D'S 0'6 0'7 0'8 0'9 I 
1 0 

frc:f one l g€,,,,me length 

Figure 17. Summary of the genome structures of17 temperature-sensitive (ts) recombinants 
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(Stow and Wilkie 1978. Reprinted by permission from Virology 90, Fig. 6, p. 8.) 
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Figure 18. Electron micrograph of a circular-linear defective HSV DNA molecule. The mole­
cule resembles a rolling-circle replicative intermediate. The arrow points to the origin of the 
linear molecule. 
(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Israel.) 

rolling-circle mechanism described for bacteriophage 0X174 (Gilbert and 
Dressler 1968). In the case of defective HSV DNA, it was suggested that the 
displaced strand is copied by another DNA polymerase molecule and defec­
tive viral double-stranded DNA is synthesized. The defective DNA molecules 
with a molecular weight of 100 X 106 are encapsidated into virions at the same 
time as the wild-type DNA molecules since both are synthesized in cells pro-
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ducing defective virus. The same viral DNA polymerase is responsible for the 
synthesis of both wild-type and defective DNA. 

HS V and latent injections ill humans and animals 

HSV-1 infections start with a primary infection in the mouth or eye that heals 
spontaneously but may recur at the same site years after the primary event. The 
recurrences may occur after a febrile infection, exposure to the sun, hormonal 
changes, etc., and result in the formation oflesions that heal spontaneously. It 
was found that the viral DNA resides in the trigeminal ganglion in humans 
(Baringer 1975). HSV-1 DNA was found in the trigeminal ganglia of people 
who died of various causes, including lymphomas and multiple sclerosis (War­
ren et al. 1977). Infection of test animals also revealed that the viral DNA is 
present in ganglia. The mechanisms that lead to the activation of the latent 
viral DNA in the ganglia and to the appearance oflesions in the skin are not yet 
known (reviewed by Stevens 1975). 

Inactivated HS V transJorms cells in vitro 

It was demonstrated (Duff and Rapp 1973; Rapp and Reed 1976) that ul­
traviolet (uv) inactivation ofHSV inhibits virus replication in infected hamster 
cells but leads to their transformation. Such cells, injected into the hamster, 
lead to the development of tumors. Uv irradiation leads to the inactivation of 
the viral gene coding for the HSV DNA polymerase; therefore, virus repli­
cation is prevented. The viral DNA recombining with the cellular DNA leads 
to cell transformation. The ON A of such transformed cells contains fragments 
of HSV DNA. These viral DNA fragments were found to arise from the 
middle of the L unique sequence of the viral DNA. 

Partial inactivation of HSV DNA by dyes, such as neutral red or acridine 
orange, and visible light due to intercalation of the dye with base pairs in the 
DNA (Melnick and Wallis 1975) can also lead to cell transformation in vitro. 
Increased incubation temperature, ts mutants, as well as suboptimal tempera­
tures can also cause transformation of mammalian cells infected with HSV 
types 1 and 2. 

HS V-coded thymidine kinase gene biochemically transJorms TK- animal cells 

HSV was found to have a gene that codes for the enzyme TK, which ph os­
phorylates thymidine in infected cells. The virus-coded enzyme differs from the 
host-cell TK. Using mutant L cells which lack the TK enzymatic activity 
(designated L[TK-]), it was found that the HSV-coded TK transforms the 
mutant cells to the TK+ phenotype (Munyon et al. 1971). Additional studies 
revealed that transfection of the L(TK -) cells with fragmented HSV DNA or 
with a DNA fragment cloned in the bacterial plasmid pBR322 transforms the 
L(TK -) cells into the L(TK +) phenotype (Pellicer et al. 1978). Transforma­
tion of the cells is due to insertion of the viral TK gene into the cellular 
genome. The descendants of the transformed L(TK -) cell contain one copy 
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of the viral TK gene in each cellular genome. This type of transformation is 
designated biochemical transformation. 

The successful cloning of a 3.6 kilobase pair BamHI fragment from HSV-l 
DNA into the BamHI site in plasmid pBR322 made it possible to study the 
HSV TK gene. It was recently suggested that the nucleotide sequence of the 
TK gene contains a promotor sequence at the start and a terminator sequence 
at the end of the gene (McKnight 1980). 

Kit et al. (1981) have succeeded in producing a hybrid plasmid containing 
the HSV-1 TK gene in the form of a 2-kilobase pair fragment. This fragment 
was inserted into the plasmid pBR322 and was used to transform TK - E. coli. 
The specificity of the TK enzyme molecules produced by E. coli was deter­
mined by inhibition with specific viral antibodies (Kit et al. 1981). Cloning of 
the HSV-l TK gene to the lac Z gene of E. coli, allowed its expression in the 
bacterial host (Garapin et al. 1981). 

HERPESVIRUSES AFFECT HUMANS AND ANIMALS 

HSV-1 virus infects the mucous membranes in the mouth (viral stomatitis), 
the lips (herpes labialis), the eyes (herpeto-keratoconjunctivitis), the brain 
(herpetic meningoencephalitis); HSV -2 infects the genitals (herpesvirus 
genitalis). If untreated, herpetic encephalitis is lethal (Nahmias and Roizman 
1973). 

The virus infects the mucous membranes and skin by direct contact with an 
active herpetic lesion. Most children are infected at an early age with HSV-1 
and develop immunity to the virus. However, even individuals with high 
antibody titers can develop recurrent virus infections. Local immunity is most 
probably the mechanism that restricts virus proliferation, since individuals 
with a defect in the immune system (e. g., cancer patients under treatment with 
immunosuppressive drugs) develop very large skin lesions due to unlimited 
virus spread. 

The virus spreads in the bloodstream and alollg nerve ax OilS 

A localized virus infection can develop into a systemic infection with viremia 
(virus in the bloodstream) that spreads throughout the body and infects the 
internal organs. In an immunologically deficient patient with the genetic disor­
der ataxia telangiectasia, an infection of the mucous membranes in the mouth 
developed into a lethal systemic infection. 

Alternatively, the virus spreads via the nerve axons in the body. It is as­
sumed that the virus in the primary skin lesion enters a nerve in the affected 
area and migrates through the nerve axon to the trigeminal ganglion, and from 
there ascends into the brain where it causes meningoencephalitis. Once the 
virus reaches the brain, it spreads rapidly from cell to cell and causes extensive 
damage which, if not treated in time, can be fatal or leave the individual in a 
so-called vegetative state. 
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Connection between HS V-2 and cervical carcinoma? 

Patients with diagnosed carcinoma of the cervix were found to have high 
antibody titers to HSV-2 in the serum as compared to healthy individuals. 
This led to the postulation that there is a relationship between HSV -2 and 
cervical carcinoma (Nahmias et al. 1971; Aurelian and Strand 1976). In-situ 
hybridization between HSV -2 DNA and biopsies taken from cervical carci­
noma patients revealed the presence of viral DNA and RNA in the tumor cells 
only, and not in normal cells from the biopsy tissue. 

Chemotherapy of HSV infections (see chapter 26) 
Treatment of skin lesions 

Both zinc acetate and phosphonoacetic acid were shown to selectively inhibit 
HSV-1 DNA polymerase in infected cells and in isolated viral DNA poly­
merase systems in vitro. Treatment of skin lesions with zinc acetate was re­
ported to relieve the pain and promote faster healing of the lesion. Phos­
phonoacetate and phosphonoformate were found to be effective in the 
treatment of HSV-1 skin lesions in experimental animals. Unfortunately, it 
was found that PAA is concentrated in the bones of test animals, probably 
because phosphonocompounds have a role in the metabolism of bone. The 
Food and Drug Administration (FDA) in the United States requires more 
information on the effect of P AA on bone metabolism prior to permitting its 
use in human chemotherapy of HSV lesions. In the past, skin lesions were 
treated with acridine orange and visible light that led to inactivation of the 
virus (Melnick and Wallis 1977). With the demonstration that with such treat­
ment the transforming ability of the virus is expressed, the treatment was 
abandoned. 

Treatment of herpetic keratitis 

The first effective antiviral drug was the halogenated derivative of thymidine, 
IUdR (iodouridine deoxyriboside) synthesized by Prussof (1960) and shown 
by Kaufman (1962) to cure herpetic keratitis in humans. Study of HSV-1 
strains ten years after the introduction ofIUdR showed increased resistance of 
the virus isolates to the drug and, in parallel, a decreased efficacy in treatment 
(Kaufman 1976). The analog adenine arabinoside, as well as interferon, are 
currently in use (chapter 26). 

Treatment of patients aifiicted with herpetic encephalitis 

IUdR was used for the treatment of herpetic encephalitis with the hope that it 
would cure the brain infection. Confirmation of a herpes infection in the brain 
is required prior to treatment, but even in confirmed herpetic patients, IUdR is 
useless since it fails to penetrate into the brain cells where the virus multiplies. 
Therefore, the use of IU dR in herpetic encephalitis was discontinued. 

Currently, adenine arabinoside is used for intravenous administration to 
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patients with confirmed herpetic encephalitis. Analysis of the results of patient 
response to treatment revealed that patients treated very early in infection 
resulted in survival of many of the patients with minimal brain damage. Treat­
ment of patients at later stages of the disease does not change the course of this 
lethal infection. Thus early laboratory diagnosis of herpetic encephalitis is a 
prerequisite for effective treatment. 

Treatment of patients with generalized herpes with acyclovir (acycloguanosine) 

The drug acycloguanosine (see chapter 26) is effective in treating patients with 
herpesvirus infections and has been used in children affected by generalized 
herpes simplex virus infections which, ifleft untreated, lead to death. Evidence 
is accumulating that such children fully recover after acyclovir treatment. 

Other human herpesviruses 

Varicella-zoster virus 

Varicella virus causes chickenpox in children, while in elderly people the zoster 
virus can cause a recurrent infection (called shingles) along the dorsal root 
ganglia. The zoster virus, which is identical antigenically to varicella, must 
therefore inhabit the ganglia along this nerve as a latent infection. Varicella in 
children is usually a mild disease, but at the viremic stage, the virus could 
develop a systemic lethal infection. Recurrent zoster infections appear in can­
cer patients. 

A live attenuated virus vaccine is used to immunize children against vari­
cella, thus possibly also preventing zoster at a later age. 

Cytomegalovirus (CMV): chronic infections ill children 

CMV causes a respiratory infection, but in most infected children there is no 
apparent disease, although in some jaundice or pneumonia may be manifested. 
The virus infects T lymphocytes and is present in them in a latent form. The 
virus is activated when immunosuppressive drugs are given to cancer or kid­
ney patients. The virus infection is detected by megalic (giant) cells appearing 
in patients' urine which contain large quantities of virus. In pregnant women 
infected with CMV, in-utero infection of the fetus can cause either death or 
mental retardation. Pregnant women excreting CMV in their urine can also 
infect the newborn infant with CMV, which can cause acute pneumonia and 
death. 

CMV CAUSES INFECTIOUS MONONUCLEOSIS (1M). Studies of 1M patients 
negative to EBV revealed that they were infected with CMV. The virus infects 
T lymphocytes and leads to their proliferation. 

EPSTEIN-BARR VIRUS (EBV) 

Discovery 

Burkitt (1963) described a lymphoma syndrome with a high incidence (mainly 
in children aged four-eight years) which was found in equatorial Africa, south 
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Figure 19. Linear drawing ofEBV (B95-8) DNA showing the position ofEcoRI, HsuI, and Sail 
restriction endonuclease cleavage sites. The location of the additional DNA present in the DNA 
of the W91 strain ofEBV is shown as an insert. 
(Kieffet al. 1979. Reprinted by permission from Biochim. Biophys. Acta 560, Fig. 4, p. 362.) 

of the Sahara, in places such as Uganda. He stressed the bizarre anatomical 
distribution of the tumor, which also caused distortion of the children's faces. 
Since the lymphoma patients lived in an area infested with virus-carrying 
mosquitoes, Burkitt suggested that the cause might be a virus. Electron mi­
croscopy oflymphoblasts from biopsies of African lymphoma patients, grown 
under in vitro conditions (Epstein et al. 1964) revealed the presence of herpes­
virus-like particles in some of the cells. This virus, which was named EBV was 
not only associated with Burkitt's lymphoma, but was also found to be a 
ubiquitous human virus. 

The virus 

EBV virions do not react with any of the antibodies to known herpesviruses. 
Lymphoblast cell lines that were adapted to growth under in vitro conditions 
synthesize very small amounts of EB virions. Incubation of certain cell lines in 
an arginine-deficient medium was found to stimulate the induction of virus 
particles (Henle and Henle 1968) since the mechanisms that prevent virus 
replication are inhibited. The virions that were isolated by the same techniques 
developed for the isolation of HSV were found to contain a DNA genome of 
100 X 106 daltons and seven maj or viral proteins (Weinberg and Becker 1969). 
The viral DNA (figure 19) was reported by Kieff et al. (1979) to belong to class 
1 DNA (figure 12). 

Infectivity of EBV 

Many lymphoblast cell lines were established in vitro from biopsies of patients 
with pathologically diagnosed Burkitt's lymphoma in Africa and New Guinea. 
In most laboratories, EBV is obtained from the P3HRI lymphoma cell line, 
since cells permissive to EBV that allow virus multiplication are not available. 
Another cell line producing EBV (B95-8) consists of in vitro transformed mar­
moset lymphocytes (Miller et al. 1972). It was established that Burkitt's lym­
phoma cells are monoclonal, which means that the cells are descendants of one 
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cell that was transformed in the patient (Klein 1972). Most cell lines produce 
EBV intermittently, but certain cell lines (like Raji) cannot be induced to 
produce virions at all. Using radioactive virion DNA and a DNA-DNA reas­
sociation technique, it was possible to demonstrate that Burkitt's lymphoblasts 
contain in the range of 20-50 genome equivalents ofEBV DNA per cell (Zur 
Hausen 1979). However, three cell lines from confirmed Burkitt's lymphoma 
patients lack any detectable EBV DNA. 

EBV can infect EBV-negative lymphoma cells and improve their in vitro 
growth properties. 

EBV receptors on human B lymphocytes 

EBV binds to B lymphocytes by attachment to a specific receptor on the 
membrane that is near the receptor for complement. 

The adsorbed virus is incorporated into the cell cytoplasm, and the viral 
DNA induces the appearance ofEB nuclear antigen (EBNA) (Klein 1974). The 
EBV infected lymphocytes are capable of unlimited proliferation under in 
vitro conditions, a property termed immortalization. The EBNA is a DNA 
binding protein with a molecular weight of 90,000 daltons that appears in a 
dimeric form. The role of EBNA in the virus infection is not known. 

State of viral DNA in cancer cells 

Treatment of lymphoblasts, each containing about 40 viral DNA genomes 
with cycloheximide, an inhibitor of protein synthesis, resulted in the disap­
pearance of most of the viral DNA molecules. Such cells contain only one 
EBV DNA genome associated with the chromosomal DNA yet retain their 
transformed properties. It was recently demonstrated that the residual EBV 
DNA genomes are associated with DNA of the cellular chromosome 14 
(Yamamoto et al. 1978). All other viral DNA molecules are episomal DNA 
which have a circular conformation (Adams and Lindahl 1975), are not associ­
ated with the host cell DNA, and are probably not essential for the transforma­
tion event. 

The circular EBV DNA genomes present in the nuclei of Burkitt's lym­
phoblasts are replicated by the host cell enzymes during the S phase of the cell 
cycle (Hampar et al. 1973). Activation of the cells to produce virions has to do 
with the appearance of linear EBV DNA and transcription of the genomes 
followed by the synthesis of viral enzymes. The synthesis of the linear viral 
DNA is carried out by the viral DNA polymerase, a process sensitive to PAA. 
The synthesis oflate viral proteins allows synthesis of capsids and virions. The 
activated cell in which EBV is made finally dies, and the virus progeny is 
released. 

Infectious cycle of EBV in humans 

EB V is a ubiquitous virus 

It was found that EBV is prevalent in all parts of the world. It infects humans 
who develop antibodies to the viral capsid antigen (VCA). It was also reported 
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that EBV can be isolated from the pharynx of individuals with infectious 
mononucleosis, and it was suggested by Pagano and Shaw (1979) that epithe­
lial cells in the pharynx replicate the virus. Such a virus, if incubated with 
normal B lymphocytes, can infect the cell, induce EBNA, and the cell will 
immortalize-that is, it will be able to grow indefinitely under in vitro condi­
tions. 

EBV latently infects B lymphocytes in the peripheral blood. Incubation of 
lymphocytes under in vitro conditions leads to the induction of EBV in these 
latently infected cells, and the virus immortalizes normal B lymphocytes. This 
is the technique used for spontaneous isolation of transformed B lymphocytes. 

EBV as the cause of infectious mononucleosis (1M) in young adults 

Studies by G. and W. Henle on antibodies to EBV in the human population 
revealed that most children develop antibodies to EBV VCA at an early age, 
except for a small group who are not exposed to the virus and remain 
seronegative. As young adults, they can be infected by oral contact with a 
person carrying EBV, and they develop infectious mononucleosis (Henle et al. 
1968, 1974). EBV infects the epithelial cells and B lymphocytes in the throat 
and surrounding lymph nodes, leading to elevated temperature and swelling of 
the lymph nodes, most probably due to the proliferation of B cells for which 
EBV is a mitogen. The T lymphocytes in 1M patients also respond to the 
proliferating B lymphocytes and appear in the peripheral blood in large num­
bers as monocytes. 1M can be fatal. The proliferation of the T cells and their 
large numbers in the blood are the reasons for the long-term weakness of the 
patients. T cell proliferation subsides after a few months, and the blood picture 
returns to normal. Since EBV is transmitted from mouth to mouth, 1M is also 
named the kissing disease. 

The role of EBV in cancer 

Two types of cancer that are linked to EBV occur in humans: (1) Burkitt's 
lymphoma in Africa and (2) nasopharyngeal carcinoma (NPC) in Southern 
China and North Africa. 

Burkitt's lymphoma 

Since EBV DNA or fragments of it are intimately involved with the 
chromosomal DNA of Burkitt's lymphoblasts, the question arises of whether 
transformation of perhaps one lymphocyte into a cancer cell may be due to the 
presence of EBV in the cell. Three lines of evidence contradict the claim that 
EBV is the cause of such cell transformation: 

1. In a few patients with pathologically diagnosed Burkitt's lymphoma, the B 
lymphocytes did not contain any detectable EBV DNA (the resolution of 
the DNA:DNA hybridization was 0.1 genome equivalent). 

2. Both EBV DNA-negative and DNA-positive B lymphoblast cell lines 
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from patients with Burkitt's lymphoma were found to contain an inducible 
retrovirus. 

3. A study was done in Uganda in a region with a high incidence of Burkitt's 
lymphoma to determine the connection between EBV infection and the 
incidence of Burkitt's lymphoma. Blood samples were taken from 42,000 
children during a five-year period, and out of these, only 32 children devel­
oped Burkitt's lymphoma (de-The 1979). This low incidence further ne­
gates the question of whether EBV is the cause of Burkitt's lymphoma. 

Nasopharyngeal carcinoma (NPC) 

This tumor involves epithelial cells. The tumor can be diagnosed serologically 
long before its detection by other means. Appearance in the blood of anti­
bodies to EBV antigens is currently used to diagnose NPC. Irradiation at the 
site where the tumor usually appears is used as the method of treatment, and 
this prevents the development ofNPC. This tumor is prevalent among South­
ern Chinese, regardless of where they may have migrated to. A similar tumor 
was described in North Africans. Thus in certain ethnic groups, EBV can 
cause transformation of epithelial cells and the formation of tumors. 

Figure 20 summarizes the possible involvement of EBV in human cancers 
and its role in disease and all immortalization. 

Herpesvirus papio (HVP): a monkey virus related to EBV 

This virus was isolated from baboons (Papio hamadryas) that developed lym­
phomas (Falk et al. 1976). Hybridization of EBV DNA with baboon and 
chimpanzee herpesvirus revealed 35-45% homology in the viral DNAs. Ba­
boon lymphoblastoid cell lines carrying HVP do not produce EBNA in the 
nuclei, although superinfection of the cells with EBV showed that the baboon 
lymphoid cell line is competent to synthesize EBNA. The HVP can immor­
talize monkey B cells in vitro. Injections of such lymphocytes into adult mon­
keys led to a disease similar to 1M. 

Other monkey herpesviruses 

Herpesvirus saimiri and herpesvirus ateles were isolated from circulating lym­
phocytes in New World monkeys by L. V. Melendez and his colleagues (re­
viewed by Fleckenstein 1979). These viruses contain DNA of 100 X 106 dal­
tons, but the virion population is made up of two subgroups: (1) Molecules 
with the M genome composed of about 30% heavy (H) DNA (G + C = 71 %; 
density 1. 729 g/ml) with repetitive sequences, and 70% light (L) DNA (G + 
C = 36%; density 1.695 g/ml) with unique sequences; (2) the H genome 
contains heavy sequences only. 

The M-DNA is infectious in cell culture and capable of transforming pri­
mate cells. Circular episomal viral DNA of 131.5 X 106 daltons was found in 
the transformed lymphoid cell lines. The circular viral DNA consists of two L 
regions (54 X 106 and 31.5 X 106 daltons) and two H regions (25.6 X 106 and 
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20 X 106 daltons). The two L sequences have the same orientation (Werner et 
al. 1977). 

H. saimiri and H. ateles, which cause malignant lymphoma in various New 
World primate species, are related: There is 35% homology between the L 
genomes of the two viruses, while there is only 10% between the H genomes. 
The natural hosts of H. saimiri and H. ateles (squirrel monkeys and spider 
monkeys, respectively) are infected at an early age and develop antibodies to 



84 II. Virus families 

the virus. The T lymphocytes in vivo remain latently infected. Infection of 
either cells or 10 pfu of virus into other species like owl monkeys causes the 
development of lymphoproliferative disease. 

RHESUS HERPESVIRUS. Leukocytes of rhesus monkeys were found to contain 
a latent virus, unrelated to other known herpes viruses. 

HERPES B VIRUS. This virus causes latent infections in monkeys and is also 
present in the saliva. When such a monkey bites someone, the B virus migrates 
to the brain of the victim and causes encephalitis, which can be fatal. Individ­
uals working with monkeys may be exposed to this virus. 

Herpesvirus of pigs 

PSEUDORABIES VIRUS CAUSES AUJESKY DISEASE IN PIGS. This virus has a 
DNA genome that belongs to class 2 DNA (figure 12). The virus is latent in 
pigs but can develop into a prominent disease when the pigs are transported or 
kept in large numbers on farms. 

Herpesviruses in cattle, horses, and dogs 

Herpesviruses can cause abortion in animals. The viruses differ antigenically 
from one another. 

Fish herpesvirus 

A herpesvirus isolated from the channel catfish was found to have a DNA 
genome of80 X 106 daltons. The viral DNA which is classified as class 1 DNA 
(figure 12) contains only the L component of the herpesvirus DNA. 

Herpesvirus in .frogs causes Lucke renal carcinoma 

A tumor of the adenocarcinoma type, containing a herpesvirus, was discov­
ered in the leopard frog (Rana pipiens) by R. Lucke in 1934. Injection of 
purified virus into frog embryos was shown by Mizell et al. (1969) to cause 
tumors in the kidney. The tumor appeared in the frogs in the summer season, 
but herpesvirus could not be found until it was shown that transfer to a low 
temperature (4-9°C) caused induction of the virus. 

Marek's disease in chickens 

This disease in chickens, described by Marek in Hungary, was represented as a 
lymphoma of the internal organs that causes damage to the nervous tissues 
(reviewed by Nazerian 1979). It was found that certain strains of chickens are 
resistant to Marek's disease, while others are highly sensitive. Marek's disease 
virus replicates in the cells of the feather follicles and is released with the 
feathers. Respiration of the virus in the debris contaminating the chicken house 
leads to a respiratory infection of sensitive chickens, development of lym­
phomas, and death with brain damage. It was also shown that the develop­
ment of the lymphoma depends on the presence or absence of the bursa fab-
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ricius. Removal of the bursa from resistant chickens renders them sensitive to 
MDV, and removal of the bursa from sensitive chickens leads to the develop­
ment of resistance to infection. The immunological mechanisms involved in 
the sensitivity and resistance to the disease are not understood. 

Herpesvirus of turkeys was found to immunize and protect MDV -sensitive 
chickens when injected into young chickens. HVT is only slightly related to 
MDV but nevertheless protects against infection with MDV. The use ofHVT 
live vaccine for immunization of poultry has markedly reduced the incidence 
of Marek's disease on chicken farms. 
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8. ADENOVIRUSES 

Adenoviruses were discovered in adenoid tissue removed from a healthy indi­
vidual and grown in tissue culture. In spontaneously dying cells, virions with a 
typical morphology (figure 21) were seen by electron microscopy. 

Family adenoviridae 

The virion (m. w. 170 X 106) is a nonenveloped isometric particle, 70-90 nm 
in diameter, composed of 252 capsomeres arranged in icosahedral symmetry. 
Each capsomere is 7-9 nm in diameter. Inside the capsid is a single, linear 
double-stranded DNA molecule containing about 35,000 base pairs. Some 
adenoviruses are oncogenic in animals and in animal cells in vitro. Mammalian 
adenoviruses (mastadenoviruses) have a common antigen that differs from 
avian adenoviruses (aviadenoviruses). 

Genus Mastadenovirus 

Human adenovirus: types 1-33. 
Mammalian viruses: monkey viruses, 24 serotypes; adenoviruses of cattle, 

dogs, horse, mouse, opossum, sheep, goats, and pigs 

Genus Aviadenovirus 

ADENOVIRUS OF FOWL, TURKEY, GOOSE, PHEASANT, AND DUCK. More than 
80 adenovirus serotypes (of which 35 serotypes are human adenoviruses) 

88 
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Figure 21. A refined topographical model of adenovirus type 2. 
(Everitt et 01. 1975. Reprinted by permission from Virology, Vol. 67, Fig. 7, p. 206.) 

were isolated from different hosts. Human adenoviruses can agglutinate red 
blood cells from rats or monkeys. 

Structure of the virus 

The virions contain 252 capsomeres, of which 240 are non vertex capsomeres 
(hexons) and 12 are vertex capsomeres (penton base). Each penton base con­
tains a filamentous protein fiber around which five hexon capsomeres are 
arranged. Treatment of the capsids with SDS results in their dissolution, and 
electrophoresis of these proteins in polyacrylamide gels makes possible their 
identification (figure 21). 

1. The hexon is made of three polypeptides, each with a molecular weight of 
120,000 (polypeptide II). 

2. Polypeptide IX is associated with the capsomeres that assemble in the 
nucleus into groups of nine hexons. 

3. Polypeptides VI and VIII are internally located in the capsid. 
4. Polypeptides III, lIla, and IV are present in the vertices of the icosahedron; 

polypeptide III is the penton base, and polypeptide IV is the fiber. 
5. Polypeptides V and VII are associated with the DNA molecule in the cap­

sid. Polypeptides IlIa, VI, VIII, and IX are the four connecting proteins of 
the virion. 

Infection of the cell 

The vir~~ms attach to the cell membrane and are incorporated into the cyto­
plasm where they are uncoated in a phagocytic vacuole by lysosomal enzymes. 
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The viral DNA is released into the nuclei, the site of virus replication. The 
uncoating of the viral DNA occurs in the infected cells during the second hour 
after infection and does not require cellular protein synthesis. 

The viral DNA is infectious and can be incorporated into the cytoplasm, 
provided the DNA is precipitated with calcium phosphate so as to bind to the 
cell membrane. The precipitate is engulfed by the invagination of the cell 
membrane and is transported to the nucleus. 

Properties of adenovirus DNA 

The linear double-stranded DNA of the mastadenoviruses has a molecular 
weight of20 - 25 X 106 . Those viruses were divided into subgroups accord­
ing to their G + C contents, which range from 48-59%: subgroup A - G + 
C = 48-49%; subgroup B - G + C = 49-52%; and subgroup C - G + 
C = 57-59%. Adenoviruses from monkeys have a G + C content of 60%. 
The aviadenovirus DNA has a molecular weight of 30 X 106 and a G + C 
content of 54-55%. 

The linear DNA contains inverted terminal repetitions of around 100 nucle­
otides; thus the molecular ends of the molecule are identical. It is possible to 
separate the two viral DNA strands by hybridization to the synthetic polymer 
poly(U, G). The DNA can be separated into light (1) and heavy (h) strands in 
cesium chloride density gradients (Tibbetts and Pettersson 1974). 

Adenovirus DNA can attain a circular conformation due to a protein of 
55,000 daltons that is covalently linked to the 5' ends of both DNA strands. 

The structure of adenovirus DNA was revealed by cleavage with restriction 
enzymes. The six fragments produced by EcoRl digestion of adenovirus 2 
were mapped on the viral DNA genome (figure 22, fragments A-F). Frag­
ment A represents 58.5% and is at the left-hand side of the genome. 
Cleavage of DNA is useful in the characterization of the function of the viral 
genes. The restriction enzyme cleavage sites are mapped on the genome, using 
coordinates that may be referred to as either 0 to 1.0 (figure 22) or 0 to 100 
(figure 23). 

Arrangement of viral genes 

The site of the viral genes in the DNA genome can be determined by hybridi­
zation of mRNA molecules synthesized early and late in the virus replicative 
cycle to isolated DNA fragments. The nature of the gene product is revealed 
using a' reticulocyte homogenate or wheat-germ extract for translation of the 
viral mRNA in vitro. The gene products in relation to the physical map of 
adenovirus DNA are shown in figure 22. 

Transcription of viral DNA 

The adenovirus type 2 genome does not code for an enzyme for the synthesis 
of viral mRNA. The cellular DNA-dependent RNA polymerase II is responsi­
ble for the transcription of the viral genomes. The cellular RNA polymerase III 
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Publishing and Documentation, Wageningen, The Netherlands.) 

that transcribes the tRNA genes in the host cell genome, transcribes the viral 
genes for the 5.2 Sand 5.5 S RNA molecules. These two virus-associated (V A) 
RNA species (about 156 nucleotides long) are transcribed from viral genes 
situated just in front of the late genes, close to coordinates 29-30 on the 
adenovirus 2 map (figure 23B). Both species of V A RNA appear early in 
infection; the 5.2 S species levels off, but the 5.5 S species increases during the 
late stage. Their function is not known (Soderlund et al. 1976). 

The viral mRNAs are produced by the removal of internal sequences from 
precursor nuclear RNAs by a cut and splice mechanism (Kitchingman and 
Westphal 1980; Blanchard et al. 1978). 

Transcription of adenovirus DNA proceeds in either a rightward (r) direc­
tion on the light (1) strand or in a leftward (1) direction on the heavy (h) strand 
(figures 22 and 23), and genes on both DNA strands are transcribed for 
mRNA. 

In recent years, extensive studies on the transcription of early and late 
adenovirus mRNA have revealed a complex sequence of molecular events. 
These include initiation of transcription at separate promoters, capping of 
mRNA at the 5' termini, splicing and polyadenylation of the RNA transcripts 
at the 3' termini, regulatory processes leading to a switch of the transcription 
from the early to the late viral genes, as well as regulatory processes that affect 
the transcription of the host cell genome and selective transport of viral 
mRNA. The transcription of adenovirus DNA was reviewed by Ziff(1980) as 
described in the following discussion and in figure 23. 
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Synthesis of early mRNA 

At least five separate transcription units for early mRNA species have been 
described. Four of these regions are as follows (see figure 23): 

EI region: EIA and EIB transcription units at the left end of the adenovirus 
genome encode multiple mRNA species with common 5' and 3' termini 
but with different internal arrangements of their splices. These two tran­
scription units encode functions capable of cell transformation. The EIA 
region codes for two 13 S mRNA species (EIA-a and EIA-b) (figure 23B). 
These mRNA species are rapidly transported to the cytoplasm and have a 
short half-life. The EIB region codes for two species: 22 S mRNA EIB-a and 
13 S mRNA EIB-b. This region may encode the Ad-2-specific tumor anti­
gen. The EIA and EIB regions are also transcribed during late stages of 
infection: ElA-c, a new 9 S mRNA species, is transcribed from EIA. The 
amount of EI-b increases dramatically in the cytoplasm by 50 to IOO-fold. 

The ElI region is transcribed, starting in coordinate 7.5 or 75 (the origin of the 
leader sequence) into mRNA species that is translated to yield the 72,000 
dalton peptide. This peptide is the virus-coded DNA binding protein that 
participates in virus replication. During the late stage of adenovirus-2 repli­
cation, the Ell region is transcribed with leaders originating from coordi­
nates 0.72 to 0.86 or 72 to 86. 

The EIII region yields mRNAs with complex splicing patterns. Region EIII is 
located wholly within the major late transcription unit and encodes a gly­
coprotein that appears on the cell surface. 

The EIV region yields mRNAs with complex splicing patterns that are initiated 
at the right terminus of the adenovirus-2 DNA molecule (close to coordinate 
1.00 or 1(0), and transcription is on the 1 strand. The synthesis of mRNA 
from this region is regulated by the 72,000 dalton DNA binding protein 
coded for by the Ell region. 

Intermediate mRNA 

The mRNA of Ad-2 protein IX is synthesized later than the early mRNAs but 
before late mRNA synthesis starts. These mRNA molecules from the fifth 
transcription unit of adenovirus DNA are unspliced and have a 3' terminus 
that coincides with that of EIB mRNAs but with its 5' end encoded 1800 
nucleotides downstream from the EIB cap site at coordinate 9.7 (or 0.097). 

Late mRNA 

The synthesis of late mRNAs is closely coupled to the onset of DNA repli­
cation. The late mRNAs contain a common tripartite 5' leader encoded at 
coordinates 0.16, 0.19, and 0.27 on the viral DNA (figures 22 and 2313). At this 
stage, transport of cellular mRNA to the cytoplasm stops, although poly-
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adenylated cellular RNA continues to be synthesized in the nucleus. The 5' 
terminus of the primary late transcript was mapped at coordinates 0.163-
0.165, but the promoter is thought to be a TATAAA sequence (the Hogness 
box). The percursors to mRNAs from the major late transcription unit are 
large rightward-transcribed nuclear molecules up to 25 kilobases long (Gold­
bert et al. 1977). The 3' ends of the mRNAs are encoded at five poly(A) sites 
that have been mapped at coordinates 0.38, 0.50, 0.62, 0.78, and 0.92 (figure 
23). The poly(A) is added to the mRNA molecule prior to splicing. The 
primary transcripts initiated at coordinate 0.16 extend beyond the five poly(A) 
sites and proceed to the end of the genome (coordinate 1.00); the 3' ends are 
generated by cleavage, and products of cleavage from both the 5' and 3' ends 
have been identified. The adenovirus-2late 3' acceptors contain the AAUAAA 
region of homology found near the poly(A) of cellular mRNAs. 

The late mRNAs are organized into five banks of overlapping mRNA 
molecules (figure 23B). Two posttranscriptional possibilities (figure 23A), 
probably govern which segment of viral RNA will be transported to the 
cytoplasm as mRNA: selection of the poly(A) site from one of the five posi­
tions followed by selection of the site to which the leader is spliced. These 
events take place in the nucleus. The splicing polarity is from the 5' end to the 
3' end. The mechanism of splicing has not been fully established. 

Replication of viral DNA 

Viral DNA synthesis that marks the beginning of the late phase of virus 
replication starts about 8 hr after infection and reaches a maximal rate at 15 hr 
postinfection. With adenoviruses 2 and 5, 90% of the newly synthesized DNA 
in the nucleus is viral 13 hr after infection. DNA replication starts at or near 
either end of the viral genome. After initiation, a daughter strand is synthe­
sized in the 5' -to-3' direction with concomitant displacement of the parental 
strand of the same polarity (figure 24). Synthesis of the complementary daugh­
ter strand is initiated at or near the 3' end of the displaced parental strand and 
also proceeds in the 5' -to-3' direction. Thus the right (r) daughter strand is 
synthesized from right to left and the left (1) daughter strand is synthesized 
from left to right (reviewed by Winnacker 1978). 

The DNA polymerase responsible for the synthesis of the viral DNA is not 
known but it is thought that both cellular polymerases a and "{ might be 
involved. In addition, a viral gene product, a polypeptide of 75,000 daltons, 
was characterized as a DNA binding protein that may be involved in the 
replication of the viral DNA. This protein was found to be present in the DNA 
replication complex extracted from nuclei of infected cells (Arens et al. 1977). 

A protein with a molecular weight of 80,000 was found to be covalently 
linked to the 5' end of the nascent daughter strand of replicating adenovirus 
DNA (Challberg et al. 1980). This protein may represent a precursor to the 
55,000 dalton protein that links the 5' ends of mature adenovirus DNA. Both 
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r t-----------------~: 
h 5' , 

~ ~2-----u-----~: 
h 5' , 3' 
l 3'- - - - - - - - - - - - - .!'- 5' 

+ 
h 5'---------- 3' 

S 3' h 3'---------------5' l , 
5' 3' h 
3'-------- -----~--- 5' l 

, "'5' l 

S' 3' h 
J"'4- - - - - - - - - - - - - 5' l 

+ 
3'--------------5' l 

Figure 24. Model of adenovirus DNA replication. Labels "h" and "I" refer to heavy (leftward) 
and light (rightward) strands of adenovirus DNA, respectively. 
(Doerfler 1978. Reprinted by permission from International Virology 4, Fig. 1, p. 65. Centre for Agricultural 
Publishing and Documentation, Wageningen, The Netherlands.) 

the 80,000 and 55,000 dalton proteins form similar phosphodiester bonds be­
tween the f3-0H of a serine residue in the protein and the 5' -OH of the 
terminal deoxycytidine residue of the viral DNA. 

The model of adenovirus DNA replication (Rekosh et al. 1977; Challberg et 
al. 1980) suggests that the primary initiation event is the formation of an ester 
linkage between the a-phosphoryl group of dCTP and the f3-0H of a serine 
residue in the 80,000-dalton protein. The 3'-OH of the dCMP residue is then 
positioned at the end of the genome to serve as a primer for chain elongation. 

Assembly of virions 

The hexon, which is the major capsid unit, is made up of three 120,000 dalton 
polypeptides (polypeptide II) and probably assembles in the cytoplasm. The 
hexons are transported to the nucleus and are assembled into groups of nine 
(ninemeres). The nine meres together form the triangular surfaces of the 
icosahedron. Polypeptide IX may associate with the nine meres as a cementing 
substance. Polypeptides VI and VIII are found mainly inside the capsid. The 
vertices of the icosahedron contain three polypeptides-III, IlIa, and IV-of 
which III forms the penton base and IV forms the fiber. The hexon ninemeres 
aggregate into a capsid skeleton. The sequence of assembly is given in figure 25 
(Philipson 1979). The viral DNA molecule, associated with two core proteins 
(V and VII) is inserted into the empty capsid with the help of scaffolding 
proteins of 32,000 and 40,000 daltons. The newly formed young virions that 
are not infectious lack polypeptide IVa2 and the 32K and 40K scaffolding 
proteins. Finally, after further cleavage of precursor proteins, the mature vi­
rion is formed in the cytoplasm. 
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Figure 25. Tentative assembly pathway for adenoviruses. The four stages in virus assembly 
have been indicated at the top, and the polypeptides present in each structure are indicated be­
low. The number of copies of the polypeptides per virion is indicated to the right. 
(Philipson, 1979. Reprinted by permission from Adv. Virus Res. 25, Fig. 11, p. 394. Copyright 1979 by Aca­
demic Press Inc., New York.) 

Prevention of virion formation 

Removal of arginine from the medium of infected cells results in an abortive 
virus infection. Incubation of infected cells at 42°C inhibits viral replication. 

Infection of hamster cells in vitro with adeno-12 virus results in an abortive 
infection (Doerfler 1975). The viral DNA is fragmented by cellular nucleases. 
Infection of the BHK cell line derived from the kidney of a baby hamster with 
adenovirus-12 leads to pulverization of the chromosomes. In monkey cells, the 
virus is capable of replicating the viral DNA, but part of the late viral mRNA 
is not synthesized. Coinfection of adenovirus infected monkey cells with SV 40 
helps to overcome the block in adenovirus replication (Lucas and Ginsberg 
1972). 

Cell transformation 

Adenoviruses are also divided into four subgroups on the basis of their onco­
genicity for newborn hamsters. Subgroup A is the most, and subgroup B the 
least, oncogenic. The nononcogenic adenoviruses that can transform cultured 
rodent cells have been divided into subgroups C and D, based on differences in 
antigenicity of the tumor (T) antigen. The classification into subgroups A and 
B is compatible with the subdivision of adenovirus serotypes according to the 
GC content of their genome, but this does not apply to subgroups C and D 
(Wadell et al. 1980). Early experiments revealed that rat fibroblasts are nonper­
missive for adenovirus. Later it was found that hamster cells are transformed 
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Adenovirus 5 
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Figure 26. Approximate coding regions of proteins encoded by the transforming segment m of 
adenovirus 5 DNA (El, extending from 1.5% to 11.5%), The positions for the 17K, 18K, and 
25K proteins are still uncertain, 
(Van der Eb et a!. 1979, Reprinted by permission from Cold Spring Harbor Symp. Quant. Bioi. 34, Fig, 13, p, 
396, Copyright 1980 by The Cold Spring Harbor Laboratory), 

by the virus or by fragments of the viral DNA, leading to the conclusion that 
most probably only part of the viral DNA is required for cell transformation. 

Transformed cells produce the viral T antigen. When the in vitro trans­
formed hamster cells are injected into hamsters, a tumor develops and anti­
bodies against the viral T antigen are made. These antibodies in the serum do 
not affect tumor growth. Virions were never isolated from adenovirus­
transformed cells. 

Transformation of cells by viral DNA 

The genes responsible for cell transformation are localized in the sequences 
between 0 and 0.10 map units (figures 22,23, and 26) and comprise 7-10% of 
the entire adenovirus genome. In adenovirus 5, 7.5% of the genome (0 to 
0.075 map units) constitutes the transforming DNA. It is possible to transform 
rat-kidney cells by transfection of these cells with the 0 to 0.075 map units viral 
DNA. In the transformed cells, the viral T antigen is synthesized. Further 
studies revealed that the sequences between 0 and 0'(l45 map units are capable 
of transforming rat cells, and the cells produce the viral T antigen. However, 
these cells are less transformed than the cells transformed by the 7.5% left­
hand-side fragment of the viral genome. 

The mRNA species transcribed from the transforming viral DNA fragment 
were isolated, and translation of the mRNA in vitro revealed that five poly­
peptides are coded by the viral DNA fragment with molecular weights of 
14,000; 33,000; 35,000; 38,000; and 40,000. An additional polypeptide of 
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19,000 daltons is coded for by a gene between 0.075 to 0.11 map units. Four 
of these large polypeptides (given as 34K, 36K, 40K, and 42K in figure 26) 
resemble each other and might be products of the same gene (Van der Eb et al. 
1979). 

Analysis of cells transformed by adenovirus-2 revealed cell lines that con­
tained the complete EcoRI-B fragment of the viral DNA (which codes for the 
72,000 dalton DNA-binding protein) integrated in the cellular DNA. In one 
cell line, this viral gene was expressed, while in other cell lines the viral DNA 
was methylated and not expressed (Vardimon and Doerfler 1981). 

No efJidence for specific integration sites for adcnofJirus DNA 

Analysis of adenovirus-2 and adenovirus-12-transformed hamster cell lines 
and adenovirus-12-induced hamster and rat tumors and tumor-derived cell 
lines revealed that the viral DNA is integrated randomly in the transformed 
cell DNA. Deuring and associates (1981) analyzed the nucleotide sequence at 
the site of the junction between the integrated viral DNA and the cellular 
DNA by cloning in a AgtWES'AB' vector. They used DNA from an 
adenovirus-12-induced hamster tumor that carries five integrated copies of 
adenovirus genomes. At the site of junction, the adenovirus-12 DNA sequence 
was found to be preserved, starting with basepair (bp) 46 of the authentic left 
end of the viral DNA. The first 82 bp of the recloned fragment are cellular 
sequences that contain patch-like octa- to undecanucleotide pair homologies to 
distant sequences in the viral DNA. 

THE CHROMOSOMAL SITE OF THE INTEGRATED VIRAL DNA. Chromosome 1 
contains the integration site for adenovirus DNA (see chapter 4). 

GENETICS OF ADENOVIRUSES. Mutagenization of adenoviruses makes possi­
ble the isolation of five classes of mutants: (a) ts mutants; (b) plaque morphol­
ogy mutants; (c) chemical resistant mutants; (ci) mutants in the structural viral 
proteins, and (e) deletion mutants. 

Adeno-SV40 hybrid viruses 

Ad7-SV 40 hybrid virions (designated E46 + or PARA) require coinfection with 
nonhybrid adenovirus for replication. Human adenovirus-7 underwent 22 
subsequent passages in monkey kidney cells. When SV40 virus (chapter 9) was 
discovered to be present in the monkey kidney cells, two additional passages 
were performed in the presence of antibodies to SV 40 which were added to the 
culture medium. At passage level 28, the virus was injected into newborn 
hamsters, and tumors were induced that contained SV 40 tumor (T) antigen. 
Thus it was demonstrated that adenovirus DNA contained the genetic infor­
mation of SV40. The adeno and SV40 DNAs in the hybrid virions are cova­
lently linked. There are defective Ad2-SV 40 hybrids that produce SV 40 vi­
rions as well as hybrids that do not. 



100 II. Virus families 

Table 2. Location of adenovirus DNA in adeno-SV40 hybrids 

Adeno-SV40 
hybrids 

Ad2+ND3 
Ad2+NDl 
Ad2+ND5 
Ad2+ND2 
Ad2+ND4 

(After Lewis et al. 1974.) 

Coordinates on the adenovirus 
DNA genome (0 ~ 1.0) 

Beginning 

0.11 

0.11 
0.11 
0.11 
0.11 

End 

0.17 
0.29 
0.39 
0.43 
0.59 

Nondefective adeno-SV40 hybrids are capable of independent replication 
without helper virions and produce tumors in hamsters. By a complicated 
procedure of plaque isolation in African green monkey kidney cells-growing 
up the progeny and testing them for SV 40 antigen induction, and then select­
ing the appropriate SV 40 antigen-inducing virions for subsequent plaque isola­
tion-the nondefective hybrid strain designated Ad2 + ND1 was obtained. 
Four other adeno-SV40 hybrids were isolated (table 2) that differ from each 
other in adenovirus content. These recombinants contain from 7 to 23.9% of 
SV40 DNA inserted into adenovirus DNA in three different locations, while 
4.5 to 40% of the adenovirus DNA is deleted (Lewis et al. 1974; Doerfler 1975; 
Lewis 1977). 

Diseases in humans caused by adenoviruses 

Spread of the virus occurs only from man to man via the respiratory and 
alimentary routes. Types 1, 2, 5, and 6 are endemic and persist in the tonsils 
and adenoids after infecting most children by the age of three. 

Acute respiratory infections are caused by adenovirus strains 3, 4, and 7, and 
to a lesser extent, types 14 and 21. The pharyngeal infection is accompanied by 
headache, cough, elevated temperature, and lymphoadenopathy. These strains 
can also cause conjunctivitis in children. Strains 2, 11, and 21 are associated 
with hemorrhagic cystitis and adeno-7 is associated with meningoencephalitis. 

ADENOVIRUS TYPE 7 CAN CAUSE EPIDEMIC OUTBREAKS OF RESPIRATORY DIS­

EASE IN DIFFERENT PARTS OF THE WORLD. A live vaccine against adenovirus-7 
has been developed and is being used among military recruits in the United 
States. One hundred sixty-four isolates of adenovirus-7 were analyzed by 
restriction endonuclease analysis of the DNA to evaluate their distribution and 
pathogenicity. Four distinct genome types were demonstrated: the Ad7 pro­
totype, the Ad7a vaccine strain, Ad7b, and Ad7c. Analysis of the relative 
occurrence of the four genome types showed that Ad7c was isolated in the 
Netherlands from 1958-1969, while Ad7b has been recovered from 1970. 
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Ad7c was isolated in Sweden up to 1972, and afterward only Ad7b strains 
were detected. The Ad7 prototype and Ad7a genome type account for less 
than 5% of the analyzed isolates and are probably less virulent than the Ad7b 
and Ad7c genome types. (Wadell, G.; de Jong, ].c.; and Wolontis, S., Ab­
stracts of the Fifth International Congress of Virology, 1981, p. 306.) 
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9. PAPOVAVIRUSES 

Family papovaviridae 

The virions (figure 27) are non enveloped with a diameter of 45 nm (polyoma 
virus) or 55 nm (papilloma virus) and have an icosahedral capsid of 72 capso­
meres in a skew arrangement; elongated capsids were also observed. The 
virion contains one circular, double-stranded DNA molecule of 3-5 x 106 

daltons. Most of the viruses are oncogenic; some can agglutinate erythrocytes 
by binding to neuraminidase-sensitive receptors. 

Genus Papillomavirus 

Papillomaviruses infect man, cows, deer, foxes, dogs, goats, sheep, and ham­
sters 

Rabbit (Shope) papillomavirus 

Genus Polyoma virus 

Polyoma virus (mouse) 
BK and]C viruses isolated from human brain 
SV 40 (simian virus 40) isolated from African green monkey kidney cell cul-

tures 
RIKV (rabbits) 
K (mice) 
SA12 (baboons) 

103 
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Figure 27. An electron micrograph of virions of human wart virus (x 60,000) 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

Papova stands for: Papilloma, Polyoma, Vacuolating agent (early name for 
SV40). 

The host cell determines the type of infection 

Polyoma viruses have a lytic replicative cycle in mouse embryo cells, mouse 
kidney cells, and 3T3 cell cultures of mouse origin. 

SV 40 virus lytically replicates in African green monkey kidney cultures or 
lines derived from monkey kidney cells like ESC-I, CV-I, or Vero cells. 
Other cells are not permissive for these viruses. 

The organization of the viral DNA 

The viral genome is a circular DNA molecule of 5 x 106 daltons in papilloma 
viruses and 3 x 106 daltons in polyomaviruses. The naked viral DNA genome 
is infectious and transforming for cells. 

Simian Virus 40 

Molecular conformation of viral DNA 

Extraction of viral DNA from SV40 Vlflons and centrifugation in neutral 
sucrose gradients revealed that the intact double-stranded DNA molecules are 
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superhelical with a sedimentation coefficient of 21 S. Each Form I DNA 
molecule has 19 helical turns. Form II viral DNA consists of nicked relaxed 
circular DNA molecules with a sedimentation coefficient of 16 S. Linear dou­
ble-stranded DNA molecules can also be extracted from virions. These are 
fragments of cellular DNA that were introduced into the viral capsids 
(pseudovirions) and have a sedimentation coefficient of 11-15 S. The circular 
viral DNA molecule has a molecular weight of 3.2-3.6 X 106 and contains 
4,800-5,500 nucleotide pairs that can code for proteins with a total molecular 
weight of 160,000-180,000. The G + C content in the viral DNA is 41 %, 
close to that of the cellular DNA. 

It is possible to separate Forms I and II of SV40 DNA by treatment with 
ethidium bromide, which is able to intercalate with the two DNA forms in 
different amounts. Since the supercoil in Form I DNA binds more ethidium 
bromide, the density is increased and the two types of molecules can be sepa­
rated in density gradients (Levine et al. 1976). 

Strand separation and 5' ~ 3' orientation in the DNA strands 

It is possible to separate the two strands of the circular viral DNA by hybridi­
zation of the denatured DNA strands to mRNA transcribed by E. coli RNA 
polymerase that transcribes RNA from one DNA strand only. The DNA 
strand that hybridizes to mRNA is called the minus strand or the E (early) 
strand. The viral DNA strand that does not hybridize to this viral RNA is the 
plus strand or the L (late) strand. The E strand codes for the early viral mRNA, 
while the L strand codes for the late viral mRNA. The RNA:DNA hybrid 
molecules can be separated from the L strand by chromatography on hydrox­
ylapatite columns that separate between double-stranded and single-stranded 
molecules. Alkali treatment of the RNA-DNA hybrids allows for isolation of 
the E strand of the DNA after the degradation of the RNA. 

To determine the orientation of the nucleotides in each of the two viral 
strands, the circular double-stranded DNA molecules are cleaved with EcoRI 
to yield linear molecules. This DNA is incubated with the reverse transcriptase 
enzyme that attaches a radioactive e2P-Iabeled) nucleotide to the 3' end of the 
DNA molecule. The DNA is then cleaved with the restriction enzyme Hpal 
into four fragments that are separated by electrophoresis in agarose gels. The 
fragments are denatured and hybridized to E. coli polymerase synthesized viral 
RNA. It was found that the radioactive nucleotide was introduced at the ends 
of the minus strand, which codes for early mRNA. It was concluded that the 
nucleotides in the minus (E) strands are arranged clockwise from 5' to 3', and 
the plus (L) strand is oriented from 3' to 5'. 

Mapping of S V40 DNA with bacterial restriction enzymes 

Kelly and Nathans (1977) utilized bacterial restriction enzymes to map SV 40 
DNA. The single EcoRI site was used as the zero point of the physical map of 
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4000 SV 40 

Figure 28. The cleavage sites of restriction enzymes on SV40 DNA. 
(Reprinted by permission from Focus I, No.2, January/February 1978. Copyright Bethesda Research Labora­
tories, Inc., Rockville, Maryland.) 

SV40 DNA. Figure 28 shows the positions of cleavage sites of a number of 
restriction enzymes on SV40 DNA. 

The SV40 DNA genome contains 5,224 base pairs. The restriction enzymes 
HindU and HindIII cleave the DNA into 13 fragments (A to M, figure 28). The 
cleavage site for the enzyme BglI is located at 0.663 map units: at this site there 
is a 27-base-pairs palindrome near which the initiation site for DNA synthesis 
is located. DNA synthesis starts at 0.67 map units, continues bidirectionally, 
and terminates at 0.17 map units. The viral DNA is divided into the early 
region between 0.67 and 0.17 map units in a counterclockwise direction. This 
sequence codes for both the T and t antigens. The second half of the DNA 
which codes for the late viral functions is arranged in a clockwise orientation to 
produce structural proteins VPj, VP2, and VP3, as shown in figure 29. 
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Figure 29. Standard physical map of SV 40 DNA and localization of the main biological func­
tions. The single cleavage site of the restriction enzyme EcoRI is used as a reference point for the 
physical map (inner circle). The next circle shows the position of the HindII and III restriction 
fragments A to M. 
(Fiers et a1. 1978. Reprinted by permission from Nature 273, Fig. 1, p. 114. Copyright © 1978 Macmillan Jour­
nals Limited.) 

The nucleotide sequence in SV40 DNA 

W, Fiers and collaborators sequenced the nucleotides in the entire SV40 DNA 
molecule (figure 30). Only 15.2% of the base sequences do not code for 
proteins; the rest of the genome codes for the T and t antigens and the struc­
tural proteins, the sequence of which was also defined. 

Fiers's analysis of the SV40 DNA revealed that the t antigen is made by the 
nucleotide sequence at 0.67 to 0.55 map units on the complete early mRNA 
molecule, which spans from 0.67 to 0.15 map units. The T antigen is coded for 
by the early mRNA that has a deletion in the sequences 0.60 to 0.54 map 
units. It is assumed that the two nucleotide sequences (0.67 to 0.60 and 0.54 to 
0.15 map units) of the mRNA are spliced to each other. 

The late mRNA for VP2/VP3 starts at 0.77 and ends at 0.97 map units (in a 
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Figure 30. Nucleotide sequence of the early region. Only the strand with the same polarity as 
the early mRNA is shown (in a 5' to 3' orientation). The sequence starts at the centre of the 27-
base-pair-long palindrome at position 0.663 on the standard map (BglI site). The end is thejunc­
tion between the Hind fragments Band G. The different Hind fragments are indicated. The initi­
ation codon for t and T antigens is boxed, as are the respective termination codons. The reading 
frame for translation is indicated by dots. 
(Fiers et al. 1978. Reprinted by permission from Nature 273, Fig. 2, p. 115. Copyright © 1978 Macmillan Jour­
nals Limited.) 

clockwise direction), while the VP1 mRNA starts at 0.94 and ends at 0.17 map 
units (also in a clockwise direction). To each mRNA molecule an RNA se­
quence transcribed from the sequence between 0.72 and 0.76 map units (clock­
wise) is added. This RNA sequence is the leader nucleotide sequence that is 
spliced to the 5' end of the mRNA. The mRNA molecules that are translated 
to the VP2/VP3 structural proteins have a sedimentation coefficient of 19 S in 
sucrose gradients and the mRNA molecules for VP" 16 S. 

Thus the SV40 DNA contains one early gene that codes for the t and T 
antigens and a late gene that codes for the three viral capsid proteins. A special 
RNA leader sequence is transcribed from a distinct sequence in the DNA and is 
spliced to the mRNA molecules. 

SV40 DNA-a minichromosome 

Extraction of the virion DNA under mild conditions allows for the isolation of 
a minichromosome; the viral DNA is isolated together with his tones that are 
bound to it in the form of nucleosomes, like the nucleosomal structure of the 
cellular chromosomes. The his tones bound to viral DNA were identified as the 
cellular histones F2a" F2.2, F2b , and F3. 

When SV40 contains cellular DNA 

Consecutive passage of SV 40 at a high multiplicity of infection in African 
green monkey kidney cells (Vero cells) allows for the isolation of viruses 
containing DNA from which 13% of the viral DNA sequences were deleted 
and replaced by 7-12% of cellular DNA sequences. These viruses are defec­
tive and cannot replicate. Analysis of the DNA of these viruses revealed that 
the site for initiation of DNA synthesis was conserved (Brockman 1977). 
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Virion-associated proteins 

Three structural proteins compose the viral capsid: VPl - 43-48 X 103 daltons, 
VP2 - 30-38 X 103 daltons, and VP3 - 20-23 X 103 daltons. The cellular 
his tones bound to the viral DNA are F2al with a molecular weight oflO-12 X 

103 ; F2a2 - 12-14 X 103; F2b - 12-14 X 103; and F3 - 14-16 X 103 . 

All the structural capsid proteins are phosphorylated, and the phosphate is 
bound to the amino acid serine in the peptide chains. 

Replicative cycle of S V40 

The SV40 virions adsorb to the membrane of the host cell and are engulfed 
into the cytoplasm where the viral DNA is uncoated and transferred to the 
nucleus, the site of virus replication and assembly. 

EARLY VIRUS FUNCTIONS: EARLY TRANSCRIPTION OF VIRAL DNA. Tran­
scription of the early viral gene is initiated at 0.65 map units by the cellular 
RNA polymerase II. The transcription of the viral DNA is in a counterclock­
wise direction and 48% of the DNA is transcribed. At the 3' end of the mRNA 
molecules a poly(A) sequence is synthesized. The sedimentation coefficient of 
the early mRNA in a sucrose gradient is 19 S. 

Ts mutants were isolated in which the mutations appear in the fragments H 
(0.42 to 0.37 map units) and I (0.37 to 0.32 map units) and sometimes in the B 
fragment (figure 29). These ts mutants were classified as group A (Fiers et al. 
1978). 

The products of the A gene are the T and t antigens 

The nucleotide sequence of the gene that codes for the early viral function was 
determined by Fiers and associates (1978) and its amino acid sequence was also 
determined (figure 31). The tumor-specific (T) antigen that elicits synthesis 
of antibodies in hamsters infected with SV 40 was isolated and characterized. 
The T antigen is a protein with a molecular weight of 90,000-100,000 that is 
phosphorylated to a form that can activate the infected cell. This antigen is 
involved in the maintenance of the transformed state of the cell. It is a regula­
tory protein that controls the amount of synthesized protein by regulating the 
rate of early mRNA transcription. 

The carboxy terminal end of the T antigen was mapped in the nucleotide 
2549 in the early gene and the genetic information spans from 0.54 to 0.175 
map units (counterclockwise direction). This nucleotide sequence is enough to 
code for a polypeptide with a molecular weight of 72,000, while the T antigen 
has a molecular weight of 90,000. Mapping of the T antigen as described 
earlier and not close to the origin of transcription is based on the isolation of a 
group of nondefective deletion mutants that lacked the nucleotide sequences 
between 0.54 to 0.59 map units. These deletion mutants produce a normal T 
antigen. 
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A group of early polyoma virus mutants described by Benjamin (1972) are 
host range mutants that replicate only in cells that carry the DNA fragment 
that is complementary to the defective DNA sequence in the mutants. The 
mutated gene is thus complemented functionally in the host cell. These virus 
mutants are not capable of transforming cells, and the mutations were mapped 
in the early gene of the viral DNA in the sequence mapping between 0.54-0.59 
map units. Other virus mutants deleted in the same sequences in the viral 
DNA are also unable to transform cells. 

The protein responsible for the ability of a SV 40-transformed cell to attain 
independent growth was identified as a protein with a molecular weight of 
15,000-20,000 and was designated small t antigen (figure 29). This protein is 
not made by the mutants with the deletion in 0.59-0.54 map units. 

The large T and small t proteins have a common antigenicity. All the 
methionine-containing peptides arising from tryptic digest of t antigen appear 
in the T antigen when analyzed by two-dimensional electrophoresis. Both 
polypeptides have the same N terminus. Antigen t starts in nucleotide 80 of the 
early gene and is read until the UAA codon in position 602. This polypeptide 
has 174 amino acids and a molecular weight of 20,503. The N terminus is the 
amino acid methionine and the polypeptide contains 19 lysine residues, 8 
arginine, 14 aspartic acid, and 11 residues of glutamic acid; therefore it is a 
basic protein. It also has sulfur-containing amino acids: 10 methionine residues 
and 11 cystein residues, mainly at the end of the molecule. 

The T antigen starts in the same codon as the t antigen and is identical in 
sequence up to the middle of the sequence that codes for the t antigen. After­
ward, as a result of a splice, the mRNA continues from 0.53 map units to the 
termination codon UAA in position 2550. In the mRNA coding for the T 
antigen, the 5' side of the splice removes the termination codon that terminates 
the small t antigen mRNA. As a result, the translation of the large T mRNA 
can continue almost up to the 3' end of the molecule. The mutant dl 1001 
lacking the HindIII fragment H and I (figure 29) codes for a T antigen of 
33,000 daltons. Since HindIII fragments H and I code for a polypeptide of 
24,000 daltons, it was concluded by Fiers and associates (1978) that 300 amino 
acids are read from the HindIlI A fragment, about 100 amino acids are present 
also in the t antigen, and 188 are coded for by sequences prior to the junction 
with HindIII H fragment (0.534-0.426 map units), suggesting that translation 
continues from nucleotide 672 onward. 

T antigen is a DNA-binding protein but not a basic protein. A high proline 
concentration is present at the carboxy terminal end. The T antigen binds to 
the SV 40 DNA replication origin. Since the 5' end of the large T antigen is in 
the sequence to which it binds on the SV40 DNA, the T antigen regulates its 
own synthesis. 

The mRNAs for the T and t antigens have closely mapping or identical 5' 
and 3' termini but differ in their splicing (figure 32). The smaller of the two 
early mRNAs encodes large T. 
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Figure 31. Nucleotide sequence of the late region. Only the strand with the same polarity as 
late mRNA is shown (in a 5' to 3' orientation). The start and endpoint are the same as in fig. 30. 
The cleavage sites of HindU and III and EcoRI restriction enzymes are shown (see also figure 29). 
The presumed initiation codon for VP2, VP3, and VP\ are boxed, as well as the termination co­
dons for VP2/VP3 and for VP\. The reading frame in the translated region is indicated by dots 
(note that the last part of the VP2/VP3 gene overlaps the beginning of the VP\ gene). 
(Fiers et al. 1978. Reprinted by permission from Nature 273 0 Fig. 3, p. 116. Copyright © 1978 Macmillan Jour­
nals Limited.) 

Polyadenylation of the 3' end of early S V40 mRNA 

The polyadenylated 3' ends of late and early mRNA converge at coordinate 
0.17 and overlap (reviewed by Ziff 1980). The RNA polymerase transcribes a 
polynucleotide chain longer than the mRNA molecule which is cleaved and 
polyadenylated at the 3' end of the processed mRNA molecule (figure 32). 

Late transcription 

The transcription of the late gene starts immediately after the initiation of viral 
DNA replication that requires an active protein product of the early A gene­
namely, the large T antigen. When the synthesis of viral DNA is prevented, 
capsid proteins are not made. 

The 5' end of the late mRNA maps at the coordinate 0.72, but the exact 
position is not known. The 3' end of the mRNA maps in the junction between 
HindIII G fragment and HindIII B fragment (figure 29). 

Two major classes oflate mRNA-18 S-19 S coding for VP2 and VP3-
and 16 S coding for VP1, are made from viral RNA sequences extending from 
the cap sites to the poly(A) site synthesized in the infected nuclei. Two alterna­
tive forms of19 S mRNA differ in the splicing of the 5' leader. In VP1 mRNA, 
a larger intervening sequence is removed, and the leader is attached to the 
AUG codon which initiates VP1 translation. This AUG lies within the VP2 
gene, but the VP1 and VP2 gene sequences that overlap are read in different 
reading frames. The VP3 mRNA is not fully characterized but overlaps VP2 
mRNA and uses an internal AUG codon of VP2 for initiation of translation 
(reviewed by Ziff 1980; figure 32). 
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Transcription of polyoma virus DNA 

Transcription of the early region of polyoma virus DNA resembles that of 
SV40. The transcripts are spliced similarly to those of SV40 early mRNA to 
produce the large T and small t antigens. Polyoma encodes a third early 
protein with a molecular weight of55,000 which has an amino terminal similar 
to that oflarge T and small t (mol. wt. 100,000 and 22,000, respectively), but a 
different carboxy terminus. The splice removes the terminating sequence of 
the small t antigen, using a reading frame different from that of the large T 
antigen. As a result, the peptide is terminated prior to the 3' end and is 
therefore designated as intermediate (or middle) T antigen (figure 33). The 
middle and possibly small t antigens are important for transformation but not 
the large T antigen (Novak et al. 1980). 

The late region of the viral DNA contains three genes for the three structural 
capsid proteins VP1, VP2, and VP3 which were mapped by using ts mutants. 
All the tryptic pep tides of VP3 were found in VP2. Since deletion mutants at 
the beginning of VP2 do not affect the size of VP3, it was concluded that the 
VP3 initiates within the VP2 gene and is read in the same reading frame. The 
VP2 gene starts in nucleotide 543, VP3 in nucleotide 897, and they are read in a 
clockwise direction until the termination codon UAA is in position 1599. The 
molecular weight ofVP2 is 38,533 and VP3 weighs 26,967. These two genes 
have a 122 nucleotide sequence identical with VPl (see figure 33) (Ziff 1980). 
During the lytic infection the amount of late mRNA in the cytoplasm and 
nucleus is 10-20 times the amount of early mRNA. It is possible to separate 
the 16 Slate mRNA that codes for VP2 and VP3 and the 19 S RNA that codes 
for VP3. 

Figure 32. SV40 messenger RNAs. A, Messenger RNA map. The 5' termini ofSV40 mRNAs 
map near the origin of DNA replication (ORI). ORI contains an inverted repeat palindrome cen­
tred on the Bgli restriction endonuclease cleavage site. Early mRNA species are transcribed anti­
clockwise on this map, and late clockwise. The polyadenylated 3' ends of early and late mRNAs 
overlap. Two early mRNAs, which differ in the positions of their internal splices, encode, re­
spectively, the SV40 tumour antigens small t and large T, which are amino co-terminal. The T 
mRNA lacks the translational terminator sequence for the t protein and T translation continues 
essentially to the 3' end of the mRNA. Late mRNA species encode the structural proteins VPl, 
VP2 and VP3. VP2 and VP3 are carboxy co-terminal, and both differ from VPl. A single DNA 
sequence, however, encodes the amino terminus of VPl and the carboxy terminus of VP2 and 
VP3, but two ditferent reading frames are used. The leaders spliced to the coding regions of the 
late mRNAs are heterogeneous, with multiple 5' termini. The VP3 splicing pattern is not well 
established. The effects of DNA deletions, the presence of a SV40 associated small RNA (SAS 
RNA) and possible functions of the proline-rich carboxy terminus ofT are discussed in the text. 
B, Pathway of synthesis of SV40 late mRNAs. Newly formed late nuclear transcripts are mole­
cules which extend from the cap site(s) beyond the poly(A) site, but are shorter than the full 
length of the genome. These primary transcripts are apparently cleaved and polyadenylated at 
the poly(A) site to yield unspliced molecules with the 5' and 3' ends of mature mRNA. As with 
Ad-2 late mRNAs (Fig. 23), multiple pathways exist for splicing this precursor to allow synthe­
sis of a family of 3' -co-terminal mRNAs. In the example given here, the alternatives of splicing 
the leader adjacent to either the VP2 or the VPl coding sequences are shown. The cistron closest 
to the cap is translated. 
(ZiffI980. Reprinted by permission from Nature 287, Fig. 2, p. 494. Copyright © 1980 Macmillan Journals 
Limited.) 
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Figure 33. Polyoma messenger RNAs. A, Messenger RNA map. As with SV40 (figure 32), the 
5' termini of polyoma mRNAs map near the origin of DNA replication (OR!). The sequence of 
the OR! contains an inverted repeat palindrome which overlaps the junction of fragments 3 and 
5 from Hpall restriction endonuclease digests of polyoma DNA. Early mRNAs are from anti­
clockwise transcripts, and late from clockwise transcripts. Polyoma synthesizes three early 
mRNA species which encode the tumour antigens small t, large T, and middle T. Although the 
exact splice points for the early mRNAs have not been determined, the t and T messengers have 
splicing patterns comparable to those of the equivalent SV40 mRNAs. With the mRNA for T, 

splicing allows translation to continue beyond the t gene. Translation enters the region encoding 
T, however, in a second out of phase reading frame generating a novel carboxy-terminal se­
quence for T. The arrangement of coding sequences in the polyoma late messengers is analogous 
to those ofSV40 (see figure 32) and the polyoma mRNAs also have heterogeneous capped 5' ter­
mini (not shown). The 5' leader, however, contains a novel tandemly reiterated sequence. B, 
Polyoma VP1 mRNA synthesis. At the late stage of infection, polyoma polyadenylated nuclear 
RNAs are large molecules encoded by polymerases which make several transits of the circular 
genome. These polymerases can transcribe the late poly(A) acceptor sequence without addition 
of poly(A), on one transit, but use the poly(A) acceptor sequence on a subsequent pass (compare 
with late Ad-2 in Fig. 23). It is not established whether this 3' end is formed by RNA cleavage. 
The mature mRNA contains a 5' leader with tandem repeats (11) 12 , 13) ofa sequence that exists 
only once in the genome. The reiteration results from the splicing together of each occurrence of 
this sequence within the giant polyadenylated RNA and joining the repeated structure to the 
VPl (shown here), VP2 or VP3 coding sequences. 
(Ziff 1980. Reprinted by permission from Nature 287, Fig. 3, p. 496. Copyright © 1980 Macmillan Journals 
Limited.) 
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B 

L3 --

Figure 34. Replicative intermediate ofSV40 DNA (A) electron micrograph, (B) drawing of the 
replicating DNA molecule. 
(Sebring et a1. 1971. Reprinted by permission from]. Viral. 8, Fig. 4, p. 483.) 

Synthesis of viral DNA 

The initiation sequence for DNA replication is mapped in 0.67 map units and 
contains 27 base pairs which form a palindrome. The synthesis of viral DNA is 
semiconservative and bidirectional. Two replication forks move along the 
DNA until they reach position 0.17 map unit. The initiation of DNA synthesis 
is done by the binding of a cellular protein, the synthesis of which is induced in 
the infected cell by SV 40 infection or the Tort antigens. The synthesis of the 
viral DNA is carried out by a cellular a-DNA polymerase. To allow repli­
cation, the superhelical viral DNA must uncoil and attain afterward the origi­
nal conformation. An enzyme is present in the infected cell that can nick the 
Form I DNA to Form II. This enzyme has a molecular weight of 70,000-
90,000, and on incubation with SV40 DNA Form I, it is possible to obtain by 
electrophoresis in agarose 20 molecular forms, relative to the number of super­
coils opened by the enzyme, leading to the conclusion that SV40 DNA has 20 
coils (figure 34) (Sebring et al. 1971). The time required for SV40 DNA 
synthesis was calculated to range from 5 to 25 min. 

Replication complexes of the viral DNA were isolated from the nuclei of 
infected cells and were found to be able to continue DNA synthesis under in 
vitro conditions (Su and DePamphilis 1976). Initiation of DNA synthesis does 
not occur under in vitro conditions. 

Effect of S V40 infection on cellular DNA synthesis 

After the synthesis of the early viral proteins in the infected cell, the enzymatic 
system involved in cellular DNA synthesis is stimulated, and the synthesis of 
host chromosomal DNA occurs at the same time as the biosynthesis of viral 
DNA. 

Transformation of cells by S V40 

THE TRANSFORMATION MECHANISM. The circular viral DNA was found to 
be capable of integrating into the chromosomal DNA of the host cell. As a 
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result of this DNA recombination process, the infected cell undergoes trans­
formation. In the transformed cell, the viral T and t antigens are expressed 
(Martin and Khoury 1976). 

Chromosome 7 of human cells contains the site for SV 40 DNA integration. 
The integrated SV40 DNA in chromosome 7 DNA codes for the viral T and t 
antigens. Chromosome 7 also contains the gene that codes for the tumor 
specific transplantation antigen (TST A), a cellular antigen that appears on the 
surface membrane of the transformed cell. This antigen is an expression of a 
cellular gene that functions as the result of transformation of the cell by SV 40. 
Chromosome 17 contains a second site for SV 40 DNA integration (see chapter 
4). 

Release oj S V 40 from transjormed cells by jUsioll with permissive cells 

The virus was rescued from transformed cells that do not produce virus after 
fusion of the transformed cell with a permissive cell. In the resulting hetero­
karyons, the viral DNA is transferred from the nucleus of the transformed cell 
to the nucleus of the permissive cell where it replicates. 

SV40 mutants 

TS MUTANTS. Treatment of virus-infected cells with mutagens like nitric 
acid, hydroxylamine, or nitrosoguanidine leads to the isolation of many ts 
mutants: (1) mutation in the gene A (tsA); (2) mutants in late function. 

Three groups of mutants (A to C) were identified that complement each 
other when the cells are infected with two mutants of the different groups. 
Another group of mutants (D) was described that cannot complement mutants 
from groups A to C. When the viral DNA is isolated from virions of different 
ts mutant groups and used for infection of cells, the virus replication is not 
sensitive to temperature. It is possible that one of the DNA-binding proteins is 
the product of the mutated gene (reviewed by Kelly and N athans 1977). 

Mapping oj mutatiolls with fragments oj viral DNA 

Lai and Nathans (1974) used restriction enzymes to generate viral DNA frag­
ments for complementation of ts mutants. The fragment of the DNA that 
complements the lesion in the mutant DNA allows virus replication. This 
technique preceded the sequence analysis of SV 40 DNA done by Fiers and 
collaborators. 

PROPERTIES OF HUMAN PAPOVAVIRUSES 

A human disease of the central nervous system (CNS) associated with poly­
omaviruses is progressive multifocalleukoencephalopathy (PML), which with 
focal demyelination associated with oligodendrocytes, is fatal. Patients die 
within a year after onset. In the nuclei of the oligodendrocytes, inclusion 
bodies were seen that contained virions with the morphology of papovavi-
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ruses. Two virus strains were isolated from two patients: one in human em­
bryonic glial cells (designatedJC) and the other in cultured VERO cells from 
the African green monkey (designated BK). The two isolates have a common 
T antigen similar to that of SV 40 (Padgett and Walker 1976). 

The viruses are spread in human populations, but only 7% of people above 
the age of 15 years have antibodies to these viruses. Kidney transplants in 
patients lead to the activation of the virus, probably due to the use of cortico­
steroids or immunosuppressive drugs. It is possible that the virus resides in the 
kidney. 

JC and BK viruses are capable of transforming monkey cells in vitro. How­
ever, it is not known if these viruses are responsible for any human tumor or 
even if they are responsible for PML, although there is strong evidence that JC 
virus causes PML. 

Papilloma virus: the human wart virus 

Common warts (Verrucae vulgaris) in the skin of humans, as well as the 
genital warts (Condylomata acuminata) are caused by a human papovavirus 
(zur Hausen 1977). Eight distinct types of human papilloma viruses as desig­
nated by H. zur Hausen are as follows: 

HPV-l causes mainly plantars' warts. 
HPV-2 causes mainly hand warts. 
HPV -3 causes mainly juvenile flat warts (epidermodysplasia verruciformis). 
HPV-4 causes mainly mosaic warts. 
HPV -5 and HPV -8 cause warts with malignant conversion. 
HPV-6 causes Condyloma acuminata, genital type. 
HPV-7 causes mainly butcher warts. 
Laryngeal papilloma is unidentified. 

The viral DNA does not integrate into the cell DNA in the basal layer of the 
skin. The virus appears in keratinized cells on the surface of the wart. Inside 
the warts, the cells are proliferating while synthesizing the viral DNA without 
expressing the late viral genes. The structural genes are expressed only when 
the cells start to synthesize keratin, as a stage in their differentiation process. 

The virus causing the genital warts is transmitted sexually. The warts tend 
to disappear spontaneously. 

Laryngeal papillomas have been seen in children and adults. Sometimes they 
attain a large form or disappear spontaneously. 

Organization o/the DNA genome 

The viral DNA is circular and double-stranded. Form I of the DNA is super­
coiled and Form II DNA is circular with a nick in one strand. Form III DNA is 
linear. The molecular weight of the viral DNA is 4-9 X 106 daltons. 
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Viral proteins 

The major capsid protein has a molecular weight of 63,000 to 53,000. The 
his tones F2,1, F2,2, F2b, and F3 are also present in the virions. 

Animal warts 

The wart viruses are spread among rabbits, hamsters, sheep, goats, cattle, 
horses, dogs, and monkeys. 

Bovine papillomavirus (BPV) 

This virus causes, in addition to skin warts, warts in the esophagus, male sex 
organ, and as a tumor of the bladder (enzootic hematuria). 

BPV transforms bovine cells and mouse cells in culture. Study of benign 
equine tumors revealed the presence of 50 to 500 viral DNA equivalents in 
each diploid set of chromosomes. 

The benign esophageal warts can become malignant in cattle, possibly due 
to consumption of the plant Peridiurn aquilitlUrne that was found to contain a 
carcinogenic toxin. 
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10. HEPATITIS B VIRUS 

AUSTRALIA ANTIGEN AND ITS CONNECTION WITH HEPATITIS B VIRUS 

The study by B.S. Blumberg on the polymorphism of human antigens led to 
the discovery in 1964 of the viral cause of hepatitis, a disease of the liver in 
humans (Blumberg 1977). The experimental approach used by Blumberg was 
to search for antibodies to antigens in the peripheral blood of patients who had 
received a large number of blood transfusions. He looked for antibodies pro­
duced against unique antigens in the blood of the donors that would differ 
from the blood group antigens, which are always matched with that of the 
recipient. In this study, sera from individuals all over the world-from the 
Eskimos in the north of Alaska to the aborigines in Australia-were tested. A 
hemophiliac in New York who had received many blood transfusions was 
found to have antibodies in his serum that gave a precipitation line in the 
Ouchtherlony test with an antigen present in the serum of an Australian 
aborigine. For this reason, the antigen was designated Australia (Au) antigen. 
Studies of sera received from hospitalized children with Down's syndrome 
(mongoloidism) revealed that one of the children who initially lacked anti­
bodies to Au antigen subsequently developed such antibodies after being ill 
with hepatitis. Thus a correlation between active hepatitis and antibodies to Au 
antigen was made. In 1967, the chief technician in Blumberg's laboratory, 
while working on the purification of the antigen, developed hepatitis. Anti­
bodies in her serum gave a precipitation like with Au antigen, and for the first 
time hepatitis was diagnosed with the help of an antigen. Shortly thereafter, it 
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was concluded that transfusion of blood containing Au antigen results in infec­
tion of the patient with hepatitis virus. Since 1969, every blood donation used 
in the USA for transfusion must be tested for Au antigen, and the positive 
blood samples are discarded. The Au antigen, also called the hepatitis­
associated antigen (HAA) or SH-antigen, was subsequently found to be the 
surface antigen, HBsAg, of hepatitis B virus (HBV). 

Two other hepatitis viruses are known: hepatitis A virus, which is an en­
terovirus, and the non A-non B hepatitis virus, which is unclassified. 

Electron microscopy of serum samples from patients with hepatitis B re­
vealed four types of virus particles: 

1. Round particles with a diameter of 15 to 25 nm (20 nm average) that were 
subsequently found to have a density of 1.20-1.22 g/ml. Negative staining 
revealed striations in the particles 3 nm apart. The HBsAg was found to be 
located on the surface of the particles. When precipitin lines of Au antigen 
(HBsAg) and antibodies that formed in the agar in the Ouchtherlony test 
were examined by electron microscopy, only 22 nm particles were found. 

2. Filamentous particles 22 X 200 nm in size which contain HBsAg on the 
surface. 

3. Particles that contain the small surface antigen. These particles, present in 
HBsAg positive sera, have a density of 1.29 g/ml and a sedimentation 
coefficient of 12 S. These particles are present in sera of chronic carriers of 
the virus and cause in-utero infection of the fetus. 

4. The Dane particles. These have a diameter of 42 nm, an outer cover 7 nm in 
diameter, and an electron dense center of 28 nm, and are probably the 
whole infectious virus particles (Robinson 1977). HBsAg is located on the 
surface of the Dane particle. Aggregates of Dane particles are found in 
the sera of patients. Linear DNA molecules are associated with these par­
ticles. 

The core of the Dane particles contains a circular DNA molecule 0.78 ± 
0.09 nm and a DNA polymerase molecule. In vitro incubation of the viral 
DNA enzyme complex with the four deoxyribonucleoside triphosphates re­
sults in the synthesis of DNA in the form of a linear molecule attached to 
circular viral DNA. 

The 28 nm cores containing the core antigen, HBcAg, can be found without 
the outer cover in liver tissue obtained from humans and monkeys with 
hepatitis. Two proteins with molecular weights of 35,000 and 17,000 were 
found to be associated with the HBcAg. 

Antigenic determinants 

The composition of the HBsAg present on the surface of the particles is com­
plex and a number of antigens were revealed: 

A group-specific antigen, designated a, is common to all sera positive for 
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HBsAg. The particles carry two pairs of antigenic subdeterminants that are 
type-specific designated d or y and w or r. The determinants d and yare not 
present in the same serum. A similar situation exists with wand r antigens. 

Four antigenic subtypes were identified: adw, ayw, adr, and ayr. These anti­
genic subtypes are distributed around the world. 

Antigen e, which is part of the Dane particle, is found in sera of patients who 
are positive for HBsAg. 

HBsAg from patients' sera 

Purified HBsAg contains particles with a diameter of 20 nm composed of 
proteins, polysaccharides, and lipids. The lipid composition in this antigen is 
identical to the lipid composition in enveloped virions. Analysis of the proteins 
revealed the presence of 6 to 9 polypeptides with molecular weights ranging 
from 97,000 to 23,000, of which two or three are glycoproteins. 

Injection of this antigen into rabbits induces the production of antibodies 
against the group antigen (anti-HBsla) and against the unique antigen (anti­
HBsid or y). Recently, peptides were isolated from preparations containing 
HBsAgl adw and HBsAgl ayw. The use of purified polypeptides for immuniza­
tion led to the production of antibodies to either d or y. 

Properties of the Dane particle DNA 

Two species of DNA molecules were isolated from these particles: 

1. Linear DNA molecules, 0.5 to 12 nm in length, associated with the particle, 
but sensitive to treatment with the enzyme DNase I. The source of these 
DNA molecules is not known. 

2. In the core of the Dane particle a circular DNA molecule 0.78 ± 0.9 nm 
equivalent to 1.6 X 106 daltons, is found (Robinson 1977). The total genetic 
information in the viral DNA is enough to code for a polypeptide of 
100,000 daltons. The total molecular weight of the proteins that constitute 
the Dane particle ranges from 320,000 to 490,000. Thus the viral DNA does 
not contain enough DNA to code for all the proteins of the Dane particle; a 
new mechanism for the synthesis of the viral proteins, still unknown, may 
exist. 

In vitro incubation of the Dane particle cores that contain the viral DNA 
polymerase complex allows synthesis of double-stranded DNA under suitable 
in vitro conditions. These DNA molecules are synthesized by a mechanism 
resembling the rolling circle mechanism of DNA synthesis. 

Analysis of Dane particle DNA with restriction enzymes showed that it is 
composed of two single-stranded DNA molecules, both of which are incom­
plete. One single-stranded molecule is closed circular DNA containing 3,200 
nucleotides, and the second, a complementary DNA strand, only 1,600 to 
2,800 nucleotides. Under in vitro conditions, the cores synthesize complete 
circular double-stranded DNA. 
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Figure 35. Hepatitis B virus surface antigen gene (shaded area) introduced into the plasmid 
PHBV-3200 of E. coli. 
(Valenzuela et aJ. 1979. Reprinted by permission from Nature 280, Fig. 2, p. 816. Copyright © 1979 Macmil­
Ian Journals Limited.) 

The circular DNA strand can be labeled by the nick-translation procedure, 
and after cleavage with the restriction enzyme HaeIII (Haemophilus aegyp­
ticus), the DNA was found to contain 3,880 base pairs. Two additional DNA 
fragments were discovered after labeling the DNA with 32p and therefore the 
number of base pairs in the viral DNA must be no less than 4,910. The gene 
for the surface antigen (HBsAg) has been cloned in a bacterial plasmid (figure 
35); thus the viral antigen can be produced by bacterial cells (Valenzuela et al. 
1979). 

HBsAg is expressed in mammalian cells and bacteria 
using plasmids with cloned hepatitis B virus DNA 

Cloning of the viral DNA in plasmids made it possible to study viral DNA 
expression. Mouse L cells (TK -) transformed by a plasmid containing both 
the HSV-1 thymidine kinase gene and two copies of the HBV genome yielded 
HBsAg particles of22 nm. These particles possessed the same characteristics as 
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the human serum particles and were found to produce antibodies to human 
HBsAg in mice (Dubois et al. 1980). 

Viral antigens in liver biopsies 

With fluorescent antibodies it was possible to identify the viral antigens present 
in liver biopsies from persistently infected humans and chimpanzees. Most of 
the cells have HBsAg in the cytoplasm, some contain HBcAg in the nuclei, 
and a few have both antigens. The number of infected cells in a liver biopsy 
ranges from 1 to 100%. All chronic carriers of the virus have Dane particles in 
their peripheral blood, and many liver cells contain HBcAg. 

VACCINATION. HBsAg isolated from the sera of patients was used as an 
antigen for immunization since this antigen elicits an antibody response in 
immunized individuals (Buynak et al. 1976). 

A formalin-inactivated preparation of purified 20 nm HBsAg particles ad­
sorbed onto an alum adjuvant (prepared by the Merck Institute for Therapeu­
tic Research) was used to immunize humans. Children responded well to the 
vaccine. Among healthy adults, 95% became positive after three injections 
(C.E. Stevens and W. Szmuness, Abstracts of the Fifth International Congress 
of Virology, 1981, p. 180). 

Thirteen pep tides corresponding to the amino acid sequences predicted from 
the nucleotide sequence of the HBsAg were synthesized chemically and in­
jected into rabbits. Four of the six soluble pep tides that ranged in size from 10 
to 34 residues elicited antibodies in the rabbits and these reacted with the native 
HBsAg molecule (Lerner et al. 1981). These proteins hold promise for vaccine 
production in the future. 

Hepatitis B infection of humans 

The hepatitis virus affects the liver hepatocytes leading to: 

1. Acute hepatitis that develops into chronic hepatitis and production of anti­
bodies to HBsAg. 

2. Acute hepatitis with full recovery. Sera contain HBsAg and antibodies to 
HBsAg. 

3. Chronic hepatitis: HBsAg and anti-HBc antibodies are constantly present. 
4. Carrier state: HBsAg and anti-HBc antibodies are constantly present. 
5. HBsAg is found in immunodeficient patients. 
6. Some patients have serum HBs antibodies without HBsAg. 
7. Patients with complexes of antigen-antibody in the serum. 

Patients who develop antibodies to HBsAg are capable of rejecting a kidney 
transplant when the HLA histocompatibility match is not maximal. 

MODE OF INFECTION. The disease is transmitted by infusion of blood con­
taining HBsAg. The virus is released in the feces and can infect seronegatives 
through the respiratory tract or alimentary canal. The virus might also be 
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transmitted by insects such as mosquitoes and bedbugs. It was estimated in the 
United States that one million people are carriers ofHBV. Those who have the 
viral antigen are also capable of transmitting the virus. It is possible that 
children may be infected by the virus in-utero (Schweitzer 1975). 

Bedbugs were found to mechanically transmit hepatitis B virus to humans 
in South Africa. 

Primary hepatic carcinoma and HBV: integrated viral DNA and viral mRNA 

In different parts of the world, patients with liver carcinoma have antibodies to 
HBsAg and to HBcAg; this led to the idea that HBV may be the cause. The 
viral DNA was found to be integrated into the DNA of the hepatoma cell, 
which is further evidence that HBV may be involved in carcinogenesis in 
humans. A cell line developed from a primary hepatocellular carcinoma in a 
male from Mozambique, who had serum positive for HBsAg, produces 
HBsAg in vitro (McNab et al. 1976). The cells were found to contain inte­
grated HBV DNA sequences (Marion et al. 1979; Brechot et al. 1980; Edman 
et al. 1980). In these cells, three specific virus-coded mRNA species were 
identified: two were poly(A +) (21.5 Sand 19.5 S), and one was poly(A -) (27 
S) and is larger than the full-length Dane particle DNA, possibly due to 
cotranscription of the integrated viral DNA and flanking cellular DNA 
(Chakraborty et al. 1980). 

Hepatitis in animals 

WOODCHUCK HEPATITIS. A virus similar to human HBV causes hepatitis 
and hepatomas in woodchucks (Summers et al. 1978). A high incidence of 
hepatomas in a woodchuck colony in the Philadelphia zoo led to the discovery 
of this virus which shares many characteristics with human HBV. Cross­
serological reactions between the surface and core antigens of these two viruses 
were demonstrated. The woodchuck hepatitis virus could be a good model for 
studies on human hepatitis and hepatocellular carcinoma. 

Hepatitis in primates 

Nonhuman primates and chimpanzees can transmit hepatitis to man, and mar­
mosets can be infected with hepatitis A virus (Deinhardt 1976). 
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B. SINGLE-STRANDED DNA VIRUSES 



11. PARVOVIRUSES 

FAMILY PARVOVIRIDAE 

These viruses were found to be associated with adenovirus infected cells. The 
virions (figure 36) are made up of a nonenveloped isometric capsid with a 
diameter of 18-26 nm, with icosahedral symmetry, containing 32 capsomeres 
each with a diameter of 3-4 nm. The DNA genome is single-stranded with a 
molecular weight ranging from 1.5-2.2 X 106 and constitutes 20-25% of the 
virion weight. Half of the virions contain the DNA + strand and the other half 
the DNA - strand. Cellular functions and a helper virus are required for virus 
replication to take place in the nucleus of the infected cell. 

Genus ParvovirU5 

Latent rat virus (Kilham virus). 
Rodent viruses: MVM, RT, LuIII, TVX, X14, H-1. 
There are bovine, porcine, canine, feline panleukopemia, and goose hepatitis 

parvoviruses. These viruses are competent without a helper virus, and the 
virions contain DNA - strands only. 

Genus adeno-associated virus 

Human and simian adeno-associated virus (AA V) types 1, 2, 3, and 4. 
Bovine adeno-associated virus AA V 7. 
Avian AAV (AAAV). 
Mature virions contain either DNA + or DNA - strands. Replication is depen­

dent on a helper virus. 
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Figure 36. Electron micrograph of parvovirus particles which require adenovirus (large parti­
cles) for replication. 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

Genus DeHsoviYU5 

Genus densoviruses are insect viruses that multiply in tissues of larvae, 
nymphs, and adults without helper virus. DNA + and DNA - strands are 
present in the virions. 

Molecular aspects of virus replication differs 
according to dependency on adenovirus 

Active, nondefective payvoviyuses (e.g., 1'vfVA1, RV, H-l) 

The viral capsid is resistant to chloroform and ether since it does not contain 
lipids. 

The linear single-stranded DNA molecules have molecular weights of 1.5, 
1.6, and 1. 7 X 106 . The viral genome is a noninfectious DNA - strand. 

Three proteins were identified in the viral capsid. In different viruses, the 
molecular weights of the proteins vary: in RV virus, protein A is 72,000; B is 
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62,000; and C is 55,000 daltons. In MVM strain, protein A is 92,000; B is 
72,000; and C is 69,000 daltons (Clinton and Hayashi 1976). 

The total molecular weight of the structural proteins is 233,000, which is 
about three times the amount of genetic information encoded in the viral 
DNA. Since it was found that the three polypeptides have a similar organiza­
tion, it was concluded that the three proteins are cleavage products of a precur­
sor polypeptide coded by one gene. One species of viral mRNA of 9 x 105 

daltons is translated into the structural proteins. 

DNA polymerase in virions 

A DNA polymerase was found in RV but not in H-l virus. The properties of 
this enzyme are not known. 

Life cycle of an active nondefective virus 

The virus replicates in the host cell during the S phase. The particles are 
adsorbed to the cell membrane, uncoated in the cytoplasm, and replicated in 
the nucleus. The synthesis of viral DNA starts 8-10 hr after infection and 
continues until 23 hr postinfection. Two to four hr elapse from the replication 
of the viral DNA until the first virion progeny appear. 

The single-stranded DNA that enters the cells is transformed into linear 
double-stranded DNA which constitutes the replicative form (RF) of the viral 
DNA (Singer and Rhode 1977). DNA synthesis most probably occurs by a 
mechanism of hairpin duplex formation (Tattersall and Ward 1976). 

The viral mRNA molecules are transcribed from the double-stranded DNA 
and are transported from the nucleus to the cytoplasm, the site of protein 
synthesis. Treatment of infected cells with n-amanitin that inhibits the cellular 
RNA polymerase II of the host cell inhibited the synthesis of the nuclear viral 
antigen but did not prevent the synthesis of the cytoplasmic antigen. 

Effect of the virus on the host cell 

Viruses like RV and MVM effectively inhibit mitosis in the infected cells. 

Life cycle of adeno-associated defective virus 

The viral DNA 
Two classes of virions are p'roduced: Half contain DNA + and half contain 
DNA - molecules. It is pos~ible to infect cells with the virus in'the presence of 
5-bromodeoxyuridine (BUdR). BUdR is incorporated into the viral DNA and 
replaces 70-80% of the thymidines. Centrifugation of the progeny viral DNA 
in CsCI density gradients revealed that one viral DNA strand has a density of 
1. 830 g/ ml, while the second is lighter, with a density of 1. 798 g/ ml. The 
denser DNA is the minus strand. Circular DNA molecules were rarely seen 
among the linear viral DNA molecules extracted from the virions by osmotic 
shock. The viral DNA is infectious, provided the cells are infected with 
adenovirus. The plus and minus DNA strands have complementary sequences 
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in the molecular ends. By self-annealing, circular DNA molecules are formed 
(Rhode 1977). 

The DNAs of AAV-1, 2, and 3 are homologous to each other. No genetic 
resemblance exists between AA V and the adenoviruses or herpes viruses that 
serve as helpers for its replication. 

Dependency of AA Von a helper virus 

AA V replicates and produces virus progeny only in adenovirus infected cells 
(Hoggan 1970). HSV can only partially replace adenovirus, but in HSV-1 
infected cells the viral DNA replicates, the nuclear antigen and empty capsids 
are made in the nuclei, but infectious virions are not made. Other herpesvi­
ruses, like bovine rhinotracheitis, EBV, cytomegalovirus, varicella zoster, and 
herpesvirus saimiri can serve as helpers for AA V. 

Infection of cells with AA V 

The adsorption and penetration of AA virions into infected cells do not require 
the presence of the helper adenovirus. The latent period of the infectious cycle 
is 17 hr, followed by a 12-15 hr period of viral DNA synthesis. The amount of 
AAV virions in the infected cells is 1O-1,000-fold higher than the number of 
adeno virions synthesized in the infected cells. Each cell of the African green 
monkey kidney line produces 2-4 X 105 genomes of AA V -2. 

The role of the helper adenovirus 

The initiation of mRNA synthesis on the AAV DNA is dependent on the 
synthesis of adenovirus mRNA which starts 2-3 hr after infection with 
adenovirus. Infection of adenovirus infected cells with AA V 10 hr after the 
first infection shortens the lag between the synthesis of AAV mRNA and AAV 
DNA replication. 

Synthesis of AA V mRNA 

The mRNA synthesized in AAV-2 infected cells (coinfected with adenovirus-2 
or HSV-1) has a molecular weight of 9 X 105 and hybridizes to the DNA 
strand of AA V DNA. The AAV mRNA present in infected nuclei ofKB cells 
or in the polyribosomes has a sedimentation coefficient of 19-20 S, corre­
sponding to 70% of the viral DNA genome. 

Viral proteins 

Three viral proteins are made in infected cells: protein A 87,000; protein B 
73,000; and protein C 62,000 daltons. 

Association of the virus with disease 

These viruses were isolated from children suffering from an adenovirus infec­
tion (Blacklow et al. 1967; 1968). The nature of association between the two 
viruses as far as the disease is concerned is not known. 
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12. DOUBLE-STRANDED RNA VIRUSES MADE FROM 
SINGLE-STRANDED RNA: REOVIRUSES 

FAMILY REOVIRIDAE 

These include Reo-, Orbi- and Rota-viruses. The virus (no lipoprotein en­
velope) has an isometric capsid 60-80 nm in diameter made of two layers of 
capsomeres and arranged in icosahedral symmetry. The virions contain the 
RNA-dependent RNA polymerase and a double-stranded RNA genome frag­
mented into ten pieces, each containing one viral gene. The total molecular 
weight of the RNA fragments ranges from 10-16 X 106 . 

Genus Reovirus 

Human reovirus types 1, 2, and 3 (figure 37). These viruses have a common 
complement fixing antigen. 

Simian, canine, and avian reoviruses. 

Genus Orbivirus 

Virus replicates in vertebrates and in insects. The genus includes 38 VIrus 
strains. The virion has a diameter of 55-65 nm. 

Blue tongue virus. 
African horse sickness virus. 
Colorado tick fever virus. 

Genus Rotavirus (figure 38) 

Human infantile enteritis. 
Epizootic diarrhea of infant mice. 
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140 II. Virus families 

Figure 37. Electron micrograph of reovirus infected cells. Clusters of reo virions are found in the 
cell cytoplasm. 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

Nebraska calf scours. 
Pig diarrhea. 
Simian virus SA 11. 
There are also plant reoviruses (phytoreovirus and fijivirus). 

Molecular aspects of reovirus replication 

Studies on the replication of reoviruses were done mainly with reovirus 3 
which replicates in mouse L cells cultured in suspension. The virions adsorb 
and penetrate into the cells, and the outer capsid of the virion is removed in 
the uncoating process; the RNA-dependent RNA polymerase present in the 
virions is activated, and viral mRNA is synthesized. A latent period of 6 hr is 
followed by the synthesis of virus progeny that reaches a maximum after 18 
hr. At this stage, every infected cell produces 1000 PFU of the new virus 
progeny (equivalent to 20,000 virions/cell). A number of specific functions 
have been assigned to the viral hemagglutinin which plays a central role in 
virus-cell interactions (Fields et al. 1980). After entry into the host cell, the 
hemagglutinin (encoded by the Sl double-stranded RNA segment) is responsi­
ble for recognition by both humoral and cellular components of host immu­
nity. The hemagglutinin also recognizes different neural cells and is thus the 
prime determinant of the pattern of neurovirulence of the virus. 
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Figure 38. Electron micrograph of a negatively stained preparation of human rotavirus. D: 
double-shelled particles; S: single-shelled particles; E: empty capsids; i: fragment of inner shell; 
io: fragments of a combination of inner and outer shell. Inset: single-shelled particles obtained by 
treatment of the virus preparation with 100 J.Lg/ml of SDS, immediately prior to processing for 
E.M. Bars: 50 nm. 
(Esparza and Gil 1978. Reprinted by permission from Virology 91, Fig. 1, p. 143.) 

Synthesis of viral mRNA 

The ten species of dsRNA molecules that comprise the reovirus genome fall 
into three size classes: three L species (mol. wt. 2.5-2.7 X 106); three M species 
(mol. wt. 1.2-1.4 X 106); and four S species (mol. wt. 0.6-0.8 X 106) (Bel­
lamy and Joklik 1967). Each dsRNA fragment of the viral genome is trans­
cribed in its entirety into single-stranded RNA by the viral RNA-dependent 
RNA polymerase present within the viral core, forming 10 mRNA species. 
The 10 viral dsRNA fragments have the same polarity of transcription, and no 
hybrids between mRNA molecules of the different viral genes are formed. The 
viral mRNA is polyadenylated at the 3' end and is translated by the cellular 
ribosomes in the cytoplasm. The 11 reovirus-coded polypeptides that are 
known consist of three f... polypeptides coded by the three L segments; four /J­
polypeptides coded by the three M segments; and four a polypeptides coded 
by the four S segments (Both et al. 1975). The specific polypeptides encoded 
by each of the 10 segments of reovirus double-stranded RNA have been 
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identified by McCrae and Joklik (1978) using wheat germ ribosomes for 
mRNA translation in vitro. Each viral protein can be correlated by its molecu­
lar weight with the gene coding for it, as shown in figure 39. The large mRNA 
species synthesize the longer polypeptide chains. 

Synthesis of the viral double-stranded RNA molecules 

The viral mRNA species are the templates for the viral RNA. At the time of 
virion formation, the ten mRNA species are inserted into the newly made viral 
cores l after cleavage of the poly(A) sequences 1 together with the viral RNA­
dependent RNA polymerase. Inside the viral core, the RNA polymerase syn­
thesizes the RNA + complementary RNA strand for each RNA species, and the 
double-stranded RNA molecules of the genome are made. The core is coated 
with the second capsomere layer, and the mature virions are formed. 

GENUS ORBIVIRUS. These viruses resemble the members of the genus 
reovirus in their molecular properties. 

Diseases caused by members of the reovirus family 

ROTA VIRUSES. These viruses are a major cause of gastroenteritis in children. 
The virus is excreted in the feces (Esparza and Gil 1978). 
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COLORADO TICK FEVER VIRUS. Colorado tick fever virus is transmitted by 
orbivirus infected ticks. The disease is manifested by high fever, head, eye, and 
back pains, as well as leukopenia. 

REOVIRUS 1, 2, AND 3. These viruses are excreted in the feces but are not 
associated with a defined disease syndrome. 
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13. SINGLE-STRANDED RNA MINUS VIRUSES 
WITH AN INTACT GENOME: RHABDOVIRUSES 

FAMIL Y RHABDOVIRIDAE 

The virions are bullet-shaped, 130-300 nm long, and 70 nm wide with a 
lipoprotein envelope containing peplomeres that cover an elongated nucleo­
capsid with helical symmetry. The virion contains five major proteins and an 
enzyme, the RNA-dependent RNA polymerase. The RNA genome is linear 
and single-stranded, with a molecular weight of3.5-4.6 X 106. 

Genus Vesiculovirus 

Vesicular stomatitis VIruS (figure 40) replicates in vertebrates and inverte­
brates. 

Chandipura virus has been isolated from humans. 
Kern Canyon virus has been isolated from a bat. 

Genus Lyssavirus 

Rabies virus } have been isolated from humans Duvenhage virus 

Genus Sigma virus 

Drosophila U' virus is responsible for CO2 sensitivity in Drosophila. 

Plant rhabdoviruses (ungrouped). 

144 
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Figure 40. Electron micrograph of vesicular stomatitis virions in a cell section and their ribonu­
cleoprotein complexes released from damaged virions. 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

RABIES VIRUS 

The virion and its properties 

The virions have a typical rhabdovirus structure (figure 41) and are 175 nm 
long and 75 nm wide. The protein peplomeres on the envelope are capable of 
agglutinating red blood cells. Inside the virion, a single-stranded RNA 
genome is arranged in a helical nucleocapsid. 
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'. 4 

Dalton. X ld6 

Figure 42. Tentative map of the rabies genome. The target sizes of proteins N, Mt. M2, and L 
are shown assuming a genome size of 4.6 X 10" daltons. The four cistrons are thus assumed to 
terminate at 5.1 x 105,1.4 X 106,1.7 X 106, and 4.6 x 106 daltons. 
(Flamand and Delagneau, 1978. Reprinted by permission from]. Viroi. 28, Fig. 5, p. 523.) 

Table 3. Viral proteins found in rabies 

Protein Property 

G Glycoprotein 
N Nucleoprotein 

Ml Membrane protein 

M2 Membrane protein 

L Associated with trans-
criptase activity 

NS Minor nucleocapsid 
protein 

(After Sokol et al. 1971; Flamand and Delagneau 1978.) 

Molecular 
weight 
x 103 

80 
60 
45 
20 

190 

55 

Number of 
molecules 
per VIrion 

1,783 

1,713 

789 
1,661 

76 

The virions contain an RNA minus genome that is not infectious and that is 
transcribed by the RNA polymerase. This enzyme has been demonstrated in 
purified virions (Kawai 1977). The molecular weight of the RNA genome is 
4.6 X 106 and it contains four cistrons. A possible map of the rabies genome is 
presented in figure 42 (Flamand and Delagneau 1978). 

The RNA molecule is associated with a phosphorylated nucleoprotein (N) 
in the nucleocapsid which is surrounded by a viral envelope containing two 
nonglycosylated membrane proteins (Ml and M 2) and one glycoprotein (G). 
The high molecular weight L protein found in both virions and infected cells is 
probably associated with transcriptase activity (table 3). 

Infectivity of rabies virus 

The virus can infect all warm-blooded animals such as foxes, dogs, cats, bats, 
and so on. Vampire bats were found to transmit rabies virus by biting. 

Rabies in humans 

Humans are infected when they are bitten by rabid animals previously infected 
with the virus; the animals secrete rabies virus in their saliva. Symptoms are 
characterized by opisthotonic posturing, rigidity, and hydrophobia (fear of wa­
ter), followed by paralysis and death. The incubation period in humans is 
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usually several weeks or months but may be as long as a year. The closer the 
bite is to the eNS, the shorter the incubation period. The rabies virus pene­
trates from the area of the bite into a nerve and travels along axons to the brain 
where it infects nerve cells only. 

Laboratory dia);l1osis 

Touch preparations from the brain of a suspected rabid animal are stained with 
fluorescein-conjugated antibodies prepared against rabies virions. Histological 
preparations from the brain are used to identify intracytoplasmic inclusions 
(Negri bodies). Hair follicles can also be removed and stained by immuno­
fluorescence for rabies virus. A suspension of the brain is also injected into 
mice intracerebrally, and the mice are observed for three weeks. Those that die 
are autopsied (or, if no mice die, all are sacrificed and autopsied), and the 
brains are studied for the presence of Negri bodies and rabies virus antigens. 

Epidemiology of rabies 

The virus is usually present in the saliva of rabid dogs. Some rabid animals, 
however, although infected with the virus, do not have the virus in the cells of 
the salivary glands and still might die of rabies. The virus is spread to domestic 
animals by wild animals (e.g., foxes in Europe) (see chapter 1). 

Immul1izatiol1 of hrlll1allS alld animals 

Rabies virus is now grown in human diploid cells under in vitro conditions for 
the production of a vaccine after inactivation of the virus with formaldehyde 
(Wiktor et a1. 1964). Three consecutive intradermal injections of the vaccine 
produce lasting immunity. The vaccine is given to immunize individuals 
bitten by an animal suspected to be rabid (see chapter 24). A live attenuated 
virus vaccine named Kelev was developed by Kumarov for the immunization 
of dogs and cattle. 

GENUS VESICULOVIRUS 

Vesicular stomatitis virus (VSV) 

Structure of mfeaiolls B viriolls 

The virions are bullet-shaped, 180 nm long, and 65 nm wide, with one round 
end. The virion membrane covers a ribonucleocapsid that contains the viral 
RNA genome of 3.1-4.0 X 106 daltons. The ribonucleocapsid has a helical 
form with 35 ± 1 turns. A virion-associated RNA polymerase (Baltimore et 
a1. 1970) transcribes the viral RNA into five monocistronic mRNA species that 
code for the fine structural proteins of the virus (Banerjee et a1. 1977). The 
proteins N, L, and NS are associated with the viral RNA in the nucleocapsid 
that is infectious. The matrix protein (M) surrounds the nucleocapsid that is 
enclosed in an envelope into which glycoprotein molecules (G) are inserted as 
surface projections that act as a type-specific immunizing antigen (table 4). 



Table 4. The vesicular stomatitis virus proteins 

Protein 

G 

M 

N 
NS 
L 

Function 

Glycoprotein (the membrane 
peplomeres) 

Membrane protein 
Nucleocapsid 
Nucleocapsid (phosphoprotein) 
RNA polymerase 

(After Emerson 1976.) 
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Molecular 
weight 
X 103 

170 

29 
50 
40 

170 

Number of 
molecules 
per VIrIon 

2,300 
230 
60 

Additional enzyme activities found in the ribonucleoprotein core include a 
guanyltransferase, methyltransferases, and a poly(A) polymerase. 

DeJective truncated (T) virions 

Infection of cells at consecutive passage levels at a high multiplicity of infection 
leads to the appearance of interfering (or defective) virus particles (Pringle 
1975). These truncated (T) virions are shorter than the B virions (65 nm long) 
and contain only one-third of the viral RNA genome (1.2-1.3 X 106 daltons). 

Replicative cycle oj the virus 

The virion and cell membranes interact and fuse, and the nucleocapsid enters 
into the cytoplasm. After a latent period of two hr, the synthesis of the virions 
starts, reaching a maximum eight hr after infection. The RNA polymerase in 
the nucleocapsid is activated and RNA + molecules are made that are poly­
adenylated and capped prior to serving as mRNA. The replicative intermediate 
of the viral RNA has a sedimentation coefficient of 25-35 S, while the virion 
RNA has a sedimentation coefficient of 42 S. The viral mRNA can be resolved 
into 28 S molecules and 12-16 S molecules. The 28 S mRNA is translated into 
the L protein and the 12-16 S mRNA into N, NS, and M proteins. Elec­
trophoresis of the viral mRNA revealed three species in the polyribosomes with 
molecular weights of 0.75 X 106 ,0.59 X 106 , and 0.35 X 106 daltons. A model 
for the synthesis of viral mRNA is presented in figure 43 (Testa et al. 1980). 
The nucleotide sequence in the mRNA ofVSV that allows interaction with the 
ribosomes is presented in figure 44 (Rose 1978). 

Synthesis oj virions 

The virions are formed by a budding process when the ribonucleoprotein 
interacts with the cell membrane into which the protein is inserted. 

Pseudotypes 

Superinfection with VSV of cells latently infected with enveloped RNA or 
DNA viruses expressing surface glycoproteins may lead to the appearance of 
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3' 
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Figure 44. Nucleotide sequences of ribosome-binding sites from the VSV mRNAs specifying 
the N, NS, L, and G proteins. The T, partial products used to establish the sequences of spots 1 
and 6 (N and G mRNA sites) are indicated by the solid lines above the sequences. The figure 
shows the regions of homology (dashed boxes) between N, NS, and L sequences complemen­
tary to the 3' -end of 185 ribosomal RNA (brackets under sequences). 
(Rose, 1978. Reprinted by permission from Negative Srrand Viruses and the Host Cell. B. W.J. Mahy and R.D. 
Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 4, p. 55.) 

pseudotype virions that contain the genome ofVSV and the coat protein of the 
second virus. These pseudo types can be recognized by plaque reduction after 
neutralization with antisera to both viruses. This technique is used to search 
for the presence of an additional virus in the cells used for infection with VSV 
(Pringle 1975). 

PIKE FRY RHABDOVIRUS (RED DISEASE OF PIKE). Pike fry virus has a typical 
rhabdovirus morphology. The virions contain an RNA minus genome of 4 X 

106 daltons. 
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14. SINGLE-STRANDED RNA MINUS VIRUSES 
WITH AN INTACT GENOME: PARAMYXOVIRUSES 

FAMILY PARAMYXOVIRIDAE 

The virions are round with a diameter of 150 nm, but there are also 
pleomorphic particles. The RNA is a single minus strand with a molecular 
weight of 5-8 X 106 . The virions have a ribonucleocapsid within a lipid 
envelope and are genetically stable. 

Genus Paramyxovirus 

Newcastle disease virus (NDV) infects chickens (figure 45). 
Mumps virus infects humans. 
Parainfluenza virus (Sendai virus; figure 46) infects humans and mice. 
Parainfluenza virus 2 infects humans, mice, dogs, bats, and birds. 
Parainfluenza virus 3 infects humans, horses, and cattle. 
Turkey parainfluenza virus I 
Yucaipa virus infect birds. 
Finch and parrot paramyxovirus 

Genus Morbillivirus (measles: distemper group) 

Measles virus (figure 47) infects humans. 
Canine distemper virus infects dogs and cats. 
Rinderpest virus infects cattle. 

153 
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Figure 45. Electron micrograph (negative staining) of Newcastle disease virus (x 120,000). 
(By courtesy of Dr. Daniel Dekegel, Institut du Brabant, Brussels, Belgium.) 

Pneumovirus (respiratory syncytial virus subgroup) 

Respiratory syncytial virus infects humans. 
Bovine respiratory syncytial virus infects cattle. 
Pneumonia virus of mice. 

VIRAL PROTEINS AND RNA 

There are two types of spikes on the envelope of paramyxoviruses. Both are 
glycoproteins: Type HN has hemagglutinating and neuraminidase activity; 
type F induces cell fusion and hemolysis. There is a larger precursor protein 
(Fo) to glycoprotein F that has been observed with Sendai virus and with 
NDV. The M protein forms part of the virus envelope (table 5). 

The molecular weight of the viral RNA is 5-8 X 106 , and in the virion it is 
associated with the P (RNA polymerase) and NP proteins forming the helical 
nucleocapsid, 17-18 nm long and 5 nm wide. 

Adsorption and penetration of virions into the cells 

The virions attach to neuraminic acid-containing receptors (HN glycoprotein) 
on the host cell membrane. After adsorption, the precursor Fo protein is 
cleaved and fusion of the virion with the cell membrane is induced by the F 
glycoprotein. A general feature of paramyxoviruses is that the precursor gly­
coprotein (Fo) undergoes proteolytic cleavage to yield two disulfide-bonded 
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Figure 46. Electron micrograph of Sendai virus infected cell (X 40,000). Note the viral ribonu­
cleoprotein complexes in the cell cytoplasm. 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

glycoproteins (Fl and F2). Activation of cell fusion, hemolysis, and the initia­
tion of infection is the result of a cleavage-induced conformational change in 
which the two polypeptides form an active complex (the F protein) (Scheid 
and Choppin 1977). It should be noted that cleavage of a precursor (HN 0) to 
the HN protein is also a precondition for its biological activity (Nagai and 
Klenk 1977). 

After entry of the nucleocapsid into the cytoplasm, the viral RNA­
dependent RNA polymerase is activated and transcribes the viral RNA minus 
genome into RNA plus mRNA. 
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Figure 47. Antigens of measles virus. a-c: Indirect immunofluorescent staining ofHEP2 cells in­
fected with measles virus; a-unfixed cells; b-acetone-fixed cells stained with anti-HL serum 
and FITC-conjugated anti-IgG; c-cells fixed by drying and stained similarly; d-f: Immunodif­
fusion reactions ofHA-HL complex and unpurified nucleocapsid (NC); 1, guinea-pig anti-HA; 
2, rabbit anti-MP; 3, guinea-pig anti-HL; 4, guinea-pig anti-NC; 5c, crude preparation ofNC 
treated with SDS; Sp, purified preparation ofNC treated with SDS; 6, Tween-20 treated HA; 
g-i, electron micrographs ofNC treated with antisera; equal volumes ofNC and antibodies 
were incubated 1 hr at 3rC and the product applied to carbon-coated grids with 2% phos­
photungstate contrast stain; g-NC with guinea-pig anti-NC; h-NC with unabsorbed rabbit anti­
MP; i-NC with absorbed rabbit anti-MP. 
(Fraser et aJ. 1978. Reprinted by permission from Negative Strand Vimses and the Host Cell. B. W.J. Mahyand 
R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 1, p. 778.) 



Table 5. Proteins present in the paramyxovirus 

Molecular 
weight 

Protein (x 103) 

P 69 

NP 56-61 

M 38-41 

F 53-56 

Fo 65 
HN 67-74 

Viral RNA species in the infected cells 
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Function 

RNA polymerase 
In the nucleocapsid 
Membrane protein 
Cell fusion glycoprotein 
Precursor to F glycoprotein 
Hemagglutinin and neuraminidase 

(glycoprotein) 

The virion genomic RNA has a sedimentation coefficient of 505 in sucrose 
gradients, but in the cytoplasm of infected cells, viral RNA with sedimentation 
coefficients of 18, 22, and 35 5 are present. The 35 5 molecule contains 70% of 
the genetic information of the viral RNA. The 18 5 RNA molecules have a 
molecular weight of 5.5-15 X 105. Each of these RNA species seems to 
contain genetic information for one viral gene. Although not yet proven, it 
appears that, even though the viral genome consists of one RNA molecule that 
replicates in the cytoplasm, each viral gene operates by separately producing 
the mRNA species. The nature of the enzyme that synthesizes the new prog­
eny of viral RNA minus genomes is not known. 

Synthesis of viral proteins 

Arginine must be present in the medium of cells infected with NDV for 
the synthesis of virions. In the absence of arginine in the culture medium, 
the nucleocapsids, hemagglutinin, and neuraminidase are synthesized, but the 
process of budding of the nucleocapsids through the cell membrane is pre­
vented. As a result, red blood cells cannot adsorb to the arginine-deprived 
infected cells and the hemadsorption test is negative. Addition of arginine to 
the medium results in the formation of complete virions. 

Defective virions 

Incomplete virions are formed in infected cells during the course of virus 
synthesis. Defective 5endai virions were found to contain a short RNA 
genome with a sedimentation coefficient of 19-24 5. The complete RNA 
genome has a sedimentation coefficient of 50 5. Large quantities of defective 
virus are produced in chick embryos or cell cultures infected at a high multi­
plicity of infection, and these particles interfere with the replication of the 
residual infectious virus. 
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Persistent infection in cultured cells 

Paramyxoviruses infect only some of the cells in culture, and the virus can 
persist througqout a number of consecutive cell passages in vitro. This phe­
nomenon was described with Sendai, mumps, NDV, and simian virus 5 (SVS) 
VIruses. 

Paramyxovirus mutants 

Plaque morphology mutants 

PLAQUE SIZE MUTANTS. In uncloned virus stocks, it is possible to detect 
plaques that differ in size. Purified virus clones have been obtained with dis­
tinct plaque morphology. However, in NOV, the plaque size property is 
unstable. 

MUTANTS CAUSING UPTAKE OF THE STAIN NEUTRAL RED BY INFECTED CELLS. 

Wild type virus infected cells that form the plaque do not incorporate the dye 
neutral red, and therefore the plaque can be seen as a transparent region in the 
cell monolayer that stains red with the dye. Virus mutants were isolated from 
the wild type stocks that caused infected cells to incorporate the dye and appear 
as red plaques. 

MUTANTS WITH OPAQUE PLAQUES. A spontaneous mutant that gave opaque 
plaques was described for NOV. 

Ts mutants 

Five complementation groups (A-E) were found among the ts mutants of 
NOV. From Sendai virus, mutagenized with 5-fluorouracil (5FU), seven com­
plementation groups of ts mutants were obtained. Mutants of measles virus 
were divided into four complementation groups. 

DISEASES CAUSED BY PARAMYXOVIRUSES 

Mumps in humans 

Mumps virus infects children mainly and affects the salivary glands, especially 
the parotid gland. The virus can also cause meningoencephalitis, orchitis, 
oophoritis, and pancreatitis. 

The virus replicates in the pharynx of the infected child and then spreads to 
the salivary glands. The incubation period is 16-18 days, and the virus can be 
isolated from the saliva or blood at the onset of symptoms as well as from the 
urine. After recovery from the virus infection, the patient has lifelong immu­
nity. A live attenuated virus vaccine is available for immunization of children 
(chapter 24). 

Parainfluenza virus infections of humans 

These viruses cause croup (laryngo-tracheo-bronchitis) and can be isolated in 
cell cultures from throat washings of sick children. The presence of the virus in 
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the infected cultures can be detected by hemadsorption of red blood cells to the 
infected cells. 

Newcastle disease in chickens 

This virus infection appears as an epidemic in chicken flocks. The virulence of 
the virus strains determines the severity of the epidemic. The virus spreads by 
an airborne infection and infects healthy chickens via the respiratory tract. It 
also infects the CNS, causing a meningoencephalomyelitis. 

NDV can cause conjunctivitis in humans that heals spontaneously after 3-4 
days. 

MORBILLIVIRUSES 

These viruses lack neuraminidase on the virion envelope and are therefore 
unable to adsorb to neuraminic acid receptors. Measles virus is an exception; it 
can hemagglutinate red blood cells. 

Measles virus in humans 

The virions have a pleomorphic shape ranging from 120-270 nm in diameter. 
The nucleocapsid has a diameter of 17-18 nm with a central core of5 nm. The 
viral RNA has a molecular weight of6.2 X 106 and a sedimentation coefficient 
of 52 S. 

One of the virion proteins has a molecular weight of 60,000 and belongs to 
the nucleocapsid (figure 46). This protein is cleaved by the proteolytic en­
zymes in the virion envelope into two proteins of 38 and 24 x 103 daltons. A 
70,000 dalton protein is also present in the nucleocapsid (Mountcastle and 
Chopp in 1977) and is probably the viral RNA polymerase (Seifried et al. 
1978). The largest polypeptide (probably the .HA protein of the envelope) has a 
molecular weight of 79,000. Other envelope proteins are the M protein of 
36,000 daltons and two proteins of 40,000 and 20,000 daltons which are proba­
bly the Fl and F2 proteins, respectively (Tyrrell and N orrby 1978). Measles 
virus fuses cells less well than Sendai virus. Various properties of measles virus 
are illustrated in figure 47. 

The virus spreads as an airborne infection in droplets from the mouth. The 
incubation period in the infected individual is 9-12 days, and the disease is 
accompanied by fever, cough, conjunctivitis, and macules (Koplik spots) on 
the mucosa. Three days later, a red rash appears on the face and head. In 10-
20% of infected children, otitis media appears, followed by pneumonia and a 
secondary bacterial infection. Encephalitis appears in lout of 1,000 children 
infected with measles virus. The disease is lethal in about 15% of the children 
who develop encephalitis. Measles infection of the brain causes progressive 
damage, including epilepsy and changes in personality. Subacute sclerosing 
panencephalitis (SSPE) is a rare disease in children and young adults which 
appears many years after the childhood measles virus infection. 
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A live attenuated measles vaccine is available for the immunization of chil­
dren (chapter 24). 

Hecht giant cell pneumonia 

A lethal pneumonia characterized by multinuclear giant cells that appear in the 
lungs was reported in children with malignant diseases and in children after 
measles. 

Damage to the immune system 

In lethal infections of children with measles virus, destruction of the cortex of 
the thymus was noted. The reason for this damage is not known, but measles 
virus can infect lymphocytes in vitro. 

Subacute sclerosing panencephalitis (SSPE) 

This is a progressive and fatal CNS infection in children and young adults, 
initially characterized by loss of intellectual faculties, followed later by paraly­
sis, myoclonic seizures, coma, and death. Pathological changes are those of a 
diffuse (pan-) encephalitis in both the gray and white matter of the brain, areas 
of demyelination, striking astrocytosis, inflammation, and neuronal loss. 
Cowdry A inclusion bodies found in neurons and glial cells contain measles 
virus nucleocapsids. In the serum and cerebrospinal fluid, a high titer of anti­
bodies to measles virus is found. Measles virus antigens are also found by 
immunofluorescence and immunoperoxidase techniques in brain tissue from 
SSPE patients. Cocultivation or cell fusion ofSSPE brain cells with permissive 
cells resulted in the isolation of measles virus (Horta-Barbosa et al. 1969). The 
virus has been demonstrated in lymph nodes of SSPE patients (Horta-Barbosa 
et al. 1971). About 50% of the SSPE patients were found to have had measles 
before the age of two and the SSPE started at ten years of age. 

Measles virus isolated from SSPE brains differs from the virus that causes 
conventional measles in children. The RNA of the SSPE virus has only 60% 
homology with the 18S RNA of measles virus, indicating only partial re­
latedness. 

Respiratory syncytical virus (RSV) 

This virus causes acute infections of the lower respiratory tract and epidemics 
of broncheolitis in the winter. About 25% of childhood pneumonia in early 
infancy is caused by RSV. The virus infection in newborn babies can be lethal. 
No vaccine is available. 
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15. SINGLE-STRANDED RNA MINUS VIRUSES WITH A 
FRAGMENTED LINEAR GENOME: ORTHOMYXOVIRUSES 

FAMILY ORTHOMYXOVIRIDAE 

These virions (figure 48) are enveloped with a lipid membrane, are round or 
elongated in shape, with a diameter of80-120 nm. The viral proteins, hemag­
glutinin (HA) and neuraminidase (NA) are in the envelope (figures 49 and 50). 
The nucleocapsid contains the RNA-dependent RNA polymerase, and a sin­
gle-stranded RNA genome is made up of eight distinct species with a total 
molecular weight of between 4-5 X 106 . Each RNA molecule comprises one 
gene. Genes are exchanged when recombination between different virus 
strains takes place. 

Genus influenzavirus 

ltif/uenza A, B, and C viruses 

Human influenza virus A strains that cause epidemics or pandemics are desig­
nated according to the antigenicity of the hemagglutinin or the neuraminidase. 
There are also influenza virus strains that belong to groups Band C found only 
in man, but these are not associated with pandemics. 

The group A viruses are designated according to the antigenicity of the HA 
and NA antigens and the animal source of the virus. The H (hemagglutinin) 
types include HO through H3 (human), HSW1 (swine), Heq1 and Heq2 
(equine), HA V1 through HA V8 (avian), and the N (neuraminidase) types 

162 
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Figure 48. Electron micrograph (negative stain) of influenza virions PR 8 strain. 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

include N1 and N2 (human), Neq1 and Neq2 (equine), and Nav1 through 
NavS (avian). These surface antigens may be shared to give the following 
strains: Hsw1N1 (swine), Heq2NeqI, Heq2Neq2 (equine), and HavlNeqI, 
Hav2Neq1, Hav3Nav1, Hav4Navl, HavSNav2, Hav6N2, Hav7Neq2, Hav8-
Nav4 (fowl plague virus: respiratory infections in birds). 

Melnick (1980) reported on the regrouping of the hemagglutinin and 
neuraminidase subtypes of influenza virus: HO, HI and HSW1 are named HI; 
H2 is unchanged; new H3 replaces H3, Heq2, Hav7; new H4 instead ofHav4; 
new HS replaces HavS; H6 replaces Hav6; H7 replaces Heq1, HavI; H8 re­
places Hav8; H9 replaces Hav9; HlO replaces Hav2; and H11 replaces Hav3. 

N1 and N2 remain unchanged; N3 replaces Nav2, Nav3 and Nav6; N4 
replaces Nav4; NS replaces NavS; N6 replaces NavI; N7 replaces NeqI; and 
N8 replaces Neq2. 
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Figure 49. Electron micrograph (negative stain) of purified hemagglutinin and neuraminidase 
subunits, aggregated into clusters by binding of hydrophobic regions (x 250,000). 
(Laver 1976. Reprinted by permission from Influenza: Virus, Vaccines, Strategy. P. Selby. ed. Copyright by Ac­
ademic Press Inc. [London] Ltd. 1976, Fig. 3, p. 167.) 

Viral proteins 

Each of the eight RNA fragments constituting the viral genome codes for a 
protein as shown in table 6 (Laver 1973; Palese and Schulman 1976; Ritchey et 
al. 1976 a, b; Palese et al. 1977; Scholtissek 1978). The neuraminidase gene was 
identified as the sixth RNA segment of A/PR8 virus and as the fifth segment of 
A/Hong Kong virus, whereas the gene for the nucleoproteins was identified as 
segment 5 ofPR8 virus and segment 6 of Hong Kong virus, respectively. The 
HA glycoprotein that is synthesized as the product of the fourth gene segment 
is cleaved into two polypeptides HAl and HA2 which are linked by a disul­
phide bond. The virions contain the RNA-dependent RNA polymerase that is 
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0.1 mm 

Figure 50. Crystals of purified neuraminidase. 
(Laver, 1978. Reprinted by permission from VirDlo~y 86, Fig. 2, p. 82.) 
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Table 6. Proteins coded by various RNA species of influenza virus 

Molecular Molecular 
weight weight 

RNA segment (x 104) Protein (x 103) Function 

98-115 P3 100 Internal protein 
2 95-99 Pl 89-96 Internal protein 
3 93-98 P2 80-83 Internal protein 
4 73-85 HA 75-80 Hemagglutinin 
5 64-70 NP 53-60 Nucleoprotein 
6 57-64 NA 55-70 Neuraminidase 

7 31-47 M 21-27 In the inner part of the 
membrane 

8 24-39 NS 23-25 Nonstructural protein 

associated with three proteins in the ribonucleoprotein (RNP) complex. The 
cellular RNA polymerase II is essential for the infectious process in influenza­
infected cells. 

Structure and organization of the influenza virus hemagglutinin gene 

The complete nucleotide sequence of the HA gene was obtained by Porter and 
associates (1979), using polyadenylation of the eight RNA components offowl 
plague virus (FPV) followed by incubation with the RNA-dependent DNA 
polymerase (reverse transcriptase), using an oligo(dT) primer. Under these 
conditions, full-length complementary double-stranded DNA copies (cDNA) 
of the eight viral genes were obtained. The viral cDNA molecules, treated 
with edonuclease S1 to remove ssDNA molecules, were ligated to the DNA of 
the plasmid pBR322 cut with HindlII using the HindIII linker method. The 
DNA mixture was used to transform E. coli strain K12HB101, and 13 colonies 
of bacteria containing the plasmid were established. One plasmid pBR322-
FPV4-10 contained a large insert of about 1,700 nucleotides. The plasmid was 
hybridized to a 32P-Iabeled gene 4 probe. The DNA insert in the plasmid was 
shown to be a nearly full-length copy of the HA gene. 

Adsorption, penetration, and uncoating of viral RNA 

The virions adsorb to neuraminic acid-containing receptors on the surface of 
the cell membrane. The viral neuraminidase cleaves the cellular receptor and 
the viral envelope fuses with the cell membrane so that the viral RNA is 
released into the cell cytoplasm. 

Viral RNA synthesis 

The initiation of RNA synthesis within the viral RNP is dependent on the host 
cell. In a-amanitin treated cells in which the cellular RNA polymerase II is 
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inhibited, synthesis of viral RNA is prevented. Similarly, treatment of infected 
cells with actinomycin D, which binds to cellular DNA and inhibits tran­
scription, prevents the synthesis of viral RNA. It was suggested that cap 
structures of the cellular mRNAs are cleaved and used as primers for the 
initiation of the viral RNA-dependent RNA polymerase. The virion enzyme is 
stimulated to initiate RNA synthesis by the dinucleotide primers ApG or GpG 
(Bouloy et al. 1978; Skehel and Hay 1978). 

The synthesis of viral RNA + molecules that serve as mRNA occurs in the 
RNP complex. The viral mRNAs released from the RNP complex are 
translated by the cellular ribosomes. New viral RNA minus molecules are 
synthesized by the RNA-dependent RNA polymerases that use the viral 
RNA + molecules as templates. 

Virion assembly 

The newly synthesized viral proteins interact with the progeny viral RNA -
molecules to form the RNP complex. The mechanism that allows assortment 
of the eight fragments into one viral RNP complex is not yet known. The viral 
glycoproteins are inserted into the cytoplasmic membrane and, in due course, 
into the outer membrane of the cell. The viral RNPs interact with the cell 
membrane at sites where the viral M protein molecules are inserted. Attach­
ment of the RNP to the cell membrane causes the latter to undergo a budding 
process whereby the RNP is enveloped by the cell membrane and released 
from the infected cell. 

The viral HA, a glycoprotein situated in the virion envelope arranged as 
spikes on the virus surface, is a trimer of about 250,000 daltons. The mono­
mers of HA are made in infected cells as precursor polypeptides with the 
addition of 18 amino acids at the N terminus. During maturation and virus 
assembly, the precursor is cleaved to HAl and HA2 polypeptides which are 
linked by disulfide bridges. Cleavage of the HA glycoprotein is necessary for 
the infectivity of influenza virions (Klenk et al. 1975). 

Incomplete defective virions: von Magnus effect 

Infection of chick embryos with large amounts of influenza virus leads to the 
synthesis of defective virus progeny that interferes with the infectious process. 
The reduction in infectivity caused by such virus particles is called the von 
Magnus effect. Analysis of virion RNA revealed that one RNA gene is miss­
ing, thus leading to incomplete (defective) virus. 

Plaque assay for inJlufHza virus 

Influenza virus can form plaques on monolayer cultures of chick embryo 
fibroblasts only if the proteolytic enzyme trypsin is added to the culture 
medium. The enzyme cleaves a protein in the virion envelope and allows the 
virus particles released from the cells to infect neighboring cells (figure 51). 
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Figure 51. Trypsin dependent plaque formation by WSN(HA) Turkey/Ontario (NA) recombi­
nants in chick embryo fibroblasts. 
Upper row: 5 fLg trypsin/m!. Lower row: No trypsin 
A - Turkey/Ontario 
B-WSN 
C - Recombinant containing all RNA segments from turkey/Ontario except that coding for the 

WSN hemagglutinin 
D - Recombinant containing all RNA segments from WSN except that coding for the turkey/ 

Ontario neuraminidase 
(Bean and Webster 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.]. Mahy 
and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 3, p. 689.) 

Influenza virus recombinants 

Infection of the same cell with two influenza viruses leads to the appearance of 
virus recombinants that contain RNA genes from both parent viruses. An 
analysis of the RNAs in a recombinant derived from a dual infection with 
influenza virus strains PR8 and HK is presented in figure 52. Table 7 shows the 
relationship between the amount of virus obtained in embryonated eggs and 
the gene arrangement in the recombinant viruses. 

Mutants of orthomyxoviruses 

Ts mutants of influenza viruses were found to belong to seven or eight recom­
bination-complementation groups. The hypothesis is that each recombination 
group can be equated with any individual gene (Webster and Bean 1978). 

Influenza ill man 

The virus infection starts with an upper respiratory tract infection and leads to 
coughing, nasal excretions, and, in some cases, pneumonia. Different virus 
strains differ in virulence (table 8). 

Influenza persists as an uncontrollable infection in man because of the 
changes that the HA and NA antigens undergo. This is referred to as antigenic 
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Figure 52. Polyacrylamide gel analysis of the RNAs of a recombinant mixture obtained 8 hrs 
after mixed infection of MDCK cells with influenza A/HK/8/68 and A/PR/8/34 viruses. Arrows 
on the left indicate PR8 virus RNAs in the mixture; arrows on the right indicate HK virus 
RNAs. 
(Schulman and Palese, 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.]. 
Mahy and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 1, p. 668.) 
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Table 8. Influenza A viruses (or comparable serotypes) of defined human virulence 
used in the study or from which recombinants were made 

Surface Whether tested 
Name antigens Origin and passage in human trials 

A/PR/8/34 HON1 Unrecorded passages Yes 
A/Okuda/57 H2N2 280 egg passes No 
A/Hong Kong/1/68 H3N2 Few egg passes Yes 
A/England/939/69 H3N2 Isolate from clinical No 

influenza 
A/England/878/69 H3N2 Few egg passes Yes 
A/England/42/72 H3N2 Yes 
A/Port Chalmers/I173 H3N2 Yes 
A/Finland/ 417 4 H3N2 Yes 
A/Scodand/840174 H3N2 Yes 
A/Victoria/3175 H3N2 No 

Known or 
presumed 
virulence 

0 
± 

+++ 
+++ 

+++ 
+ 
+++ 
+++ 
+++ 
+++ 

(From Beare, et aJ. 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B. W.J. Mahy 
and R.D. Barry, eds. Copyright by Academic Press, Inc. London, Ltd., 1978, Table 1, p. 747.) 
Note: Testing in human trials consisted of inoculation into antibody-free volunteers and observation for clinical 
efTects, virus excretions and antibody rises. Virulence: + + + = capable of causing influenzal symptoms; + + = 
local symptoms and constitutional symptoms; + = local symptoms only; ± = overattenuation; 0 = non­
infectious. Only mild efTects were observed with wild A/Engiand/42172, but it was difficult to find antibody­
free volunteers. 

drift and in type A influenza virus it is believed to be due to selection, in an 
immune population, of mutant virus particles with altered antigenic determi­
nants on the HA proteins (see chapter 25). Changes in the amino acid se­
quences of the HA of influenza A/Hong Kong virus over a period of nine years 
(1968-1977) have been demonstrated (Laver et al. 1980). 

Influenza virus vaccines 

The available killed virus vaccines contain the currently known epidemic­
causing influenza virus strains. When a new influenza virus strain appears and 
threatens to develop into an epidemic, a new vaccine must be prepared, but 
influenza virus freshly isolated from man does not grow well in embryonated 
eggs. To facilitate production of the new virus strains in large quantities, 
recombinants between the new virus and an influenza strain capable of repli­
cation in embryonated eggs are made. A recombinant virus is selected that 
contains the HA or NA of the new influenza mutant and all the other genes of 
the adapted virus strain (Murphy et al. 1978). The recombinant virus is further 
propagated in embryonated eggs and used for the production of inactivated 
influenza virus vaccine (see chapter 24). 

A new approach to vaccine production: cloning of the viral HA gene in bacterial plasm ids . 

Genetic engineering techniques can be used to clone any viral gene in bacterial 
plasmids (see chapter 7). Expression of the viral gene in bacteria into which the 
cloned plasmids have been inserted provides a method of large-scale produc-
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A 

Figure 53. Orientation ofFPV gene in plasm ids pWTl11, pWT121, and pBR322. A. Cleavage 
of plasmid DNA with restriction enzymes and electrophoresis in agarose gels. Lane (a) contains 
PM-2 DNA digested with HindIlI. The other lanes contain Pst! digests of various plasmids. 
B. Structure ofpWT1211FPV411 (R). The plasmid shown contains the FPV-HA gene cloned at 
the HindIlI site in the R orientation. 
(Emtage et al. 1980. Reprinted by permission from Nature 283. Fig. 2. p. 172. Copyright © 1980 Macmillan 
Journals Limited.) 

tion of viral antigens. The bacteria produce the viral antigen as part of their 
cellular proteins; the amount of the viral protein produced is 1-2% of the total 
bacterial proteins. The viral protein can be purified by chromatographic 
methods (e.g., columns containing specific antibodies to the viral antigen). 
These methods could eliminate the need for cell culture and virus preparation 
on a large scale for vaccine production. The bacterial fermentation unit could 
have a library of bacterial strains with plasmids containing selected viral genes 
from a number of viruses for the preparation of antigens as the need arises. 

An example of the potential for such technology was recently reported 
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550 
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3 

(Emtage et al. 1980). The gene sequence for the hemagglutinin of fowl plague 
virus was cloned in the pBR322 plasmid and was inserted into a bacterium 
(figure 53). The viral HA gene was expressed in the bacteria and corresponded 
to 0.75% of the bacterial proteins. The viral HA thus produced was antigenic 
and could be detected by specific antibodies. 

AMANTADINE: A POSSIBLE PROPHYLACTIC DRUG. Amantadine Hel was 
found to be effective in the prophylaxis of influenza A but was ineffective 
against influenza B. The drug is not really effective in curing influenza. This 
drug is also useful in the treatment of Parkinson's disease. 

SWINE INFLUENZA VIRUS AND HUMAN INFLUENZA. A virus that resembled 
swine influenza virus was isolated from a number of fatal influenza cases in the 
United States. The results of the program to immunize the whole population 
in the United States are discussed in chapter 24. 
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16. SINGLE-STRANDED RNA MINUS VIRUSES WITH 
A FRAGMENTED LINEAR GENOME: ARENA VIRUSES 

FAMILY ARENA VIRIDAE 

The virions are round or pleomorphic, with a diameter of 50-300 nm, and 
have an outer lipid envelope with numerous surface projections or spikes. A 
special feature of these virions is that they contain cellular ribosomes that are 
enveloped together with the viral components. Three proteins are present in 
the virions. The RNA genome is composed of five single-stranded RNA 
minus molecules: two virus-specific molecules and three of cell origin. There 
is a virion-associated transcriptase, as well as poly(U) and poly(A) RNA poly­
merases associated with ribosome fractions of detergent-disrupted virus. Virus 
particles are formed by budding through the cell membrane. 

Genus Arenavirus (LCM virus group) 

Lymphocytic choriomeningitis (LCM: the prototype, worldwide distribution) 
Lassa (West Africa) 

Tacaribe complex includes: 

Tacaribe (Trinidad) 
Tamiami (Florida) 
Machupo (Bolivian hemorrhagic fever) 
Junin (Argentinian hemorrhagic fever) 
Pichinde (Colombia) 
Amapari (Brazil) 
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Parana (Paraguay) 
Latino (Bolivia) 

The name arenavirus is derived from the Latin arenosus, meaning sandy-the 
description of the morphology of the virions in the electron microscope. 

Tacaribe virus, which was isolated from bats, does not cause any disease in 
man. 

Viral RNA and proteins 

Comparison of three viruses-Pichinde, Tacaribe, and Tamiami-revealed 
that the viral RNA is made of one large (L) RNA molecule of 3.2 X 106 

daltons (31 S) and one small (S) molecule of 1. 6 X 106 daltons (22S) (Vezza et 
al. 1978). The additional RNA molecules (28 and 18S rRNA and 4-6S) are 
derived from the cellular ribosomes which are incorporated into the virions. 

Tacaribe and Tamiami virions have a major N protein in the nucleocapsid 
with a molecular weight of 68,000 and 66,000, respectively, and a single 
glycoprotein G in the envelope of 42,000 and 44,000 daltons, respectively, as 
well as some minor protein species (Gard et al. 1977). In the Pichinde virions, 
in addition to the major N protein of66,000 daltons, there are also G1 (64,000 
daltons) and G2 (38,000 daltons) external glycoproteins, as well as minor 
proteins. LCM virions contain the N protein (63,000 daltons) and the GP1 
(54,000 daltons) and GP2 (35,000 daltons) glycoproteins (Buchheimer et al. 
1978). The viral RNA is synthesized in the cytoplasm of the infected cells 
where a nonstructural protein (GP-C) of74-75,000 daltons was found in LCM 
virus preparations. This protein may be a precursor to the Gland G2 proteins. 

Virus replication is dependent on the cellular RNA polymerase II. 

Defective interfering virus 

Infection of the hamster cell-line BHK-21 with LCM virus leads to the appear­
ance of noninfectious defective virions. In these particles, the viral RNA is 
shorter than the wild type viral RNA, and the virions do not contain ribo­
somes (Pederson 1978). 

Virus recombination 

High-frequency genetic recombination occurs with ts mutants of Pichinde 
virus. This is a characteristic of RNA viruses with a segmented genome such as 
bunyaviruses, influenza viruses, and reo viruses (Vezza and Bishop 1977). 

DISEASES CAUSED BY ARENA VIRUSES 

Three of the ten known arenaviruses cause disease in humans with a high 
mortality rate. 

Lymphocytic choriomeningitis 

LCM virus is the most extensively studied of the arenaviruses. The domestic 
mouse is the natural host of LCM virus. Mice are usually infected shortly after 
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birth and become lifelong carriers of LCM virus (reviewed by Hotchin 1971; 
Lehmann-Grube 1971). Considerable amounts of the virus are found in all 
organs, including the blood. Many of these asymptomatic LCM-carriers de­
velop a progressive runting syndrome before or at one year of age which has 
subsequently been attributed to chronic glomerulonephritis from local deposi­
tion of circulating LCM virus antibody complexes (Oldstone and Dixon 
1970). Humans are infected with LCM virus mostly in the late autumn and 
early winter when mice excreting the virus in their urine come indoors. 

Pet hamsters have been shown to be a source for human infection with LCM 
virus (Hirsch et al. 1974). LCM virus usually produces a self-limiting 
pneumonitis but in rare instances spreads to the CNS to produce aseptic men­
ingitis. 

Acute LCM can be produced in weanling and adult mice, but not in new­
borns, by intracerebral inoculation of virus. This increased susceptibility of 
older mice to intracerebral infection with LCM virus, combined with the 
ability of mice infected during gestation or within 24 hours of birth to survive 
despite widespread systemic infection, was presumptive evidence that acute 
LCM disease was immunopathologic. 

Multiple investigations demonstrated that acute LCM might be prevented 
by various immunosuppressive regimens, even though virus titers were the 
same in both asymptomatic, immunosuppressed, and in dying nonim­
munosuppressed LCM virus-infected mice. Clinching evidence that acute 
LCM disease in mice was immune-mediated was provided by the ability of 
LCM virus-sensitized spleen cells transferred to syngeneic recipient mice to 
cause these asymptomatic cyclophosphamide-induced LCM virus carriers to 
die of acute choriomeningitis (Gilden et al. 1972). Incubation of these LCM 
virus-sensitized immunocytes (spleen cells) with anti-theta serum (which de­
pletes the population of thymus-derived T lymphocytes), prior to adoptive 
transfer of these cells to LCM-infected syngeneic recipient mice, inhibited the 
ability of the transferred cells to produce acute LCM. This indicates that the 
immunopathology of acute LCM disease is in part T-cell dependent (Cole and 
Nathanson 1974). 

Acute hemorrhagic fever 

In Argentina and Bolivia, this disease is caused by Junin and Machupo viruses, 
respectively. The disease starts with fever of several days' duration and is 
followed by viremia accompanied by hemorrhages and shock. Between 10-
50% of patients die. Pathologic changes are found mostly in the kidneys, but 
often also in the CNS. After one-three weeks from onset of the disease, 
antibodies appear in the blood. 

Lassa virus 

This virus causes human infections in Africa (Nigeria, Liberia, and Sierra 
Leone). The virus came to the attention of the medical world in 1969 when 
three U. S. missionary nurses working in Lassa, Northern Nigeria, contracted 
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the disease (Buckley and Casals 1978). This disease, which is highly fatal, is 
manifested by a fever lasting two-three weeks, pleural and peritoneal effu­
sions, acute arthritis, and encephalitis. During the disease period, IgM and IgG 
antibodies appear in the blood. The virus is transmitted by nose and mouth 
excretions. 
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17. SINGLE-STRANDED RNA MINUS VIRUSES WITH A 
FRAGMENTED CIRCULAR GENOME: BUNYAVIRUSES 

This is a taxonomic subgroup of arboviruses since these viruses have circular 
fragmented RNA minus genomes. 

FAMILY BUNY A VIRIDAE 

These are round virions with a lipid envelope and a diameter of 90-100 nm. 
The lipid envelope contains at least one viral glycoprotein and covers an elon­
gated ribonucleoprotein. The viral RNA - genome is made up of three circular 
ssRNA molecules of 3, 2, and 0.5 X 106 daltons. The virions are formed by 
budding through smooth membranes in the Golgi region of the infected cell. 

Genus Bunyamwera supergroup (Bunyavirus) 

Bunyamwera virus (114 antigenically related virus strains, arranged into 13 
subgroups, mostly mosquito transmitted). Other members include the 
Anopheles A group, Bunyamwera group, Bwamba group, C group, Califor­
nia group, Capim group, Guama group, Koongol group, Simbu group, and 
several other groups. 

Unnamed genera 

There are at least 95 viruses in 11 serological groups. Members are transmitted 
by ticks or mosquitoes. These genera include: Uukuniemi group, Anopheles B 
group, Bakau group, Crimean hemorrhagic fever, Congo group, and several 
other groups. 
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Table 9. Bunyaviruses: viral RNA and proteins 

Virus 

Uukuniemi 
La Crosse 
Lumbo 
Snowshoe hare 
Main drain 
Bunyamwera 
California 

encephalitis 
(BFS-283) 

RNA 
molecular weight x 10" 

L M S 

2.3-4.1 1.0-1.9 0.4-0.88 
2.9 1.6 0.4 
2.9 2.0 0.5 
2.8-3.0 1.6-1.9 0.41-0.45 

3.1 2.0 0.4 
3.0 1.9 0.34 
6.7 2.2 0.4 

(After Obijcski and Murphy, 1977.) 

L 

170 
180 

Protein 
molecular weight x 103 

Gl G2 N 

75 65 25 
110-120 35-39 25 
115 35-38 22-25 
115 38 21 
115 38 21 
115 30-38 19-23 
82-125 30-39 17.5-25 

The name Bunyamwera comes from a place in Uganda where the type species 
was isolated. 

Viral RNA and proteins 

The viral genome is divided into three RNA minus circular molecules (large, 
medium, and small: L, M, S) that code for four polypeptides. The relationship 
between the size of the viral RNA and the polypeptides coded from them is 
presented in table 9. Protein L is found in small amounts in the viral nucleocap­
sid; N is a major protein of the nucleocapsid; G1 and G2 are externalmem­
brane glycoproteins of the virions. 

The ribonucleoprotein (RNP) complexes (nucleocapsids) were isolated from 
U ukuniemi virions and by centrifugation in sucrose gradients were resolved 
into three components with sedimentation coefficients of 150S (L), 120S (M) 
and 90S (S) (figure 54). Electron microscopy revealed that the RNP complexes 
have a circular conformation. Each nucleocapsid size class contains its corre­
sponding size class of RNA-namely, 29S (L), 22S (M), and 19S (S). The S 
RNA codes for the N protein and the M RNA codes for the Gl and G2 
polypeptides (Gentsch and Bishop 1978, 1979). 

RNA-dependent RNA polymerase ill the viriolls 

This enzyme was isolated from purified VIrIons of Uukuniemi and Lumbo 
viruses (Ranki and Pettersson 1975; Bouloy and Hannoun 1976). The RNA 
molecules synthesized by the enzyme are complementary to the viral RNA 
minus genome. The enzymatic activity was inhibited by pancreatic RNase. 

Virus replicatioll ill infeaed cells 

The viral mRNA species that are translated by the cellular polyribosomes have 
sedimentation coefficients of 32S, 24S, and 14S. Viral nucleocapsids are 
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formed in the cell cytoplasm and they have sedimentation coefficients of lOSS, 
85S, and 45S. The four viral proteins of La Crosse virus (L, G1, G2, and N) 
could be identified in the cytoplasm, the site of virus replication (see Obijeski 
and Murphy 1977). Defective interfering particles are produced in Bunyamw­
era virus-infected cells (Kascsak and Lyons 1978). 

Virus recombinants 

Recombinants between two Bunyaviruses are obtained when two viruses in­
fect the same cell. The viral recombinants contain RNA molecules of both 
viruses (Gentsch et al. 1977). 

DISEASES IN MAN AND ANIMALS 

Rift Valley fever (RVF) 

This is a viral disease of ruminants, rodents, and man. RVF virus is transmit­
ted by the bite of mosquitoes. The disease was first described in the Rift Valley 
in Kenya in 1912 and since then it has been noted in Uganda, Rhodesia, South 
Africa, Zambia, Mozambique, Somalia, Sudan, and more recently, in Egypt 
(Ellis et al. 1979). 

RVF primarily affects domestic animals, causing abortion in pregnant 
sheep, cows, and goats, and has an exceptionally high mortality in young 
lambs and calves. Sheep are the animals most sensitive to RVF infection 
whereas cattle are less susceptible. Buffalo and camels develop a slightly differ­
ent disease, and goats can also be infected, as can rats and other rodents, for 
which the virus is fatal. Rabbits, horses, donkeys, and pigs are resistant and do 
not develop the disease. The acute stage of the disease in young animals is 
accompanied by vomiting, bloody diarrhea, and weakness. Virus can be found 
in the blood, liver, and spleen, but the damage is predominantly in the liver. 

Transmission of virus 

Mosquitoes such as Aedes or Culex are the transmitters ofRVF virus in Africa. 
In addition to insect transmission, humans are infected by direct contact with 
blood or tissues of diseased animals since in viremic animals a high virus 
concentration is present in the blood. 

The symptoms of the disease in man resemble those of influenza, starting 
with fever, tremors, vomiting, muscle ache, and headache. Complications can 
occur in the retina, followed by partial blindness. 

Virus stability 

The virus is stable under hot climatic conditions. In a blood sample, the virus 
can be kept for one year at 4°C, three months at room temperature, and 24 hr 
at 37°C or in the sun. Heat inactivation at 56°C requires 40 min to destroy the 
infectivity of the virus. The virus can also be inactivated by a 1:1000 dilution of 
formalin or by pasteurization. 
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Figure 54. Separation of Uukuneimi virus ribonucleoprotein complexes by centrifugation in a 
sucrose gradient. The virus labeled with 32p was disrupted with Triton X-lOO and the released 
ribonucleoproteins separated on a linear sucrose gradient. A standard assay for polymerase activ­
ity was performed and the incorporation o[3H-UTP was determined. 
(Ranki and Petterson 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.]. 
Mahy and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 3, p. 362.) 

Diagnosis 

Isolation of the virus in laboratory animals is achieved by injecting a liver or 
brain suspension from diseased animals into mice, which develop hepatitis as a 
result. 

Serological tests like agar diffusion, complement fixation, hemagglutination 
inhibition, or neutralization are used to identify the isolated virus. The antigen 
used is inactivated virus. Serum antibodies to the virus obtained from infected 
animals that survived the infection are used to identify RVF. 
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Vaccines and vaccination 

A killed virus vaccine similar to the Salk polio vaccine is available for the 
immunization of humans in those regions where RVF virus occurs. A live 
attenuated virus vaccine was developed in the Veterinary Research Laborato­
ries in Kenya to immunize sheep. It is inadvisable to use these vaccines in 
virus-free countries so as not to mask a naturally occurring epidemic. 

Prevention oj virus spread 

RVF, which is a life-threatening disease in humans and sheep, is spread by 
mosquitoes, making eradication of the virus virtually impossible. Prevention 
of virus spread, as recommended by the United Nations Food and Agriculture 
Organization, involves: 

1. Spraying all airplanes commg from RVF enzootic countries with insec­
ticides. 

2. Transport of live sensitive animals from enzootic countries is prohibited. 
3. If the disease is diagnosed in animals, the whole area should be sprayed with 

insecticides. Animals must be kept under conditions that repel insects. 
4. All dead animals must be buried. Consumption of meat from infected 

animals is prohibited. 
5. Migration of herds from an infected area to an uninfected area is prohibited. 
6. In an enzootic area, humans and animals must be vaccinated. 

Sandfly fever virus 

This virus is prevalent in the Mediterranean basin and is transmitted by sand­
flies. The natural hosts are birds. 

Crimean hemorrhagic fever 

This fever occurs in Central Asia and Africa and IS transmitted by ticks. 
Mammals are the natural hosts. 

California encephalitis virus 

This virus is prevalent in North America and is transmitted by a mosquito. 
The virus reservoir is in rabbits and rodents. 

REFERENCES 

Bouloy, M., and Hannoun, C. Studies on Lumbo virus replication. I. RNA-dependent RNA 
polymerase associated with virions. Virology 69:258-264, 1976. 

Ellis, D.S.; Simpson, D.I.H.; Stamford, S.; and Abdel Wahab, K.S.E. Rift Valley fever virus: 
some ultrastructural observations on material from the outbreak in Egypt 1977. J. Gen. Virol. 
42:329-337, 1979. 

Gentsch, ].R., and Bishop, D.H.L. M viral RNA segment of Bunyaviruses codes for two glyco­
proteins, Gl and G2.J. Virol. 30:767-770,1979. 

Gentsch, J.R., and Bishop, D.H.L. Small viral RNA segment of bunyaviruses codes for viral 
nucleocapsid protein. J. Viro/. 28:417-419, 1978. 



184 II. Virus families 

Gentsch, J; Wynne, R.; Clewley, JP.; Shope, R.E.; and Bishop, D.H.L. Formation of recombi­
nants between snowshoe hare and La Crosse Bunyaviruses.]. Virol. 24:893-902, 1977. 

Kascsak, R., and Lyons, M.J Bunyamwera virus: II. The generation and nature of defective 
interfering particles. Virology 89:539-546, 1978. 

Obijeski, JF., and Murphy, F.A. Bunyaviridae: recent biochemical developments.]. Gen. Virol. 
37:1-14, 1977. 

Ranki, M., and Pettersson, R. Uukuniemi virus contains an RNA polymerase.]. Virol. 16:1420-
1425, 1975. 

Ranki, M., and Pettersson, R. Transcription in vitro of the segmented RNA genome of 
Uukuniemi virus. In: Negative Strand Viruses and the Host Cell (B.W.]. Mahy and R.D. Barry, 
eds.), Academic Press, London, New York, San Francisco, 1978, pp. 357-365. 



D. VIRUSES WITH SINGLE-STRANDED RNA PLUS GENOMES 



18. RNA PLUS GENOME THAT SERVES AS 
MESSENGER RNA: PICORNA VIRUSES 

FAMILY PICORNAVIRIDAE 

The virions are spherical particles with no envelope or core and a diameter of 
20-30 nm. The icosahedral capsid consists of 60 copies of coat proteins VP1 
and VP3, 58-59 copies ofVP2 and VP4, and 1-2 copies ofVPC, the precursor 
to VP2 and VP4. The virions contain a single-stranded RNA + genome of2.6 
X 106 daltons. The unique property of this virus is the ability of the plus strand 
viral genome to serve as messenger RNA in the infected cell. After release 
from the virions in the cytoplasm, the viral RNA interacts with the cellular 
ribosomes and serves as templates for the synthesis of the viral proteins. 

Genus Enterovirus 

These viruses are resistant to acid conditions (as low as pH 3) and are therefore 
able to replicate in the alimentary tract after passing through the stomach. 

Human viruses 

Human polioviruses 1-3. 
Human coxsackieviruses Al-22, 24 (A23 = echovirus 9). 
Human coxsackieviruses B 1-6. 
Human echo viruses 1-9, 11-27, 29-34. 
Human enteroviruses 68-71. 
Hepatitis A is a possible member. 
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Animal viruses 

Bovine enteroviruses 1-7 
Porcine enterovirus 1-18 
Simian enteroviruses 1-18 
Murine poliovirus 

Genus Cardiovirus (EMC virus group) 

Encephalomyocarditis (EMC) virus 
Murine encephalomyelitis 
Mengoviruses (probably same as EMC virus) 

Genus Rhinovirus 

Human rhinoviruses lA, 2-113 
Bovine rhinoviruses 1-2 

These viruses are unstable below pH 5. 

Genus Aphthovirus 

Foot and mouth disease virus strains 0, A, C, SA T 1, 2, 3, Asia 1 (Figure 55) 

These viruses are unstable below pH 7. 

Equine rhinoviruses 1-2 (not yet assigned to genus) 

There are also a number of unclassified picornaviruses of invertebrates. The 
name picorna is derived from pico (micro micro) and the suffix RNA. 

Properties of poliomyelitis virus 

The diameter of the virion is 30 nm with a molecular weight of8.6 x 106 . The 
viral single-stranded RNA genome has a molecular weight of 2.6 X 106 ; a 
polyadenosine residue is attached at the 3' end of the molecule (Yogo and 
Wimmer 1972). A small virus-coded protein (designated VPg) of >7,000 
daltons (Lee et al 1977) is covalently linked to the genome through a tyrosine 
residue and a phosphate attached to the first nucleotide at the 5' end of the 
RNA molecule: 

VPg-tyr-O-P-O-UUAAAACAG ... 

An enzyme that cleaves the bond between tyrosine and phosphate was found 
to be present in animal cells. 

ADSORPTION AND UNCOATING OF THE VIRAL RNA. The virions adsorb to a 
specific receptor on the cell membrane and are incorporated by pinocytosis 
into the cytoplasm where they appear in phagocytic vacuoles. The coat pro­
teins are digested by the cellular proteolytic enzymes which enter the vacuoles, 
and the viral RNA genomes are uncoated and released into the cytoplasm. Of 
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Figure 55. Electron micrograph (negative staining) of virions of foot and mouth disease virus 
(FMDV). 
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

these genomes, 94% are digested by the cytoplasmic nucleases. The remaining 
viral RNA genomes attach to cellular ribosomes and serve as mRNA in the 
translation process. Because of the degradation of the viral RNA by the cellular 
nucleases, 100 virions are required for the production of 1 plaque (i. e., 1 pfu). 

GENE IN CHROMOSOME 19 DETERMINES THE CELL SENSITIVITY TO POLIO­

VIRUS. The use of human-mouse cell hybrids made it possible to demon­
strate that a gene in human chromosome 19 codes for the protein that is the 
virus receptor on the outer surface of the cell membrane (see chapter 4). The 
properties of this cellular gene and its protein product are still to be studied. 

Synthesis of viral RNA 

Two poliovirus-specific RNA polymerase activities were identified: a poly(U) 
polymerase and a replicase (Flanegan and Baltimore 1979; Dasgupta et al. 
1980). The virus-coded RNA-dependent RNA polymerase (replicase) and 
poly(U) polymerase both have the same polypeptide component of 63,000 
daltons designated p63. Synthesis of poliovirions and mRNA takes place in a 
replication complex that consists of the replicase and a replicative intermediate 
(RI). which is composed of one complete strand of complementary (negative-
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Figure 56. Schematic representation of terminal structures of poliovirus RNAs. The arrows (I, 
II, and III) suggest the relationship between different RNA structures. Whether structure (A) or 
(B) of polio RI functions in vivo is unknown, but structure (B) certainly arises upon deproteini­
zation of structure (A). The 3'-end of minus-strand RNA ofRF terminates in 
... GUUUUAAoH, which we assume is true for all minus strands. 
(Kitamura et al. 1980. Reprinted by permission from Ann. NY Acad. Sci. 354, Fig. 3, p. 188.) 

strand) RNA that has several nascent chains of plus-strand RNA attached 
(Flanegan and Baltimore 1979). The VPg protein is covalently linked at the 5' 
end to all nascent strands of the RI, to the minus-strand RNA of the RI, as well 
as to the replicative form (RF) (Pettersson et al. 1978; Kitamura et al. 1980). 
While the RI of poliovirus is involved in the synthesis of single-stranded 
progeny RNA, the polio RF has been shown to be a by-product of replication: 
the RF is formed as a result of a nascent strand annealing to template RNA, 
thus generating double-stranded RNA (Nomoto et al. 1977). 

Since all newly synthesized viral RNA species are protein-bound (except 
mRNA) (figure 56), it has been suggested that VPg acts as a primer in the 



1 H. Picornaviruses 191 

initiation of RN A synthesis (Flanegan et al. 1977; Kitamura et al. 1980). It has 
also been proposed that VPg undergoes proteolytic cleavage at the moment of 
initiation of RNA synthesis. Using rapid sequencing techniques as illustrated 
in figure 57, the primary nucleotide sequence of the entire single-stranded 
genome of poliovirus type 1 was determined (figure 58) (Kitamura et al. 1980, 
1981; Semler et al. 1981). 

Messenger RNA 

The mRNAs of a number of animal viruses contain a capping group of meth­
ylated nucleotides with the general structure m 7G(5')ppp(5')Nm p at the 5' ter­
minus. This capping group, which is important for viral protein synthesis, has 
not been identified in poliovirus mRNA, and it appears that pUp is the 5'­
terminal structure (Nomoto et al. 1976; Hewlett et al. 1976). Viral mRNA 
differs from virion RNA in that it lacks VPg; it is formed by removal of VPg 
from the phosphate residue at the 5' -terminal nucleotide without loss of infec­
tivity. 

Inhibition oj cellular protein synthesis 

Infection with poliovirus leads to inhibition of cellular protein synthesis at an 
early stage of infection. The site of inhibition of host protein synthesis is 
located on the host polyribosomes (Kaufmann et al. 1976). With eukaryotic 
mRNA, an initiation factor (eIF-4B) interacts with the capped 5' end of the 
molecule for translation to occur and the capped 5' end is important for ribo­
some recognition of mRN A. Since poliovirus mRN A lacks a 5' end, the 5'­
cap-dependent recognition mechanism has to be bypassed; inactivation of an 
initiation factor involved in 5'-cap recognition would then favor poliovirus 
mRNA translation. Thus it appears that inactivation of the cIF-4B initiation 
factor is the mechanism by which poliovirus infection selectively inhibits the 
translation of host cell proteins (Rose et al. 1978). 

Synthesis oj viral proteins and virions 

For translation of mRNA, the ribosomes must attach at a binding sequence at 
or near the 5' end and move along the molecule from the initiation site to the 
termination codon at the 3' end. The nucleotide sequence is translated, and the 
corresponding viral propeptide is synthesized. The viral propeptide is then 
cleaved (processed) by proteolytic enzymes, as shown in figure 59 (Kitamura 
et al. 1981). The polypeptide map has been divided into three regions: P1 

corresponds to the region that produces the four capsid polypeptides VP1, 
VP2, VP3, and VP4; P2 corresponds to the central portion of the genome; and 
P3 to a group of nonstructural polypeptides that include the putative protein­
ase P3-7c, VPg, and the RNA-dependent RNA polymerase P3-4b. 

Assembly of the poliovirus shell is a three-stage process (figure 60): Proto­
mers form pentamers (five un cleaved protomers form a 13S pentamer); penta­
mers are cleaved; and a dodecahedron is formed. Virions are formed in two 
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additional steps: The RNA-VPg genome is encapsidated to form a provirion of 
12 pentamers which then undergoes maturation cleavage to finally yield infec­
tive virions. During the final stage, the four capsid proteins (VP1 to VP4) are 
formed (Rueckert 1978). 

Phenotypic mixing of picornaviruses 

Infection of one cell with two viruses (e.g., polio and Coxsackie viruses) leads 
to the replication of both viruses at one cytoplasmic site. No genetic recombi­
nation between the two viral RNA genomes takes place, but the newly formed 
virions contain one of the two RNA genomes in a capsid made up of capso­
meres donated by both viruses. Phenotypically mixed virions are not neutral­
ized by antiserum to one of the viruses, and antibodies to both viruses are 
needed to neutralize this phenotypically mixed virus. 

POLIOMYELITIS VIRUS AS A HUMAN PATHOGEN 

Studies by A. Lwoff revealed that poliovirus strains differ in their ability to 
replicate at low (37°C) and high (41°C) temperatures. This property of 
poliovirus was further investigated by H. Koprowski and A. Sabin and led to 
the development of avirulent mutants of poliovirus. The poliovirus plaques 
that developed at 41°C were found to be avirulent, as compared to the plaques 
formed at 37°C, which are highly virulent. Sabin selected the strains of the 
three poliovirus types (1, 2, and 3) which were able to grow at 41°C and used 
them to develop the avirulent live virus vaccine. The Sabin attenuated 
poliovirus vaccine which came into use throughout the world in 1957 (see 
chapter 24) was preceded by the formalin-inactivated virus vaccine developed 
by Jonas Salk. Immunization of children with poliovirus vaccine stopped the 
spread of the disease. 

Poliovirus, which is found in sewage, affects children and adults, leading in 
most cases to an inapparent infection that results in lifelong immunity. In some 
infected individuals, the disease is accompanied by fever, sore throat, head­
ache, and vomiting. In severe cases, symptoms include muscular aches, fol­
lowed by stiffness of the neck and finally paralysis of the legs and/or arms, as 
well as of the diaphragm. Patients afflicted with paralysis of the diaphragm 
were kept in mechanical respirators (iron lungs) to assist them in breathing. 
The paralysis is due to the destruction of CNS neurones. The virus replicates 
in the intestine from where it enters the blood stream and penetrates into 
certain defined regions of the CNS. 

The extent of poliomyelitis past and present 

Until 1955, the poliomyelitis virus caused epidemics all over the world. In 
1955, 76,000 poliomyelitis patients were reported in the United States, 
Canada, Australia, New Zealand, USSR, and 23 European countries. After the 
introduction of the inactivated Salk vaccine and the Sabin attenuated vaccine 
for large-scale immunization, a sharp decline occurred in the extent of the 
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disease, and in 1967 only 1,013 poliomyelitis patients were identified, a reduc­
tion of 98.7%. 

In spite of the vast decrease in poliomyelitis in the world, cases still occur, 
especially in countries where immunization programs are not carried out sys­
tematically. Out of four million children immunized with the Sabin vaccine, 
one child developed paralytic polio. In addition, two unimmunized adults who 
came into contact with children immunized with the Sabin vaccine also con­
tracted the disease. Nonetheless, Sabin's vaccine is the best and most effective 
vaccine for immunization of children and adults against polio. Identification of 
individuals sensitive to the vaccine will prevent any ill effects resulting from 
immunization. The prospects of, and problems found in, vaccination against 
poliomyelitis are discussed in chapter 24. 

Laboratory diagnosis of poliovirus types 1, 2, and 3 

The virus is isolated from the feces of the patient by inoculation into cultured 
cells. The typing of the virus is done by neutralization of the isolated virus 
with antibodies to the three poliovirus types. 

Since attenuated live poliovirus vaccine is widespread and the virus is ex­
creted in the feces, it is necessary to differentiate between a vaccine strain and 
the wild type when poliovirus is isolated. The best method is to determine the 
neurovirulence of the virus by injection into the brain of a monkey, but this is 
highly expensive and impractical. Laboratory diagnosis is based on the genetic 
properties of the wild type and the attenuated viruses (Nakano et al. 1978). 
The vaccine strains are able to replicate in infected cells incubated at 3S.Soe, 
39.Soe, and 40.1 °e, whereas the wild type virus replicates only at 3S.S°C. It is 
also possible to differentiate between the attenuated and wild type viruses by 
analyzing the structural proteins, using electrophoresis in polyacrylamide gels. 
This is based on a change in the properties of the structural proteins in the 
attenuated virus strains. 

Figure 58. The complete nucleotide sequence and encoded information of virion RNA of 
poliovirus type 1 (Mahoney). As judged by fingerprint analyses this isolate has not undergone 
detectable genetic variation in our laboratory during multiple passages in HeLa cells. A reading 
frame 0[2,207 consecutive coding triplets within the nucleotide sequence was determined by 
computer analysis and confirmed by radiochemical micro sequence analysis of 12 virus-specific 
polypeptides. The cleavage sites involved in processing viral polypeptides and the N-termini of 
viral proteins are indicated by a solid triangle and arrow; amino acids that were identified by 
stepwise Edman degradation of radiochemically pure polypeptides are indicated by bars. The as­
terisk at N4159 indicates an amino acid ambiguity. The coding sequence of capsid protein VP4 
has been determined by analysis of tryptic peptides. The N-terminal amino acid ofVP4 is 
blocked as are those ofPl-la and VPO. Preliminary evidence suggests that translation may be 
initiated with the methionine at N741. Termination codons in the non-coding regions are desig­
nated as 'END'. 
Potential initiation codons of translation in the 5' -terminal, non-coding sequence preceding N741 
are indicated as MET if in phase with the major reading frame. MET codons out of phase with 
the major reading frame in this region are indicated with brackets. 
(Kitamura et al. 1981. Reprinted by permission from Nature 291, Fig. 2, p. 549. Copyright ~ 1981 Macmillan 
Journals Limited.) 
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Figure 60_ Dodecahedral model for picornavirus assembly. 
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AND CONCIGURATIONAL 

TRANSITION. 

(Rueckert 1978. Reprinted by permission from International Virology 4, Fig. 3, p. 45. Centre for Agricultural 
Publishing and Documentation, Wageningen.) 

COXSACKIE VIRUS INFECTIONS 

These members of the genus Enterovirus are divided into two groups: Human 
Coxsackie viruses A (24 virus strains) and B (6 virus strains). 

Diseases caused by Coxsackie viruses 

1. Herpangina infection in the pharynx of children is caused by Coxsackie 
viruses A 1-6, 8, and 10. 

2. An infection that causes a skin rash is caused by Coxsackie viruses A 4,6, 9, 
and 16. 

3. Bornholm's disease, named after a disease first discovered on a Danish 
island in the Baltic Sea, is caused by Coxsackie B. The disease is manifested 
by fever, headache, and muscular aches, followed by chest pain. 

4. Pericarditis is caused by Coxsackie B virus, due to infection of the pericar­
dium, and can result in the death of the patient. 

5. Acute pancreatitis is also caused by Coxsackie B; the virus infects the acinar 
cells of the pancreas and has been associated with diabetes mellitus. 

Laboratory diagnosis of Coxsackie viruses 

Diagnosis of the virus isolated from the feces is based on its ability to infect 
cultured cells and newborn mice. Coxsackie A viruses cause paralysis in the 
newborn mice, while Coxsackie B viruses do not infect newborn mice but 
replicate in cultured cells. The isolated virus stains are typed with specific 
antisera. 
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ECHOVIRUSES AND ENTEROVIRUSES AS HUMAN PATHOGENS 

Diseases caused by these viruses are similar to those caused by Coxsackie 
viruses but are less pathogenic. 

1. Upper respiratory tract infections. These infections of the upper respiratory 
tract in children are caused by echoviruses 11 and 20. 

2. Pneumonitis and bronchitis are caused by enterovirus 68. 
3. Encephalitis is caused by enterovirus 71. 
4. Meningitis is caused by echoviruses 4, 6, 9, 11, 14, 16, or 30. 

GENUS RHINOVIRUS: HUMAN COMMON COLD VIRUS 

Human rhinovirus lA and strains 2 to 113 cause the common cold in humans, 
and all the virus strains differ in their antigenicity. As opposed to the enterovi­
ruses, these viruses are sensitive to low pH and are destroyed by solutions of 
pH 3-5. The virus can be transmitted to chimpanzees. D. Tyrrell and his 
colleagues succeeded in growing these viruses in cell cultures at 33°C, which is 
the temperature in the nose, at a pH around 7.0 by lowering the concentration 
of NaHC03 in the medium. These cells need good oxygenation for growth. 

The virus infects the nasal mucosa and replicates in the epithelial cells. As a 
result of virus infection, there is a watery discharge from the nose, accom­
panied by headache, coughing, and sore throat. Because of the high mutation 
rate of the rhinoviruses and the existence of over 100 virus strains, it is not 
possible to develop a vaccine for immunization against the common cold. 

FOOT AND MOUTH DISEASE VIRUS (FMDV) 

Foot and mouth disease was described in 1514 in northern Italy by Hyrom­
mus Proctorius. It was also recorded in animals in Germany in 1751 and in 
animals and man in 1756. During the 19th century, the disease spread to 
England. In 1898, Loeffler and Frosch demonstrated that the agent causing 
foot and mouth disease is a filterable virus. 

The virus is present in vesicles in the mouth and on the feet of infected 
animals, as well as in the blood and in the milk. Initially, two antigenic types 
of FMDV (named 0 and A) were found in 1922 in France and Germany, 
respectively. A third type of virus was found four years later in Germany. In 
1948, three additional virus types were found in Southern Africa; these were 
named South African Territories (SAT) 1, 2, and 3 viruses. In 1954, a new 
antigenic type of FMDV was found in Pakistan and other Asian countries and 
was named Asia 1. With the aid of the complement fixation test, subtypes of 
FMDV were recognized: type 0 has ten subtypes; type A fifteen subtypes; 
SA Tl six subtypes; SA T2 three subtypes; and SA T3 three subtypes. There is 
no cross protection between the types, but partial immunity exists between the 
subtypes. 
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The disease in cattle, sheep, and pigs 

In cattle, FMDV causes an acute infection characterized in dairy cattle by a 
marked decrease in milk production, accompanied by dullness and a rise in 
temperature to 41°e. In a matter of hours from the onset of the disease (after 
an incubation period of three-six days) vesicles appear on the tongue, lips, 
muzzle, and foot pads. The vesicles coalesce, and the epithelium becomes 
necrotic and susceptible to bacterial infection accompanied by salivation. 
When the vesicles start to heal, the animal is more willing to eat and drink. 
Vesicular lesions may develop on the udders and teats of cows and heifers; 
sometimes bacterial mastitis develops. 

Mortality, which is less than 2%, is mainly due to myocardial collapse on 
the day five or six of the sickness. In young animals, mortality is 50%; animals 
die without symptoms of infection. 

Infected sheep and pigs develop a sudden onset of acute lameness in all four 
extremities. People coming into contact with infected animals can contract the 
disease. 

Vaccination 

Inactivated FMDV vaccines are currently used; acetylethyleneimine is the inac­
tivating agent. The virus is produced in the baby hamster kidney (BHK) cell 
line grown in suspension in large quantities (2,000 liters or more) or in surviv­
ing tongue epithelial cells collected from animals slaughtered for meat. Vacci­
nation is complicated since 7 types and over 60 subtypes of the virus exist. As a 
result, a polyvalent vaccine is required containing 3 or 4 virus types, and 2 or 3 
annual vaccinations of animals are necessary. New virus strains may suddenly 
appear that render the vaccines impotent. Live attenuated virus vaccine is not 
in use; attenuation of the virus for cattle does not guarantee attenuation for 
other animals. 

Recently, Kiipper and associates (1981) succeeded in cloning a DNA copy of 
the RNA sequence coding for the major antigen (VP1) ofFMDV in a plasmid 
vector. They were able to demonstrate synthesis of the VP1 antigen in the E. 
coli host. VP1 is the coat protein responsible for the antibody response to 
FMDV. Boothroyd and associates (1981) also constructed and analyzed re­
combinant plasmids containing complementary DNA copies ofFMDV RNA. 
This breakthrough in genetic engineering holds promise for the production of 
a new, effective vaccine against FMDV. 
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19. RNA PLUS GENOME THAT SERVES 
AS MESSENGER RNA: TOGA VIRUSES 

FAMILY TOGAVIRIDAE 

The virions are spherical and enveloped, with a diameter of 40-70 nm. The 
genome is a single RNA plus molecule with a molecular weight of 4 x 106 . 

The RNA genome is contained in an icosahedral nucleocapsid that is as­
sembled in the cytoplasm and obtains its lipoprotein envelope during budding 
through the plasma membrane of the host cell in the final stage of virus 
maturation. 

Genus Alphavirus (Arbovirus group A) 

The virus species include: Aura, Bebaru, Chikungunya, Eastern equine en­
cephalomyelitis (EEE), Everglades, Getah, Mayaro, Middleburg, Mucambo, 
Ndumu, O'nyong-nyong, Pixuma, Ross river, Semliki Forest, Sindbis, 
Venezuela equine encephalomyelitis (VEE), Western equine encephalomyelitis 
(WEE) (figure 61), and Whataroa. These viruses multiply in arthropods as well 
as in vertebrates. 

Genus Flavivirus (Arbovirus group B) 

Species that are mosquito-borne include: Yellow fever; dengue types 1, 2, 3, 
and 4; Japanese encephalitis; Spondweni; St. Louis; Uganda S; Wesselsbron; 
West Nile; and Zika. 

Tick-borne species include: Kyasanur Forest disease; Langat; Louping ill; 

203 
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Figure 61. Electron micrograph of Western equine encephalitis (WEE) virus in the cytoplasm of 
infected cells. 
(Courtesy of Dr. Daniel Dekegel, lnstitut Pasteur du Brabant, Brussels, Belgium.) 

Omsk hemorrhagic fever; Royal Farm; Saumarez Reef; and tick-borne en­
cephalitis (European and Far Eastern). There are also a number of species with 
unknown vectors. 

Genus Rubivirus 

Rubella virus occurs only in man. 

Genus Pestivirus 

Mucosal disease virus, border disease of sheep, hog cholera (European swine 
fever) and other possible members of the Togaviridae are not arthropod­
borne. 
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Toga comes from the Latin toga (gown, cloak), alpha from the Greek letter 
A; and flavi, rubi, and pesti from the Latinfiavus (yellow), rubeus (reddish), and 
pestis (plague), respectively. 

ORGANIZATION OF THE VIRIONS 

The virions have a diameter of60 nm (alpha- and rubiviruses) and a sedimenta­
tion coefficient of 240-300 S. Flavi- and pestiviruses have a diameter of 45 nm 
and a sedimentation coefficient of 170-220S. Virions have a nucleocapsid com­
plex of 240 capsid proteins (C protein, m. w. 30,000) containing the RNA 
genome (42 S), enveloped by a lipid bilayer in which the virus-coded glyco­
proteins are present as spikes. There are about 240 spikes in the envelope of 
each virion. The spike is made up of three polypeptides: E1 (m.w. 49,000), E2 
(m. w. 52,000), and E3 (m. w. 10,000). E1 and E3 have one attached oligosac­
charide and E2 contains two attached oligosaccharides. Polypeptides E1 and 
E2 of the spike are attached to the lipid bilayer by their hydrophobic tails 
(COOH-terminal ends), while E3 is present on the outer side of the envelope 
bound to E 1 and/or E2 (Garoff and Soderlund 1978). The E2 polypeptide 
spans the membrane: The terminus of the E2 polypeptide passes through the 
lipid bilayer; the amino terminal end is present on the outer surface, and the 
carboxy terminal end on the inner surface of the lipid bilayer envelope. It is 
possible that each spike is attached to the capsid protein C beneath the lipid 
bilayer. The viral protein C present in the nucleocapsid is rich in lysine. 

The 42 S virion RNA contains 12,000 nucleotides with a poly(A) sequence 
attached to the 3' end and a cap (m7GpppAp) present in the 5' end. The virion 
RNA serves as messenger RNA after uncoating in the cytoplasm and can be 
found in the polyribosomes of the infected cell. 

Alphaviruses contain neutral lipids arranged in a bilayer structure in the 
virus membrane: mainly cholesterol, as well as phosphatidylethanolamine, 
phosphatidylserine, sphingomyelin, and phosphatidylcholine. Oleic acid, pal­
mitic acid, and stearic acid are the major fatty acids in the lipid bilayer. The 
virion envelope has a lipid composition similar to that of the host cell mem­
brane, but no host cell proteins are found in the viral membrane. The mem­
brane is most likely derived from a segment of the plasma membrane that does 
not contain host cell proteins. 

ANTIGENIC STRUCTURE 

The classification of toga viruses is based on immunological cross reactivity, as 
determined by hemagglutination inhibition, neutralization tests, and agar dif­
fusion, as well as by radioimmunoassay, using specific antibodies against each 
virus isolate. Members of a genus are serologically related to each other, but 
not to other members of the family. The protein E1 (a glycoprotein) of Sin db is 
virus has the· ability to hemagglutinate red blood cells, whereas protein E2 is 
responsible for the ability of the virus to infect cells. Antibodies to the E2 
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protein, therefore, have the ability to neutralize virus infectivity. The glyco­
protein E1 of Sindbis virus is antigenically related to that of WEE, while E2 is 
specific for both viruses. Relatedness of alphaviruses determined by RNA­
RNA hybridization showed that RNA from Chikungunya and O'nyong­
nyong viruses had 13% base sequence homology whereas sequence 
homologies of 1 % or less were detected between these two viruses and Semliki 
Forest and Sindbis viruses (Wengler et al. 1977). Thus the rather low sequence 
homologies between the nucleic acids of these viruses do not affect their anti­
genic relationships. This may be explained by the assumption that the anti­
genic sites are composed of only a small number of amino acids. 

MOLECULAR EVENTS IN ALPHAVIRUS REPLICATION 

Alphaviruses replicate in the cytoplasm of both vertebrate and invertebrate cell 
cultures. In chick embryo fibroblasts, the virus reaches maximal yields within 
five hr. In actinomycin D-treated infected cells, the virus yield is higher than in 
untreated cultures, possibly due to inhibition of interferon synthesis. Ac­
tinomycin D inhibits DNA-dependent RNA synthesis, which shows that this 
virus does not require host cell nuclear functions for replication. 

The virus enters the cell by absorptive endocytosis (Helenius et al. 1980). 
Inside the lysosomes of the cell, the low pH probably causes the viral mem­
brane to fuse with the lysosomal membrane (White and Helenius 1980). This 
allows the nucleocapsid to enter the cytoplasm, where the viral genome is 
uncoated. The parental viral RNA acts as mRNA for the synthesis of the viral 
RNA-dependent RNA polymerase that binds to the smooth cytoplasmic 
membranes where replication of viral RNA takes place. The replicative inter­
mediates are RNA molecules that are partially double-stranded and include 
one complete RNA molecule that serves as template and a number of progeny 
RNA molecules that are hydrogen-bonded to the RNA template. The RNA 
polymerase is responsible for the transcription of the viral RNA + genomes 
from the RNA - strands. 

Synthesis of the viral RNA and proteins 

In the alphaviruses, two species of single-stranded RNA are synthesized, 42S 
RNA (m. w. 4.2 X 106) and 26S RNA (m. w. 1.6 X 106). Both RNA molecules 
contain poly(A) sequences of heterogeneous length, and the 26S molecules 
represent subgenomic RNA species, having the same polarity as the virion 
RNA. The 26S subgenomic RNA is homologous to the 3' end of the viral 
genome (Kennedy 1976) and functions as mRNA for the structural proteins of 
the virus. This is an efficient mechanism of reiteration of a portion (about one­
third) of the viral genome and allows excess synthesis of the viral structural 
proteins independently of the synthesis of the nonstructural proteins by the 
42S RNA molecules. 

The nucleotide sequence of the gene coding for the capsid (C) protein is now 
known, as is the nucleotide sequence of cloned cDNA made from the 26S 
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RNA ofSemliki Forest virus (Garoff et al. 1980a,b). The amino acid sequences 
of the different membrane proteins deduced from the nucleotide sequences are 
shown in figure 62. The coding region of the 26S RNA starts with the 
amino terminus of the capsid protein C and terminates 3759 nucleotides later 
when the first stop codon UAA is reached. The regions coding for the E3, E2 
and E1 polypeptides were localized in this sequence. 

Translation oj the 26S RNA 

The structural proteins consisting of the four polypeptides E1, E2, and E3, and 
the capsid protein are translated from the 26S RNA using a single initiation site 
in the following order: capsid, p62, and E1. The p62 polypeptide is the precur­
sor of the E3 and E2 proteins. Figure 63 shows that the C protein appears after 
the first cleavage of the precursor polypeptide p130. The C protein molecules 
subsequently bind to the 42S genomic RNA to form the nucleocapsid. The 
first cleavage product p97 is further cleaved to yield polypeptide p62 and the 
glycoprotein El. P62 is cleaved to yield the glycoproteins E3 and E2 (Kaari­
ainen and Soderlund 1978). 

A scheme for the assembly of the Semliki Forest virus spike glycoprotein E1 
in the membrane of the endoplasmic reticulum as suggested by Garoff and 
associates (1980b) is depicted in figure 64. 

Translation oj the 42S RNA 

The viral 42S RNA acts as polycistronic mRNA that is translated by the 
cellular ribosomes to yield the nonstructural viral proteins. This is demon­
strated in figure 65, which shows that the viral RNA is not completely trans­
lated. In Semliki Forest virus, the precursor polypeptide is cleaved at three sites 
to yield four stable proteins of m. w. 70,000, 86,000, 72,000, and 60,000 (ns 70, 
ns 86, ns 72, and ns 60, respectively); ns 70 is the N-terminal protein. Two 
large, short-lived, intermediate polypeptides of 155,000 and 135,000 daltons 
have been identified that are probably precursors to the four stable proteins. 
Another polypeptide of 220,000 daltons (containing the N-terminus) has also 
been found. 

Biosynthesis oj virions 

In alphaviruses, the viral nucleocapsid aligns below the plasma membrane and 
the virus is formed by budding through the plasma membrane. During the 
budding, the virus obtains the lipids from the host cell plasma membrane 
(Kaariainen and Soderlund 1978). The formation of virions is explained 
schematically in figure 66. 

VIRUS MUTANTS 

Ts mutants of Sindbis virus can be divided into five complementation groups. 
Viruses in groups A and B are incapable of virus-specific RNA synthesis 
(RNA -) at the restrictive temperature, and the parental RNA fails to enter the 
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CM GAG TGG Tee Gee eeG eTC AIT ACT Gee ATe TGT GTC CIT Gee AAT OCT Ace TIC eGG T'GC ITC CAG rcc eCG 
GLU GLU TRPI SER ALA PRO LEU J LE THR ALA /"lET CYS Vll LEU AU\ ASN ALA THR PRE PRO CYS PRE GLN PRO PRO 

C E3 • 
~~~~~~~~~~~~~~~~~~~~~~-~= 
cvs VAL PRO CYS CVS TYR GLU ASH ASH ALA GLU ALA TID\ LEU ARC MET LEU GLU ASP ASH VAL ASP ARC PRO GLY 

~~~~~~~=~~~~~~~~~~~-~~~~~ 
TYR TYR ASP LEU LEU GLN ALA ALA LEU THR CYS ,mc ASI'f 'eLY THR ARC HIS ARC .'\.RC 8Eh. VAL SER GLN HIS rm: 

• E3 E2 

GTA eCA AIT GAA GeG GTe AGe TCC GAA GeT Ace CAe GGC ATC eTC MG AT'T' CAG TI'C TeG GCA eM AIT GGC ATA 

VAL ALA ILE CLU ALA. VAL ARC SER GLU ALA THR ASP GLY nET LEU LYS lLE GUf POE SER ALA GLJ'f ILE GLY ILE 

CAT MG ACT CAe AAT CAT GAe TAC Ace AAG ATA AGe TAe GCA CAe GCG CAC Gee AT'T GAG AAT Gee GTC eGG TeA 
ASP LYS SER ASP ASH HIS ASP TYR TIIR LYS ILE ARC TYR ALA ASP eLY HIS ALA ILE GLU A,.o;;N ALA VAL ARC 8ER 

TCT 1TG I\AC eTA. Gee Ace TeC GGA CAe TGT rrc GTC CAT GCC ACA ATe GCA CAT TI'C ATA eTC GCA /\AC 'fCC eCA 
SER LEU LYS VAL ALA 11iR SER GLY ASP CYS PIlE VAL HIS GLY THR PlET GLY HIS PRE ILE LEU ALA LYS CYS PRO 

CCG GGT G.u TIC eTG CAG GTC TeG ATC CAG GAC ACC AGA AAC GeC GTC CGT GeC TGC AGA ATA CAA TAT CAT CAT 
PRO GlY GLV PHE LEU GLN VAL SER ILE elN ASP 1lIR ARC ASN ALA VAL ARC ALA CYS A.RG ILE elN TYR HIS BIS 

CAC CCT eM CCG GTG GGT ACA CM AM TIT ACA A1I AGA CGA CAC TAT GGA AU CAG ATe ceT TGC Ace ACT TAT 
ASP PRO GUt PRO VAL GLY ARC GLU I.YS PRE THR ItE ARC PRO HIS TYR GLY LYS GlU Ilt PRO CVS TRR TIm. TYR 

CAA CAG ACC ACA GeG GAG ACC GTG CAG GM ATe GAC ATG CAT ATG eCG CCA GAT ACG CCG GAC AGG ACG 1TC CT4. 
GLH ClK THR THR ALA GLU THR VAL GLU GLU IlE ASP PlET HIS PlET PRO PRO ASP TIIR PRO ASP A.RG THR LEU lEU 

TeA CAG CAA TCT CGC AAT GTA AAG ATC ACA cTC GGA GGA AAG UC GTC AAA TAC AAC Tee ACC TCT GGA ACC GG4. 
SER GLM GLM SER GlY ASN VAL lYS IlE THR VAL GlY GLY lYS LYS VAL LYS TYR ASH CYS TIIR CYS GlY THR GLY 

• 
AAC GIT GCC ACT ACT AAT TeG CAC ATe ACC ATe AAC ACC TGT CTA ATA CAG CAG TCC CAe GTC TeA CTC ACG GAC 
AS" VAL GLY THR THR AS" SER ASP PlET TOR ILE AS" THR CYS LEU ILE GLU GLN CYS HIS VAL SER VAL TIlR ASP 

CAT AAC AAA TGG CAG 1TC Me TCA eeT rrc GTC eee AGA GeC GAC GM eCG GeT AGA AM GCC AAA GTC CAT ATe 
HIS lYS LYS TRP cut PRE AS" SER PRO PRE VAL PRO ARC ALA ASP GLU PRO A_LA ARC LYS GLY LYS VAL HIS ILE 

eeA TIC CCG TIC GAC Me -ATC ACA TGC AGA CIT CCA ATG GCG eGC CAA CGA Ace GTC ATC CAC GCC AM ACA GM 
PRO PRE PRO LEU ASP ASN ILE THR CYS ARC VAL PRO PlET ALA ARC GlU PRO THR VAL ILE HIS ClY lYS ARG GLV • 
GTC ACA CTC CAC e'IT CAC eCA GAT CAT Gce ACC GTC TIT TCC TAC GGe ACA CTC GeT GAG GAG cec CAG TAT CAC 
VAL THR LEU HIS LEU HIS PRO ASP HIS PRa THR LEU PIlE SER TYR ARC THR LEU GLY GLU ASP PRO GUt TYR HIS 

GAG CA<\. TGC CTC ACA GGC GeG GTC GM CGG Ace ATA CCC GTA CCA GTC CAC GGG ATC GAC TAC CAC TGG GG4. '\AC 
CLU GLU TRP VAL 11IR ALA ALA VAL GlV ARc THR ILE PRO VAL PRO VAL ASP CLY PlET GLU TYR HIS TRP GLY ASI' 

MG GAG CCA GTC AGG crr 1'CG TCT eM CTC ACC ACT GM GGG AM GCG CAC GGC TGG GeG CAT CAC ATC GTA CAC 
ASH ASP PRO VAL ARC LEV TRP SER CUI LEU THR TOR CLU GLY LYS PRO HIS eLY TRP PRO HIS GlK I1.E VAL GlK 

TAC TAC TAT GGG C'IT TAG eCG GeC GeT ACA GTA TeC GeG GTC GTC GGG ATe Ace TIA CTC GeG rrc ATA TCG ATe 
TYR TYR TYR ClY LEU TYR PRO ALA ALA THR VAL SER ALA VAL VAL GLY PlET SER lEU LEU ALA. lEU ILE SER ILE 

TIC GCG Tee TCe TAC ATG eTC G'TT GeC GeC ece ACT AAG 'fCC TI'G ACC CCT TAT GeT 'ITA ACA eGA GCA. GCT GCA 
PHE ALA SER CYS TYR PlET LEU VAL ALA ALA ARC SER lYS CVS LEU THR PRO TYR ALA LEU THR PRO GlY A.LA ALA 

~~~-~~~~~~==~=~~~~~~~~~=~ 
VAl.. PRO TRP THR LEV GLY ILE LEU CVS G'r'S ALA PRO ARC ALA HIS ALAIALA SER VAL ALA CLU THR I"lET ALA TYR 

E2 6K 
1TG TGG GAC CM AAC GM GeC TI'C TI'C TCG 'IT(; GAG TTl' GeG GeC eGT G1T Gee TGC An: eTC ATC ATe ACG TAT 
LEU TRP ASP eLf( AS" eLK ALA LEU PRE TRP lEU eLU POE ALA ALA PRO VAL ALA CYS ILE LEU ILE ILE THR TYR 

TGC CTC AGA AAC GTC CTC TCT TGC TCT MG Ace err TCT TIT 'ITA CTG eTA GTG AGe eTC GGG GCA ACC GeC AGA 
CYS lEU ARC A..~K VAL LEU CYS CVS C'r'S L YS SER lEU SER PH[ LEU VAL LEU LEU S'ER LEU ClY ALA THR ALA ~c 

Figure 62. The nucleotide sequence of the membrane protein genes. The deduced amino acid 
sequences of the membrane proteins are shown. The amino acid residues are numbered 
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from the amino terminus of each polypeptide. The positions are shown in the parentheses to the 
right. Membrane-spanning segments are underlined and potential glycosylation sites are marked 
(e). 
(Garoff et a!. 1980b. Reprinted by permission from :Vatrlrc 288, Fig. 3, p. 239. Copyright © 1980 Macmillan 
Journals Limited.) 
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SER PRO LEU TBR LEU CL" PIET eLK VAL YAL CLU TBR so. LEU CLU PRO TBR LEU ASK LEU GLU TYR ILE TRR CYS E 1 (49) 

CAG TAG AAG Ace GTC GTC eGG Tee CCG TAC GTe AAG TCC Tee CCC CCC TeA GAG TCC TCe ACT AAA CAG AAG CCT 
GLU TYR LYS TRR VAL VAL PRO sm PRO TYR VAL LYS CYS CYS eLY ALA sm CLU CYS SER TBR LYS GLU LYS PRO E1 (74) 

CAC TAG eAA TGC AAC CTT TAG .teA GCC GTC TAC eee TI"C ATe TCC GCA CGG GCA TAT TCC 1TC TGC CAG TeA Gll 
ASP TYR GLK CYS LYS VAL TVa THR eLY VAL TYR PRO PBE NET TRP GLY eLY ALA. TYR CYS PRE CYS ASP SER GLU EI (99) 

AAC Ace ell eTC ACC CAG cee TAG CTC CAT eGA rec CAG GTA TCC ACC CAT CAT CAe CCA TCT CCT TAC AAA Gee 
ASH THR GLM LEU SER GLU ALA TYR VAL ASP ARC SER ASP VAL CYS ARC HIS ASP RIS ALA SER ALA TVa LYS ALA EI (124) 

CAT AeA CCA Tee CTC AAG cee AAA. GTC ACG CTT ATC TAG GGC Me GTA AAC CAG ACT GTC CAT G17 TAC GTC AAC 
DIS TOR ALA SER LEU LYS ALA LYS VAL AN: VAL NET TYR CLY AS" VAL AS" CUI TOR VAL ASP VAL TYR VAL AS" EI (149) 

• 
CCA CAC CAT CCC en: ACC ATA CCC CCT ACT CAC TI'C AU TI'C CCC CCC CTC TeA TeC CCC TCC ACC CCC TI'C CAC 
eLY ASP HIS ALA VAL TOR ILE CLY CLY TOR CL" PRE ILE PRE CLY PRO LEU SER SER ALA TRP TOR PRO PRE ASP EI (174) 

MC AAC ATA GTC eTC TAC AAA. GAC GM CTC TJ'C AAT CAG GAC TT'C CCG cee TAC CGA TCT CCC Cll CCA GOO CGC 
AS" LYS ILE VAL VAL TYR LYS ASP CLU VAL PRE AS" CUI ASP PRE PRO PRO TYR CLY SER CLY CUI PRO CLY AN: EI (199) 

TI'C CCC CAC ATe eu Ace AGA .leA GTC CAG ACT AA.C CAG CTC TAC cee ue ACG CCA CTC AAC CTC GeA CGe CCT 
PRE CLY ASP ILE CUI SER AN: TOR VAL CLU SER AS" ASP LEU TYR ALA AS" TOR ALA LEU LYS LEU ALA ARC PRO EI (224) 

TeA ecc GGC ATe GTC CAT CTA eCG TAC ACA CAG AeA ceT TeA GCC 'iI'C AAA TAT TGC eTA MC eAA AAA CCC ACA 
SER PRO CLY NET VAL DIS VAL PRO TYR TOR CUI TOR PRO SER CLY PHE LYS TYR TRP LEU LYS CLU LYS CLY TOR EI (249) 

CCC CTA MT ACC MC CCT CCT TIT CCC TCC CM ATe AM ACC MC CCT CTe ACC CCC ATC MC TCC CCC eTC CCA 
ALA LEU AS" TOR LYS ALA PRO PRE CLY CYS CUI ILE LYS TOR AS" PRO VAL ARC ALA NET AS" CYS ALA VAL CLY EI (274) 

AAe ATe CCT GTe TCC ATe AAT TI'C CCT GAC ACC GeC 'ITT ACC cee AIT GTC CAG Gee cce ACC ATe A17 GAC CTC 
AS" ILE PRO VAL SER IlET AS" LEU PRO ASP SER ALA PRE TOR ARC ILE VAL CLU ALA PRO TOR ILE ILE ASP LEU EI (299) 

ACT Tee ACA GTC GeT ACC TGT ACC CAe Tee Tee CAT 'ITC CCC CCC CTC TI"C AeA eTC Ace TAC AAC Ace AAC AAC 
TOR CYS TOR VAL ALA TOR CYS TOR HIS SER SER ASP PHE CLY CLY VAL LEU TOR LEU TOR TYR LYS TIIR AS" LYS EI (324) 

AAC ccc eAC roc TeT CTA CAC Tee CAC TCT AAC eTA GeT ACT CTA CAe GAG GeC ACA GeA AAA eTC AAG ACA CCA 
AS" CLY ASP CYS SER VAL HIS SER HIS SER AS" VAL ALA TBR LEU CL" GLU ALA TRR ALA LYS VAL LYS TBR A1.A EI (349) 

~~~~~~Tl'CTCC~~~~~~~TIT~~TCC~TCC~~~CCC 
eLY LYS VAL TBR LEU BIS PRE SER TRR ALA SEa ALA SER PRO SEa PRE VAL VAL SER LEU CYS SER ALA ARC ALA EI (374) 

~~~CCCTCC~~CCCCCCAM~~~~~~CCC~~~~~~~TIT 
TRR CYS SER ALA SER CYS CLU PRO PRO LYS ASP HIS ILE VAL PRO TYR ALA ALA SEa HIS SER AS" VAL VAL PRE EI (399) 

~~~TCCCCC~~~~TCC~~AM~TCC~~~CCCCCCTI'C~~CCC~ 
PRO ASP PlET SER GLY TBR ALA LEU SER TRP VAL eLl'I LYS ILE SER eLY eLY LEU eLY ALA PBE ALA IL! GLY ALA EI (424) 

~~~~~~cn:~TCC~CCC~CCC~~~~~CCC~CCC~~~~ 
ILl: LEU VAL LEU VAL VAL VAL TRR CYS IL! eLY LEU ARC ARC 

ATI'TCC 
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Figure 63. Translation of structural protein as a polyprotein from the 26 S RNA. The cleavage 
of capsid protein is nascent (aJ, cleavage between p62 and E1 takes place rapidly after translation 
(b), whereas p62 is cleaved during the maturation of the virus (c). 
(Kaariainen and Soderlund 1978. Reprinted by permission from Curro Top. Microbiol. Imm,mol. 82, Fig. 6, p. 
35. Copyright Springer-Verlag, 1978, Heidelberg.) 

replicative form. Mutants in groups C, D, and E have no apparent lesion in 
viral RNA synthesis (RNA +), although in group C nucleocapsids are not 
assembled; in group D hemadsorption is absent, and in group E infectious 
virions are not produced, even though hemadsorption and nucleocapsid as­
sembly are normal (Pfefferkorn and Shapiro 1974). 

Effect of virus infection on the host cell 

Alphavirus infection leads to a decay in the synthesis of cellular proteins and 
phospholipids. The effect of flaviviruses on the host cell metabolism is milder 
and leads to a mild cytopathogenic effect. 

Defective interfering particles 

The defective interfering particles formed during serial passage of high con­
centrations of virus contain RNA molecules that are smaller than the 42S 
genome. These particles stimulate the synthesis of abnormal single-stranded 
RNA molecules that is accompanied by a reduction in the synthesis of 42S and 
26S RNA. Double-stranded RNAs of 12-16S have also been found. 

DISEASES CAUSED BY TOGAVIRUSES 

Alphaviruses and flaviviruses cause encephalitis and are transmitted by mos­
quitoes and ticks. 
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Synthesis of SFV proteins 
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26SmRNAo 

6K E1 C p62(E3+E2) 
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C-p62 1- p62-6K 6K-E1 
cleavage I. cleavage cleavage 
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p62 insertion segment of p62 E1 insertion? segment of E1 

Figure 64. Scheme for the synthesis ofSemliki Forest virus (SFV) spike glycoprotein El in the 
membrane of the cytoplasmic reticulum. The signal peptide of the p62 polypeptide mediates in­
sertion into the membrane after the capsid protein C is cleaved. The polypeptide chain continues 
to grow, cleavage of the 6K peptide occurs, and the El polypeptide is synthesized when the sig­
nal peptide for El emerges. 
(Garoff et.1. 1980b. Reprinted by permission from Mlture 288, Fig. 5, p. 240. Copyright © 1980, Macmillan 
J ourn.ls Limited.) 
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Figure 65, Translation of SPV and Sindbis virus (SIN) nonstructural proteins from 42 S RNA. I 
indicates the postulated primary translational product; II the stable cleavage products; and III the 
detected intermediates. Arrows indicate the cleavage sites. Dotted line refers to a protein that has 
not been found. 
(Kaariainen and Soderlund 1978. Reprinted by permission from Curro Top. Microbio!. Immuno!. 82, Fig. 7A, 
p. 40. Copyright Springer-Verlag 1978, Heidelberg.) 

Equine encephalitis 

Three members of the genus alphavirus-EEE, WEE, and VEE-cause acute 
encephalitis in horses. The horses are infected by mosquitoes carrying the 
virus, and people attending the sick horses can also be infected. In an epidemic 
in Texas, children and adults who were in contact with infected horses fell ill, 
and fatal cases were reported among the children. 

Yellow fever 

Yellow fever virus, a member of the genus fiavivirus, has a life cycle in the 
mosquito and the monkey. In areas in central Africa endemic for yellow fever, 
people were infected by the bite of the Aedes "egypti mosquito carrying the 
virus. In some infected persons, a fatal disease occurred, but in others the 
infection was mild, with an incubation period of three-six days, fever, and 
headache. In severe cases, symptoms included jaundice, haemorrhages in the 
intestine, vomiting, and a drop in blood pressure followed by coma. 
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Figure 66. Simplified scheme of Ot-virus replication. The virus (1) adsorbs to specific receptors 
(2) at the plasma membrane, fusing (?) with it (3). The nucleocapsid is released to the cytoplasm 
and uncoated (4). Ribosomes associate with the 42 S RNA genome, translating nonstructural 
proteins which are components of the RNA polymerase (primary translation,S). When enough 
RNA polymerase has been assembled, the translation of the parental RNA is replaced by primary 
transcription, first producing 42 S RNA-negative strands (6) and by their transcription a first 
progeny of 42 S RNA-positive strands (7). These are used as messengers in the production of 
more nonstructural proteins during the secondary translarion (8). Part of the positive strands are 
used parallely as templates for synthesis of more negative 42 S RNAs, which in turn are used as 
templates for synthesis of positive strands (secondary transcription, 9). When the concentration of 
the interconversion protein is high enough, the synthesis of26 S RNA begins (10). The RNA 
synthesis probably takes place in cytoplasmic vacuoles (CPV I). The translation of 42 S RNA 
takes place in free poly somes (11), and the structural proteins are translated into membrane­
bound polysomes (12). The progeny 42 S RNA and the capsid protein assemble into nucleocap­
sids (13). The envelope proteins are protruded into the cisternal side (14) of the endoplasmic re­
ticulum membrane (ER), become glycosylated, first in ER and finally in the Golgi apparatus 
from which they are transported (15) to the plasma membrane. The nucleocapsid recognizes the 
spanning part of the envelope protein dimer (p62-E1), preventing its free lateral mobility (16). 
Increasing interactions between nucleocapsid and envelope proteins lead to protrusion of nucleo­
capsid into the plasma membrane (17). At this stage, the host cell proteins are excluded from the 
forming virion and p62 is cleaved to E2 and E3 (?). Finally, the mature virion is released into the 
medium (18). 
(Kaariainen and Soderlund 1978. Reprinted by permission from Curro Top. Microbiol. Immunol. 82, Fig. 11, 
p. 50. Copyright Springer-Verlag, 1978, Heidelberg.) 
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St. Louis encephalitis 

During the 1930s, this VIruS caused epidemics in the central and southern 
regions of the United States. The disease is accompanied by elevated body 
temperature, severe headache for several days, followed by rapid recovery. In 
some individuals, mainly older people, the disease is severe, accompanied by 
vomiting, loss of coordination, and a lengthy convalescence. 

West Nile fever 

West Nile virus, which is prevalent in Africa and Southern Asia, has a life cycle 
in mosquitoes and rodents. Infection causes a rise in temperature after an 
incubation period of three days, accompanied by severe headache and a skin 
rash. Fatal cases have been reported. 

Rubella 

Rubella is usually a childhood infection, but young adults who escaped the 
disease in childhood can also be infected. The incubation period of rubella is 
12-23 days, and a typical skin rash appears about 13 days after exposure to the 
virus. The disease starts with malaise, fever, headache, and irritation of the 
conjunctiva, as well as sore throat. The rash starts on the face and progresses 
downward on the body; the lymph nodes swell. At a certain stage of viremia, 
the virus spreads throughout the body and into the capillaries of the skin, 
where it replicates and causes the rash. 

During early pregnancy, the virus is transmitted to the fetus. Infection of the 
fetus during the first trimester of pregnancy leads to damage to the internal ear 
and the heart due to virus replication in the stem cells. Damage to the eyes, 
teeth, and eNS can also occur but is less common than damage to the ear and 
heart. Women infected with rubella virus during the first trimester of preg­
nancy are advised to have an abortion; infection of pregnant women during the 
fourth month of pregnancy can also be harmful to the fetus. 

A live attenuated rubella virus vaccine is available and is currently being used 
for the immunization of children. It is advisable that women of childbearing 
age be tested for immunity to rubella virus by determining the antibody level 
in the blood. Those women found to lack antibodies should be immunized 
with the attenuated live rubella virus vaccine at least three months before 
becoming pregnant to allow the development of the immune response (see 
chapter 24). 

DISEASES CAUSED BY PESTIVIRUSES 

These viruses cause diseases in domestic animal~. 

Hog cholera (European swine fever) 

This disease is prevalent in Europe and also in South America. Infection of pigs 
with hog cholera virus causes fever and rash. In an epidemic form, the disease 
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causes severe financial losses to the farmers, since the pigs must be eliminated 
in an infected area in order to block the spread of the virus. Both a live 
attenuated virus vaccine (Chinese strain) and a killed virus vaccine are avail­
able. Countries differ in their policies regarding immunization. In some coun­
tries immunization of pigs is compulsory, whereas others, where the disease is 
under control, immunization is not required so as to allow naturally infected 
pigs to be identified at the onset of an epidemic. In these countries, the infected 
animals are eradicated. 

The virions contain two antigens, one of which cross reacts with another, 
unrelated virus-bovine diarrhea virus (BDV)-which infects mainly cattle, 
but also pigs. A specific diagnostic procedure for the detection of antibodies to 
the hog cholera virus-specific antigen that does not cross react with BDV 
antibodies is still needed. 

Border disease in sheep seems to be caused by a virus related to hog cholera, 
but its properties are not yet known. 
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20. RNA PLUS GENOME THAT SERVES 
AS MESSENGER RNA: CORONA VIRUSES 

FAMILY CORONAVIRIDAE 

These viruses (100 nm in diameter) have chracteristically long (12-24 nm), 
widely spaced, bulbous surface projections (peplomeres), a lipid-containing 
envelope, and a single-stranded RNA + genome. The virus replicates in the 
cytoplasm of the infected cell and matures by budding through the intracyto­
plasmic membranes. Viral inclusion bodies may be seen in the cytoplasm 
(figure 67): The mechanisms of virus replication are similar to those described 
for the picorna- and togavirus families. 

Actinomycin D, which inhibits DNA-dependent RNA synthesis, markedly 
inhibits human coronavirus replication. This means that a host cell component 
is required during the early stages of virus replication (Kennedy and J ohnson­
Lussenberg 1979). 

Genus Corona virus (from corona, meaning crown) 

The virions that have the ability to hemagglutinate red blood cells include: 

A vian infectious bronchitis virus (IBV) 
Calf neonatal diarrhea corona virus (figure 67) 
Feline infectious peritonitis virus 
Human coronavirus 
Murine hepatitis virus (MHV), strain JHM 
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Figure 67. Electron micrograph of a cell infected with a bovine coronavirus (X 24,000). 
(Courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.) 

Porcine transmissible gastroenteritis virus (TGEV) 
Rat coronavirus 
Turkey bluecomb disease virus 

RNA and proteins 

The RNA of several corona viruses is polyadenylated and infectious and proba­
bly acts as mRNA. An infectious RNA of about 8 X 106 daltons, with cova-
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lently attached polyadenylic acid sequences, has been extracted from avian 
coronavirus (Lomniczi and Kennedy 1977). Molecular weights of 5.4 x 106 

and 3.8 X 106 were reported for RNA genomes of MHV and bovine 
coronavirus, respectively (Lai and Stohlman 1978; Guy and Brian 1979). 

Purified coronavirusJHM contains six polypeptides: GP1, GP2, GP3, VP4, 
GP5, and VP6, with apparent molecular weights of 170,000; 125,000; 97,500; 
60,800; 24,800; and 22,700, respectively. GP2 and GP3 probably protrude 
from the lipid envelope and together with GP1 form the spike layer. Protein 
VP6 and part of GP5 are located within the lipid bilayer (Wege et al. 1979). 
Nine intracellular virus-specific proteins were identified by Bond and as­
sociates (1979), of which four were structural proteins. There is a major 
nonglycosylated protein of molecular weight 50,000-60,000 located inside the 
virion that is probably the nucleocapsid protein. 

DISEASES CAUSED BY THE VIRUS 

Transmissible gastroenteritis (TGE) in pigs 

Infection of the small intestine of the pig occurs after ingestion of food contain­
ing virus and leads to destruction of the epithelial cells. After the viremic stage, 
the virus invades the kidneys and lungs. There are virulent and attenuated 
virus strains. Young pigs exposed to the virulent virus strains usually die 
within ten days after exposure. 

The problem with producing a vaccinal strain of TGE lies in developing a 
virus that will stimulate an IgA response in the gut of the sow without produc­
ing disease in young pigs (Saif and Bohl 1979). 

eNS infection 

Murine corona virus strain JHM causes demyelination in the eNS in infected 
mice and rats. This virus normally produces a rapidly fatal encephalomyelitis. 
However, under certain conditions (such as low virus dose or selection for ts 
mutants) nonfatal demyelination can be produced due to a selective destruction 
of the myelin-synthesizing oligodendrocytes (Haspel et al. 1978; Nagashima et 
al. 1978). 
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21. SINGLE-STRANDED RNA PLUS GENOMES THAT 
SYNTHESIZE DNA AS PART OF THEIR'LIFE CYCLE: 
RETROVIRUSES (RNA TUMOR VIRUSES) 

FAMILY RETROVIRIDAE 

These are RNA viruses that infect animals and replicate through a DNA 
intermediate called proviral DNA. The virions have a diameter of 100 nm with 
a lipid bilayer enveloping an icosahedral core containing a helical nucleocapsid. 
The nucleocapsid contains an enzyme, the reverse transcriptase (an RNA­
dependent DNA polymerase). The genome is made up of two identical RNA + 

molecules, each with a molecular weight of 7-10 X 106 . The ultrastructure of 
the virions is shown in figure 68. Retroviruses resemble other enveloped vi­
ruses that are formed by budding through cytoplasmic membranes (figure 69). 
(The term retrovirus comes from the Latin retro, meaning backward; the term 
also refers to reverse transcriptase.) 

Subfamily Oncovirinae (RNA tumor virus group) 

Onkos in Greek means tumor. 

Genus: Type B oncovirus group 
Species: mouse mammary tumor viruses (MTVs) 

Genus: Type C oncovirus group that includes mammalian, aVIan, and rep­
tilian type C oncoviruses. 

Mammalian type C oncovirus species include baboon type C oncovirus, 
bovine leukosis (BL V), gibbon ape leukemia, guinea pig type C oncovirus 
(guinea pig leukemia), feline sarcoma and feline leukemia viruses (FeLV), 
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Figure 68. Schematic representation of murine and avian retrovirus particles and the proposed 
assignment of analogous structural polypeptides. The surface of the virion consists of a lipid 
bilayer derived from the host cell from which project the loosely attached surface knobs. In avian 
retroviruses the outer knobs are connected by a spike and thus project further outward. Below 
the virus envelope is an inner coat (p19 or p17) that surrounds the virus core containing an outer 
shell and the ribonucleoprotein complex (RNP). The RNP consists of a filamental strand in the 
form of a spiral. 
(Montelaro et al. 1978. Reprinted by permission from Virolo<~y 84, Fig. 8, p. 29.) 

Figure 69. Electron micrograph of a Rous sarcoma virus (RSV)-infected chick embryo 
fibroblast with a budding virion. 
(Department of Molecular Virology, Hebrew University-Hadassah Medical School, Jerusalem, Israel.) 
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murine sarcoma and murine leukemia viruses (MuL V), porcine type C on­
covirus, rat type C oncovirus (rat leukemia), and woolly monkey sarcoma. 

A vian type C oncovirus species include avian sarcoma (ASV) and leukemia 
viruses, avian reticuloendotheliosis, and pheasant type C oncoviruses. 

Reptilian type C oncovirus species include viper type C oncoviruscs. 
The type D retrovirus includes Mason-Pfizer monkey virus. 

Subfamily Spumavirinae (foamy virus group) 

Spuma, in Latin, means foam. These viruses are symbiotic and evoke little or 
no response in the host cell. 

Species: Bovine syncytial 
Feline syncytial 
Human foamy 
Simian foamy viruses 

Subfamily Lentivirinae (Maedi/visna group) 

Lenti, in Latin, means slow. These viruses are cytopathic and induce chronic 
degenerative diseases. 

Species: Visna virus 

The three major forms of antigenicity of retroviruses are group-specific 
antigens shared by related viruses derived from a single host species, type­
specific antigens that define the various serological subgroups, and interspecies 
antigens shared by otherwise unrelated viruses derived from different host 
speCIes. 

The different retrovirus strains can be either endogenous or exogenous vi­
ruses. The genome of an endogenous virus is encoded in the germ line DNA of 
a normal animal species and is perpetuated by vertical transmission through 
the gametes of the species. Exogenous viruses, on the other hand, persist by 
virtue of horizontal spread among members of susceptible species. 

THE VIRAL GENOME 

Each virion contains two RNA plus molecules that are hydrogen bonded to 
each other. The two RNA monomers are joined together close to their 5' ends 
in a structure termed the dimer-linkage structure (figure 70). The hydrogen­
bonded RNA molecules have a sedimentation coefficient in sucrose gradients 
of 50-70 S. Each genomic monomer has a sedimentation coefficient of 35-
39 S. 

The viral genome contains four genes and an additional sequence: 

1. Group specific antigen gene (gag). This gene is responsible for the synthesis 
of four viral proteins that are common to a group of viruses. These proteins 
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Figure 70. Diagram of the structures of retrovirus RNA dimers constituting the viral genome. 
The dimer linkage structure is shown in the middle of each molecule; the zig-zag lines at the 
ends of the molecules symbolize poly(A). Next to each structure is listed the approximate melt­
ing temperature of the dimer linkage. where it has been determined. The viruses are: RD-114, 
the cat endogenous xenotrope; BKD, the baboon endogenous xenotrope; WoMV, the simian 
sarcoma virus complex; Friend murine virus complex, including the lymphatic leukemia virus 
and the spleen focus-forming virus (three different viral RNAs were present in the mixture 
studied); MoMLV, the Moloney MuLV; two isolates, clone 3 and clone 124 of MoMSV, 
Moloney murine sarcoma virus; AKR murine endogenous ecotrope; NZB murine endogenous 
xenotrope: WME, a wild mouse ecotrope; WMA, a wild mouse amphotrope; and reticuloen­
dotheliosis virus (REV). 
(Bender et a1. 1978. Reprinted by permission from]. Virol. 25, Fig. 3, p. 891). 
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Table 10. Structural components of avian and murine oncornaviruses 

Virion polypeptide 
Structural Virion 

Avian Murine component substructure 

gp8S-S gp71-S 
Knob } I I 

gp3S-S plSE-S Spike Envelope 
plO p12E Envelope associated 
p19 p12 Inner coat" Inner coat' 

p27 p30 Core shell Core exterior 
plS plSC Core associated 

p12 plO Ribonucleoprotein complex 
p91(~) p70(a) 

Nucleoprotein } 
Reverse transcri ptase 

p64(a) 

'The assignment of viral phosphoproteins (p 19 and p 12) to the inner coat does not exclude the possibility that a 
small number of molecules (I %) may bind to viral RNA during maturation. Moreover, the evidence that 
murine pl2 represents the inner coat is based largely on analogy to the avian system. Murine pl5C has properties 
which make it a likely candidate as well. (Bolognesi et al. 1978. Reprinted by permission from Science 199, Table 
1 p. 184. Copyright 1978 by the American Association for the Advancement of Science) 

have molecular weights of 27,000 (p27); 19,000 (pI9); 15,000 (pIS); and 
12,000 (pI2) in avian, and 30,000 (p30); 15,000 (pIS); 12,000 (pI2); and 
10,000 (pl0) in murine oncoviruses (table 10). The first proteins are trans­
lated from near the 5' end of the RNA molecule as a high molecular weight 
precursor and subsequently cleaved to finished size. In avian sarcoma­
leukosis viruses, a precursor of 76 x 103 daltons is synthesized and later 
cleaved. The intracistronic mapping within the gag gene is (5')-pI5-pI2-
p30-pl0(3') (Reynolds and Stephenson 1977). The major structural protein 
of the mammalian type C retroviruses is p30. 

2. Polymerase gene (pol). This gene produces the viral RNA-directed DNA 
polymerase (reverse transcriptase) responsible for the synthesis of double­
stranded DNA on the RNA genome. In avian oncoviruses, two protein 
subunits of 110 and 70 x 103 daltons of overlapping sequence 

110 

70 

were found, but only one of 70 x 103 daltons in murine leukemia viruses 
(MuLV). 

3. Envelope gene (env). This gene is responsible for the synthesis of two 
proteins of 85 and 35 x 103 daltons in avian leukemia viruses and 71 and 
15 X 103 in murine leukemia viruses (the 15 X 103 dalton protein is nongly­
cosylated), and for other glycoproteins present in the envelope of the viri­
ons (table 10). The envelope proteins gp71, p15E, and p12E are located on 
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the surface of murine leukemia viruses and proteins gp85, gp35, and plO are 
on the surface of avian retroviruses (table 10 and figure 68) (Montelaro et al. 
1978; Bolognesi et al. 1978). 

4. The sarcoma gene (sre) is found only in avian sarcoma viruses, but there are 
over a dozen different but analogous genes in other retroviruses referred to 
as the one gene. The sre gene produces a 60,000 dalton protein responsible 
for the initiation and maintenance of the transformed state of the infected 
cell. This protein, called p60src, is phosphorylated and displays the proper­
ties of a protein kinase. The one-specific, coding RNA sequence is unrelated 
to virion genes that are essential for virus replication. 

5. Common sequence (U3) (3' unique). This un translated sequence of RNA is 
involved in the replication of the virus, probably by providing various 
control sequences. 

The genes are arranged in the order 5'-cap-gag-pol-env-onc-U3 for most 
retroviruses and 5'-cap-gag-pol-env-src-U3 for avian sarcoma viruses. 

The genome contains between 7,000 and 10,000 nucleotides in the two RNA 
molecules present in each virion. 

ORGANIZATION OF THE NUCLEOTIDE SEQUENCE 
AT THE 5' END OF THE VIRAL RNA 

This region of the genome has an organizational function and is divided into 
four regions: 

1. The terminus of the molecule at the 5' end is a cap m7GSppp5'Gm nucleo­
tide. This is similar to the caps on mRNA molecules. 

2. Immediately after the cap, a sequence of 16-21 nucleotides named R consti­
tutes the repeat sequence, which is identical to a sequence present at the 3' 
end. For example, the Rs and R3 repeat sequences in the RNA of the Prague 
strain of Rous sarcoma virus (Pr-RSV) are: 

5' m 7G p p p Gm C C A U U U U ACe A U U CAe CAe A .... . 
3' Gee A U U U U Ace A U U CAe CAe A .... . 

3. A unique sequence of eighty nucleotides named Us. This sequence and 
others are spliced directly to the env and src mRNA molecules. 

4. A nucleotide sequence (derived from the host cell) which serves as a binding 
site for the attachment of primer transfer RNA: tRNAtrp in ASV, tRNAPro 
in MLVs and RAV (Rous-associated virus), and tRNAlys in MTVs. 

This sequence of 16 nucleotides at the 5' end is complementary to the 
sequence of sixteen nucleotides present at the 3' end of the tRNA. This se­
quence in the viral genome is named the primer binding (PB) site. 
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Organization of the nucleotide sequence at the 3' end of the viral RNA 

The sequence at the 3' end of the RNA genome is divided into three regions: 

1. Unique sequence (named U 3) that contains about 250 nucleotides in ASV, 
about 470 in MuLV and about 1,000 in MTV. 

2. The R repeat sequence. 
3. Poly(A) sequence. 

Primer for the synthesis of viral DNA 

The tRNA serves as a primer for the synthesis of the viral DNA by forming a 
hydrogen bond with the 16 nucleotides in the primer binding site at the 5' end 
of the viral genome. The 16 nucleotides of the tRNA are complementary to the 
primer binding sequence. The A-OH at the 3' terminus of the tRNA'rp is 
covalently linked by the RNA-dependent DNA polymerase to the first deoxy­
ribonucleoside monophosphate at the 5' end of the DNA. 

MOLECULAR EVENTS IN THE REPLICATION PROCESS 

The virion envelope adsorbs to the cell membrane and the ribonucleoprotein 
enters the cytoplasm. Adsorption of virions can also occur at 4°C, but penetra­
tion occurs only at 37°C. The entrance of the viral nucleocapsid leads to the 
initiation of DNA synthesis. 

The RNA-dependent DNA polymerase (reverse transcriptase) 

This enzyme, which was discovered independently by H. Temin and D. Balti­
more in 1970 (Temin and Baltimore 1972) is responsible for the synthesis of 
double-stranded DNA from the single-stranded viral genomes in cells infected 
by retroviruses. The reverse transcriptase, which is a core protein, transcribes 
the viral RNA into DNA that becomes integrated into the chromosomal DNA 
of the cell. The viral DNA is inserted into the cellular DNA by a recombina­
tion process and one or more DNA copies can be integrated. The integrated 
viral DNA is called proviral DNA (Temin 1976). From this proviral DNA, 
new viral RNA can be transcribed that can act either as mRNA and be trans­
lated or as viral genomic RNA and be packed into virion particles. Thus the 
reverse transcriptase is necessary for the productive infection of cells and for 
initiating transformation, but not for maintaining the transformed state of the 
cell. The molecule also has RNase H activity (Collett et al. 1978), which plays 
a role in viral replication. 

The viral RNA-dependent DNA polymerase initiates the polymerization of 
deoxyribonucleoside triphosphates using the 3' terminus of the tRNA'rp in the 
direction of the 5' end of the molecule (about 100 nuclcotidcs away). When the 
enzyme molecule reaches the 5' terminus of the viral RNA genome, the en­
zyme moves by virtue of the complementarity of the copy of R5 to R3 to 
another RNA molecule at the 3' end and continues DNA synthesis until it 
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Figure 71. Structures of proviral DNA. (A) The genome of ASV (not to scale) G, P, E, S are 
the coding regions shown to indicate polarity. X is a possible additional repeat postulated to aid 
in circle formation; the arrow-head indicates the 3' end of all molecules. Other symbols are as in 
figure 73. (B) and (C) In vitro (-) strand forms. The dotted line is the tRNA"P primer. Se­
quences complementary to the genome are shown in lowercase letters. (B) Strong stop DNA; 
(C) heterogeneous elongation products of strong stop DNA. (D) and (E) In vivo cytoplasmic 
forms; (D) a partial (-) strand with a small fragment of (+) strand; (e) complete (-) strand 
with complete ( +) strand in pieces. (F) and (G) nuclear forms: (F) two covalently closed circles 
differing only in the number of times the U3-RS-Us sequence appears; (G) integrated provirus. 
The dashed lines indicate cell DNA. The arrows show initiation (i) and termination (t) sites of 
transcription if the genome is not transcribed as a larger precursor. 
(Coffin 1979. Reprinted by permission from]. Gen. Viml. 42, Fig. 2, p. 8. Cambridge University Press, Cam­
bridge.) 

reaches the 5' end of this RNA molecule (Coffin 1979; Gilboa et al. 1979). The 
process of reverse transcription leading to the production of proviral DNA in 
avian sarcoma viruses (Coffin 1979) is presented schematically in figure 71. 

The viral DNA is present in the cytoplasm in several forms. The different 
forms of DNA observed in vitro and in vivo are shown aligned with the 
portion of the genome from which they are believed to be copied, and 
molecules of the same sense as the virus gene (plus strand) are labeled with 
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capital letters; complementary molecules (minus strand) are designated with 
small letters. The 3' end of each strand (and therefore the direction of its 
synthesis) is shown by an arrowhead. 

In in vitro endogenous or reconstructed polymerase reactions, various ho­
mogeneous DNA species (B and C in figure 71) can be isolated, each of which 
is an elongation product of smaller species. The most prominent product (B), 
called strong stop DNA, is a copy of the Us and Rs region of the genome 
terminating opposite Gm . It is 101 nucleotides long in avian sarcoma and 145 in 
murine leukemia viruses (Coffin 1979). Strong stop DNA, the structure of 
which is now known (Van Beveren et al. 1980), represents sequences between 
the 3'-OH nucleotide of the primer tRNA and the 5'-cap nucleotide of the 
genomic RNA. 

A DNA molecule of variable size, up to the full length of the minus strand, 
is the first DNA strand to be synthesized on the RNA template. The DNA 
plus strand is the second DNA strand that is synthesized by the reverse tran­
scriptase using the DNA minus strand as a template. The first of these DNA 
fragments is synthesized from a unique sequence containing the U 3 and U 5 

repeat sequences and the part of tRN A rrp complementary to the primer binding 
sequence. They may be synthesized from the 5' end of a DNA plus strand 
prior to synthesis of the DNA minus strand. 

Three to four hours after infection, viral double-stranded DNA with a 
sedimentation coefficient similar to that of complete viral double-stranded 
DNA appears. One strand (DNA minus) is complete, while the second DNA 
strand (DNA plus) is composed of a number of DNA fragments. As a conse­
quence of the initiation of the plus and minus strands internally in the 
molecule, this species has a copy of U 3-R-Us (called the long terminal repeat 
[L TR]) (Keshet and Shaul 1981) at either end. 

In the nucleus of the infected cell, circular viral double-stranded DNA of 
approximately genomic size appears. Cellular enzymes like ligase are presum­
ably responsible for sealing the fragments in the DNA plus strand, and the 
circular DNA molecules are fully double-stranded. 

The circular viral DNA molecules appear in two forms: (1) circular DNA, 
slightly larger than the viral RNA genome (Kung et al. 1980) and containing 
all the viral genes and sequences, as well as two copies at the L TR, and (2) 
short circular DNA containing only one copy of the LTR. It is not known 
whether the linear or one or both of the circular forms is the precursor to the 
integrated provirus. 

Another model for reverse transcription (Gilboa ct al. 1979) is given in 
figure 72 using MuL V as an example. The steps are as follows: 

I. Attached to M-MuL V RNA at a distance about 150 nucleotides from its 
5' end is a tRNAPro molecule that serves as the initiator for synthesis of 
the minus-strand DNA copy of the virion RNA. The primer tRNA is 
bound to the template by an 18 nucleotide region denoted as (c) on the 
tRNA and (C) on the genome RNA. 
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Figure 72. A model for reverse transcription. Structure I represents one molecule of the virion. 
In II, minus-strand DNA synthesis is initiated, and in V, plus-strand DNA synthesis is initiated. 
Various regions of the molecules are denoted by letters; their significance is discussed in the text. 
Uppercase letters refer to sequences in the viral RNA molecule (plus-strand sequences), and low­
ercase letters refer to minus-strand sequences. The various regions of the molecules are not 
shown to scale; for instance, region (dC) is about 18 nucleotides long, while region (diD) is 
about 7600 nucleotides long. The 3' poly(A) of the viral RNA has been omitted. 
(Gilboa et al. 1979. Reprinted by permission from eelllS, Fig. 1, p. 94. Copyright © 1979 by MIT). 
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II. Reverse transcription begins by synthesis of a 150 nucleotide piece of 
DNA called minus-strand strong-stop DNA. This DNA is covalently at­
tached to the tRNAPro primer, and its discrete length is a consequence of 
the fact that it is initiated at a specific site and continues to the 5' end of 
the template. 

III. The existence of the direct terminal repeat on the RNA genome allows 
minus-strong-stop DNA to jump from its original position at the 5' end 
of the RNA to a new position at the 3' end of the RNA. The length of 
the direct repeat is the distance shown as (A) in figure 72, and its comple­
ment is shown as (a). The region of strong-stop DNA not included in 
the repetition is shown as (b); it is a copy of region (B) of the RNA. 

IV. Once minus-strong-stop DNA has jumped to the 3' end of the template, 
it is in position to be an initiator for synthesis of a strand of DNA that 
could in principle continue all the way to the other end of the template. 
The product that is formed appears to be 8.2 kilobases (kb) long and 
probably has at its 5' end the original primer tRNA. The 8.2 kb product 
has region (c) as a direct repetition; at one end it is DNA and at the other 
end, it is part of the primer tRNA. 

V. Plus-strand DNA synthesis is initiated by the synthesis of a plus-strand 
strong-stop DNA molecule. The point of initiation is shown as the 
border of two regions: (d) and (e) of 8.2 kb minus-strand DNA. Plus­
strand strong-stop DNA consists of regions (E), (A), (B) and (C). Seg­
ment (C) is actually a copy of a portion of the tRN A primer that initiated 
synthesis of the minus-strand DNA. This is a crucial aspect of the 
model. 

VI. Removal of the original tRNA primer. 
VII. The molecule shown in structure VI can easily circularize (or two such 

molecules could form a dimer). The homology that allows the two ends 
to pair is regions (C) and (c). Once this partially double-stranded circular 
DNA is formed, both the plus strand and the minus strand are in posi­
tion to be finished. 

VIII. The minus strand of DNA is finished by copying plus-strong-stop 
DNA, thus extending its length from 8.2 to 8.8 kb. In this step, the 
genome acquires its 600 base direct terminal repeat structure. 

IX. and X. The extension of plus-strong-stop DNA to copy the minus 
strand of DNA will ultimately generate a 9 kb, completely double­
stranded DNA with two continuous strands. 

Transposon-like property of virus DNA 

Sequencing of Moloney murine sarcoma virus (M-MSV) (Reddy et al. 1980; 
Dhar et al. 1980), Moloney murine leukemia virus (M-ML V) (Van Beveren et 
al. 1980; Sutcliffe et al. 1980), and spleen necrosis virus (Shimotohno et al. 
1980) revealed that these viruses have long inverted repeats at the two molecu­
lar ends. Integration of these viral genomes into cellular DNA resulted in the 
duplication of a short host nucleotide sequence at the integration site 
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(Shimotohno et al. 1980; Shoemaker et al. 1980). The direct repeat at each end 
of the viral DNA consists of569 base pairs. The cell-virus junction at each end 
contains a 5-base pair direct repeat of cell DNA next to a 3-ba~e pair inverted 
repeat of viral DNA. This structure resembles that of bacterial transposable 
elements and is consistent with the protovirus hypothesis that retroviruses 
evolved from the cell genome (Shimotohno et al. 1980.) 

RNA transcripts of the integrated viral genomes 

The initiation sequence for the transcription of the viral DNA is probably in 
the U 3 sequence that is close to the R5 terminus of the viral DNA. The 
termination sequence for RNA synthesis is present between the U 3 and Rs 
sequences on the right-hand side of the viral DNA. 

The viral RNA is transcribed from the viral DNA by the cellular RNA 
polymerase II. The viral RNA is processed from precursor RNA molecules in 
the nucleus of the infected cell. 

The viral mRNA species 

Several species of viral mRNA exist (figure 73, B-D) that differ in the amount 
of the genetic information that they contain. Some mRN A molecules contain 
all the genetic information, but only the gene at the 5' end is translated. These 
consist of the gag-pol mRNAs that code for the viral polymerase precursor 
(pr180) and the gag mRNAs that code for the viral group-specific antigen 
precursor (pr76) (figure 73 D1 and D2)' Other mRNA species consist of por­
tions of the total genome. The env RNA codes only for the envelope proteins 
but contains the RNA sequence for the src protein which is not translated. The 
mRNA that codes for the src protein also contains the 3' terminus which is not 
translated. (This species is only found in avian sarcoma viruses.) 

Molecular events in the replication of a retrovirus are schematically sum­
marized in figure 74. 

BIOLOGICAL PROPERTIES AND SIGNIFICANCE 
OF THE INTEGRATED VIRAL DNA GENOMES 

The integrated viral DNA is infectious 

Hill and Hillova (1972) demonstrated that transfection of chick fibroblasts in 
vitro with fragmented DNA from a transformed cell that does not produce 
virus progeny can lead to the production of virions in the chick cells. This 
study revealed that the viral DNA is present in the DNA of the transformed 
cell and, when experimentally introduced into sensitive cells, can lead to virus 
synthesis. 

Retrovirus DNA can be incorporated into the germ line 

Infection of a mouse fertilized egg with Moloney leukemia virus at the morula 
stage (4-8 cells), followed by implantation of the egg in the female mouse, led 
to the development of an embryo containing the viral DNA in the diploid 
genome of each cell. Some of the newborn mice developed leukemia. Viral 
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Figure 73. Structure of the ASV genome and mRNAs_ (A) The genome of nondefective ASV 
drawn to approximate scale (bar represents 1,000 nuclcotides). The boxes indicate terminal se­
quences which are shown above the genome enlarged 50-fold. Coding regions are labeled above 
the genome and the approximate moL wL (x 10 - 3) of the protein products are shown. 
(B) to (D) Probable mRNA species. The molecular weight (x 10- J ) of the primary product is 
written above each molecule. The translation terminator is shown by t and the box at the 5' end 
indicates the region from the 5' end of the genome added by splicing. (B) src mRNA; (C) CflV 

mRNA; (D,) and (D2) two possibilities for gag-pol mRNAs. 
(Coffm 1979. Reprinted by permission from). Gm. Viral. 42, Fig. 1, p. 5. Cambridge University Press, Cam­
bridge.) 

DNA was found in the DNA of the progeny of the in-ovo infected Fl and F2 
leukemic mouse strains, using molecular hybridization techniques, Infection 
of newborn mice with MuL V can also lead to the development of leukemia. 

Effect of H 2: the histocompatibility locus on mouse leukemia 

At least two genes affect the leukomogenesis in the mouse. These are located in 
the H2 histocompatibility region of chromosome 17 of the mouse. One gene is 
associated with the segment K or I of the H2 region, which affects the ability of 
the host to develop an immune response to the antigens of virus-transformed 
leukemic cells. The second gene is associated with segment D of the H2 region 
and affects the development of cancer cell clones, which express viral antigens. 
The Fv-1 cellular locus (see page 241) is not linked to H2 and obstructs the 
ability of the virus to replicate by blocking circularization and integration of 
DNA (Lilly and Pincus 1972). 

RETROVIRUSES AND THEIR EVOLUTIONARY PATHWAYS 

Laboratory infection of mammalian cells (e. g., rat embryo fibroblasts) with an 
avian retrovirus (e. g., RSV) causes cell transformation and clones of trans-
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Figure 74. Life cycle of murine leukemia viruses (MuLV). After penetration, the viral RNA is 
transcribed into DNA (RNA-directed DNA polymerase activity), the RNA template is subse­
quently removed from the transcription product (RNase H activity), and the DNA molecule is 
made double-stranded (eDNA-directed DNA polymerase activity). The proviral DNA is then 
transported to the nucleus where it becomes integrated into the host genome. The integrated 
proviral DNA is transcribed by the cellular polymerase. The various viral proteins are probably 
transported to the cell surface, where cleavage of precursor proteins, packaging of polypeptides 
and RNA, and subsequent budding of virions from the cell membrane take place. 
(Reprinted by permission ofK. Nooter. Ph.D. thesis, Radiobiological Institute of the Organization for Health 
Research TNO, Rijswijk, The Netherlands, 1979.) 
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formed cells can be isolated. These do not produce virions but contain the viral 
DNA in the chromosomal DNA. Treatment of the cells with iododeoxy­
uridine or depriving them of arginine leads to the production of virions that 
contain the avian retrovirus RNA and proteins. Thus infection of a mamma­
lian cell with an avian retrovirus leads to cell transformation without virus 
synthesis. 

Porcine retrovirus was acquired from a rodent 

Porcine cells in tissue culture produce a retrovirus that is present in the DNA in 
all the tissues of the pig. European wild boar and the African bush pig, which 
are related to domestic swine, contain viral DNA very similar to porcine 
retrovirus. G. Todaro and his collaborators revealed that the retrovirus of the 
pig was actually obtained from a small rodent, an ancestor of the mouse. The 
resemblance between the nucleic acid of the pig retrovirus, which is an endog­
enous virus, and the nucleotide sequences in the DNA of rodent retrovirus 
suggested that the rodent retrovirus had been transmitted from the ancestor of 
the infected pig via the germ line and was retained throughout the porcine 
evolution. 

The monkey retrovirus originated from an ancient Asian rodent 

The nucleic acids of retroviruses of monkeys like gibbon ape leukemia virus 
(GAL V) and simian sarcoma virus (SSV) were found to be highly homologous 
with the type C retrovirus of the mouse, Mus musculus. Several structural 
proteins of the viruses of the mouse and monkey have common antigenic 
determinants. These results led to the suggestion that GAL V and SSV are 
derived from the Asian mouse (Mus caroli) retrovirus by trans species infection 
of primates. 

Origin of the cat retrovirus 

Todaro's studies (Todaro 1975) on the homology between retroviruses of 
different animal species led to the conclusion that felis, the ancestor of the 
domestic cat, obtained its retrovirus by infection from old world monkeys 
three to ten million years ago and from a rat ancestor of the domestic cat (see 
chapter 25). 

Avian retroviruses 

V. Ellermann and O. Bang in 1909, and P. Rous in 1911, discovered that 
tumors in chickens are caused by a filterable agent. This pioneering work, as 
well as that of J.J. Bittner in the 1940s and the discovery by L. Gross in 1951 
that mouse leukemia can be transmitted vertically by a filterable virus (see 
chapter 1), led to the theories that viruses can cause cancer. Today there are 
several subgroups of avian retroviruses involved in leukosis and sarcoma. The 
avian retroviruses are divided into subgroups A-G on the basis of surface 
receptor specificity of the virus and intracellular restriction phenomena. The 
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susceptibility of permissive avian cells is determined by the presence or ab­
sence of receptors that permit attachment and penetration of the virus particle. 
Subgroups A-F contain both sarcoma and leukosis viruses (namely, exoge­
nous viruses RSV, Rous associated virus, avian myeloblastosis virus, my­
elocytomatosis virus, avian erythroblastosis virus, and Mill Hill virus 2; the 
endogenous viruses include the Rous-associated virus types and induced 
leukosis viruses). Subgroup G includes the endogenous pheasant viruses 
(Robinson 1978). 

THE SRC GENE IS THE TRANSFORMING GENE 

Since the identification of src, the one gene of avian sarcoma viruses, by Dues­
berg and V ogt (1970), over a dozen different one-specific sequences have been 
identified in various oncogenic retroviruses. Seven of these belong to onco­
genic viruses of the avian sarcoma leukosis group (figure 75). The sarcoma 
viruses are divided into four subgroups, while the acute leukemia viruses are 
divided into three subgroups, based on the onc-gene-specific RNA sequences. 
The RSV genome contains the four viral genes-gag, pol, cnv, and src-while 
the other viruses may lack the pol, cnv, or src genes, leading to a marked change 
in the size of the viral genome. All viruses presented in figure 75 retain the gag 
gene. 

There are two types of one genes in avian tumor viruses. The coding se­
quence of type 1 consists entirely of specific sequences and includes the src gene 
of Rous sarcoma virus which encodes a 60,000 dalton protein (figure 75) 
responsible for the transformed state of the cell. Another example of type I is 
the one gene of avian myeloblastosis virus. The coding sequence of type II one 
genes is a hybrid consisting of a specific sequence and elements of essential 
virion genes typically including part of the gag gene. The one gene of avian 
myelocytomatosis (MC29) virus consists of both gag and a specific sequence 
termed mcv that functions as one genetic unit encoding a 110,000 dalton gag­
related, probably transforming protein. The hybrid onc genes of Fujinami 
sarcoma virus, other avian sarcoma viruses, avian erythroblastosis virus, and 
other examples in the avian tumor virus group, arc shown in figure 75 
(Dues berg 1980; Bister and Duesberg 1982). The discovery of the one genes 
provides an explanation as to why some retroviruses-namely those with onc 
gen~s-are acutely oncogenic, while others-like the lymphatic leukemia 
(leukosis) viruses-are only rarely oncogenic, and if so, only after long latent 
periods. 

ENDOGENOUS VIRUSES AND CANCER 

In contrast to exogenous avian sarcoma-leukosis viruses which replicate to 
high titer in chicken cells, the endogenous viruses replicate poorly, if at all, in 
most chicken cells. All of the endogenous viruses that have been successfully 
grown belong to subgroup E. In cells containing endogenous retroviruses 
integrated into chromosomal DNA, expression of the endogenous virus is 
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determined by cellular genes. Six different phenotypes for the expression of 
endogenous viruses have been described in chickens (Robinson 1978). The 
distinctive phenotypes are due to specific germ-like-inherited pro viruses (ev 
loci) that are absent in the negative alleles. 

Among the viruses that cause tumors in chickens are viruses with genomes 
related to the endogenous ROllS-associated virus type 0 (RAV-O). RAV-O is 
a subgroup E endogenous leukosis virus of chickens that can be spontaneously 
released but has no oncogenicity in vivo. All chicken cells tested by molecular 
hybridization techniques contain DNA sequences homologous to RAV-O 
RNA. Chickens containing the autosomal dominant allele V+ spontaneously 
produce infectious RAV-O, while no virus is produced in V- cells (Linial and 
Nieman 1976). 

It is possible to divide the tumor-causing viruses into two groups: the first 
group has genes in addition to those of RA V -0 (and also deletions), and the 
second group has the same genes as RAV-O. The env gene, however, and 
therefore the envelope antigen, are different. Both groups also differ from 
RAV-O by having a distinct U 3 region. Members of the first virus group 
(myeloblastosis, erythroblastosis, myelocytosis, and sarcoma viruses) cause an 
acute disease that affects a number of organs within a few days after infection. 
Members of the second group cause leukosis, a slow-developing disease of 
transformed B lymphocytes that metastasizes in the liver and spleen and ap­
pears four to five months after infection. This lymphoproliferative disease is 
caused by viruses of all the subgroups. 

Viruses belonging to the first group cause cell transformation. The most 
widely investigated virus is RSV (named after P. ROllS) of chickens. RSV can 
be divided into two subgroups: nondefective (nd) viruses that have all the 
RAV-O genes and defective viruses that lack the env gene. Both subgroups 
contain the src gene at the 3' end of the RNA genome. Transformation­
defective (td) mutants of RSV can be obtained by spontaneous mutation of 

Figure 75. Genetic structures of oncogenic retroviruses of the avian leukosis/sarcoma group: 
Boxes indicate the size of viral RNAs in kilo bases (kb) and segments within boxes indicate map 
locations in kb of complete or partial (6) complements of the three essential virion genes gag, 
pol, and env of the one-specific sequences and of the non coding regulatory sequences at the 5' and 
3' end of viral RNAs. Dotted lines are used to indicate that borders between genetic elements are 
uncertain. Based on one gene-specific RNA sequences (hatched boxes), four subgroups of sar­
coma viruses and three subgroups of acute leukemia viruses can be distinguished. The three-let­
ter code for one-specific RNA sequences extends the one used previously by the authors. sre rep­
resents the one-specific sequence of the RSV -subgroup of avian sarcoma viruses; jsl' that of the 
Fujinami-subgroup, ysv that of the Y73 subgroup, and usv that of the UR2-subgroup of avian 
sarcoma viruses; mcv that of the MC29-subgroup, aev that of the avian erythroblastosis virus 
subgroup and amI' that of the AMV -subgroup of acute leukemia viruses. Lines and numbers 
under the boxes symbolize the complexities in kilodaltons (kd) of the precursors (Pr) for viral 
structural proteins and of the transformation-specific polyproteins (p). For some viruses (*) 
complete genetic maps are not yet available, and some protein products (**) have only been 
identified in cell-free translation assays. 
(Bister and Duesberg 1982. Reprinted by permission from Adval1ces ill Viral OIlCO!O.l!Y. G. Klein, ed. Copyright 
1982 by Raven Press, New York). 
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nondefective RSV. These viruses retain all the normal growth and replicative 
functions but have lost the ability to induce transformation in infected cul­
tures. The RNA genome of td mutants is uniform in size, smaller than that of 
the transforming parental virus and, in general, very similar to that of the 
naturally existing avian leukosis viruses, such as RAV-2. Td mutants spon­
taneously derived from the Schmidt-Ruppin strain ofRSV, subgroup A (SR­
RSV-A) were found to lack either all or part of the src gene (Kawai et al. 1977). 

Virus strains that transform cultured chick embryo fibroblasts include: (1) 
avian sarcoma viruses with the coat gene of an endogenous virus (e.g., mem­
bers of Prague strain ofRSV, subgroup E and Schmidt-Ruppin strain ofRSV, 
subgroup E: PR-RSV-E and SR-RSV-E) and (2) recombinants of avian sar­
coma virus and RAV-O (other PR-RSV-E and SR-RSV-E members) (Robin­
son 1978). 

Virus strains that do not cause cell transformation include: (1) strain 7-ILV, 
an endogenous virus that appeared in cells prepared from a resistant chicken 
with the phenotype V - E + susceptible to subgroup E virus after treatment of 
the cells with bromodeoxyuridine; (2) RA V strain 0 (RA V -0) that is a sub­
group E endogenous virus; and (3) RAV strain RAV-60 that is a recombinant 
with genetic information of an infecting avian leukosis virus and genes coding 
for the type-specific E coat antigen of the chick cell. 

The genomes of these viruses are organized as follows: 

1. RA V -0 (2.7-2.9 x 106 daltons) 

r-ss-gag-pol-env-U3-r-poly(A) 

2. ASV nondefective (3.3-3.4 X 106 daltons) 

r-ss-gag-pol-env-src-U 3-r-poly(A) 

3. BH-RSV (Bryan high titer strain of RSV) (2.7-2.9 x 106 daltons) 

r-ss-gag-pol-src-U3-r-poly(A) 

4. Viruses defective in the ability to transform cells yet that induce leukemia in 
chickens (2.7-2.9 x 106 daltons) 

r-ss-gag-pol-env-U 3-r-poly(A) 

(in which r = 21 nucleotides, ss = 101 nucleotides, r is part of ss (= Us + 
r), gag = group specific antigen, pol = reverse transcriptase, env = en­
velope protein, src = sarcoma gene, and U 3 = 3' untranslated sequence of 
250 nucleotides) 
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The viruses replicate in the infected cells and transcribe RNA from different 
viral genes. Some of the viral DNA is retained as episomal DNA in the cell 
nucleus but disappears after a while, and some DNA molecules integrate into 
the cell DNA. The viruses differ in the mRNA species that they code for. 
RAV-O virus codes for two species of viral mRNA: (1) mRNA species 
(1,000-2,000 copies per cell) with a sedimentation coefficient of 21 S contain­
ing the env gene in the form of ss-env-U3-poly(A) that is translated to gpr90, 
the precursor of the envelope protein, and (2) mRNA species with a sedimen­
tation coefficient of 35 S (1,000-2,000 copies per cell) that contain the genes ss­
gag-pol-env-U3-poly(A). The 35S mRNA is translated into pr76 (that is 
cleaved to the group-specific [gs 1 antigen) and pr180 (that is cleaved to yield 
the polymerase). RAV-2 virus is very similar to RAV-O virus, except that the 
21 S mRNA is present as 8-12 X 103 copies per cell. 

The viral gene src is closely related to the cellular gene sarc 

Nucleotide sequences related to src (denoted endogenous sarc) are present in the 
DNA of chickens and may have been the progenitor of the viral gene. The 
gene sarc is present in one or two copies in a haploid genome. It is possible that 
RSV was formed by recombination between RA V -0 or a similar virus with 
the cellular gene sarc. Experiments to determine whether indeed a non trans­
forming virus can recombine with the cellular sarc gene were done by H. 
Hanafusa and co-workers. Chickens were infected with the Schmidt-Ruppin 
strain ofRSV (SR-RSV-A) that has a deletion of part of src and is incapable of 
transformation. Two to three months later, tumors appeared in different 
places in the chicken, but not at the site of inoculation. From the tumors, a 
virus was isolated that was found to resemble SR-RSV -A but was capable of 
transforming cells in culture. Injection of this virus into healthy chickens 
caused tumors within a few days. It is possible that the recovered sarcomo­
genic virus is a recombinant between the parental transformation-defective 
virus and endogenous sarc sequences of normal cells. These recovered avian 
sarcoma viruses produce the transforming protein p60src in infected cells in 
amounts comparable to those found in cells transformed by standard strains of 
avian sarcoma virus. The p60src protein present in normal cells at a low level is 
also associated with a protein kinase activity and is similar, both antigenically 
and chemically, to the p60src of avian sarcoma virus (Karess et al. 1979; Opper­
mann et al. 1979). 

Evolution of avian leukosis viruses 

Endogenous retroviruses invaded the germ line of chickens. Pheasant cells 
contain DNA sequences that have 20% homology with the RAV-O genome. 
Quail and turkey cells contain DNA that is homologous to 1-2% of the 
RAV-O genome. Other members of the same genus (Giallus) do not have 
related sequences and therefore were not likely to have been introduced after 
speciation. 
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THE ONCOGENE THEORY 

The oncogene hypothesis (Huebner and Todaro 1969) originally postulated 
that viral one genes are present in normal cells and may cause cancer if induced 
by carcinogens or other oncogenic agents. It was subsequently hypothesized 
that there are genetic elements in the cell with a potential of becoming viral one 
genes, termed protoviruses (and later proto-one genes) (Bishop 1981). After 
transduction by retroviruses, these proto-one genes evolve into viral one genes 
(Temin 1980). It has also been postulated that one genes evolved from cellular 
prototypes in a multiphase process involving endogenous, defective retro­
virus-like intermediates (Duesberg 1980). There is substantial evidence to indi­
cate that the one genes originated from the normal cellular genes by a recombi­
nation process between a parent nontransforming virus and host cellular DNA. 

Over ten different transforming genes have been identified in the genomes 
of acute transforming retroviruses of avian and mammalian origin, and each of 
these viral onc (v-one) genes has a normal cellular counterpart (c-one). The 
normal cellular genes are generally expressed atlow levels in normal, unin­
fected cells, but may be expressed at higher levels during certain stages of 
development (Hayward et al., 1981). It was shown by molecular hybridization 
that the cellular genes which gave rise to viral transforming genes are con­
served throughout evolution. Evolutionary conservation of the cellular onc 
genes indicates that they probably play an essential role in cellular growth, 
differentiation, and/or development. 

Hayward and associates (1981) have shown that avian leukosis virus induces 
neoplastic disease by activating the c-mye gene, the cellular counterpart of the 
transforming gene of MC29 virus (myelocytomatosis virus-29). Their data 
indicate that, as a rare event, the AL V provirus integrates adjacent to the c-myc 
gene and that transcription, initiating from a viral promoter, causes enhanced 
expression of c-myc, leading to neoplastic transformation. 

It seems likely, therefore, that the role of both acute and slow RNA tumor 
viruses in neoplastic transformation is simply to provide a means for constitu­
tively expressing a cellular gene that is normally expressed at low levels. These 
viruses accomplish this in slightly different ways. In the acute viruses, a cellu­
lar gene has been inserted into the viral genome (by recombination), where it 
comes under the control of the viral promoter. With slow transforming vi­
ruses such as ALV, the viral promoter is inserted into (or adjacent to) the 
cellular gene. 

Thus, for the first time, it has been shown that a carcinogenic agent (namely 
AL V) acts by altering the expression of a normal cellular gene. Hayward and 
co-workers (1981) also raise the interesting possibility that activation of a e-one 
gene may be the common initiation event in neoplastic transformation by both 
viral and non viral agents. 

In other studies, Eva and associates (1982) have shown that cellular genes 
analogous to retroviral one genes are both present and frequently expressed in 
human neoplastic cells. Nonetheless, the genetic changes involved in human 
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neoplastic transformation appear to be multiple, and our understanding of 
these mechanisms is still at an early stage. 

MAMMALIAN RETROVIRUSES 

Type C viruses have been recognized in mice, hamsters, rats, cats, cows, pigs, 
in several primates, and in humans. 

Mouse leukemia viruses 

Extracts of AK mouse embryos which were filtered to remove the cells and 
inoculated into newborn C3H mice caused leukemia in the recipients. This 
work by Gross (1951) showed that mouse strains like AK and C57 carry a 
latent virus that may be involved in spontaneous leukemia, and that can cause 
leukemia in other mouse strains, provided it is injected into newborn mice less 
than 48 hrs after birth. The Gross virus differs from the Friend, Moloney, and 
Rauscher MuL V designated as subgroup FMR. These are laboratory type C 
virus strains isolated from transplantable mouse tumors. Whether FMR vi­
ruses exist in nature is unclear. 

The leukomogenic viruses of mice are divided into three groups: (1) Eco­
tropic viruses include N-tropic viruses that infect cells of NIH-Swiss strains of 
mice (N-type), but not cells ofBALB/c mice, B-tropic viruses that infect cells 
ofBALB/c mice (B-type) only, and NB-tropic viruses that infect both strains; 
(2) Xenotropic viruses (X-tropic) replicate only in cells from animals foreign 
to the host species and include the NZB virus from New Zealand Black mice. 
Although endogenous to the mouse, this virus could not productively infect 
mouse cells; and (3) Amphoteric viruses (A-tropic) share the host range of both 
E-tropic and X-tropic viruses, since they productively infect mouse cells as 
well as cells from heterologous species (Levy 1978). 

Mouse genes determine sensitivity to leukemogenic viruses 

In 1957, C. Friend reported the isolation from a 14-month-old Swiss mouse of 
a filterable agent that produced a leukemia-like disease in adult mice. This 
disease differs entirely from the thymus-dependent lymphoma typical of the 
Gross virus-induced disease of high leukemic virus strains. The Fv gene refers 
to a cellular locus that determines Friend virus susceptibility. Fv-1 is the gene 
that governs relative resistance to the original Friend virus strain (F-S), but 
with no influence on susceptibility to the BALB/c-adapted variant of Friend 
virus (F-B). Fv-2 is the gene that governs virtually absolute resistance to focus 
formation by both F-S and F-B viruses. The Fv-1 locus is not apparently 
linked to the Fv-2 or H2 histocompatibility locus in the mouse genome (Lilly 
and Pincus 1973). 

Radiation-induced leukemia (RadL V) in mice 

Irradiation of adult mice strain C57BL leads to the appearance of leukemia. 
From these leukemic cells, radiation leukemia virus (RadL V) was isolated, 
which is able to induce leukemia in sensitive mice if they are irradiated at the 
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time of virus inoculation. Virus must be injected directly into the thymus. The 
RadL V is a mixture of an ecotropic virus (B + N tropic) and a xenotropic 
VIrus. 

Mammary tumor virus (MTV) in female mice 

The mammary virus is transferred horizontally from the infected mother to 
the suckling mice via the milk. It has also been demonstrated that offspring of 
female mice with mammary tumors that were fed by a healthy mother also 
developed tumors, since the viral DNA is in the germ line. Thus newborn 
mice have the viral genes as a result of vertical transmission. 

Mice of the GR strain which carry the mammary tumor virus genome in 
their cellular DNA have a high incidence of mammary tumors. An autosomal 
dominant cellular gene is responsible for the expression of the virus in the 
mouse and for the development of the mammary tumor. 

Feline leukemia virus (FeL V) 

Leukemia in cats has the form of lymphosarcoma and myeloproliferative dis­
ease. An exogenous type C retrovirus was isolated from the tumor cells. 
Injection of a homogenate made from leukemic cells from a spontaneous 
lymphoma (after filtration to remove cell debris) to a healthy cat leads to the 
development ofleukemia. Thus the virus can be. horizontally transmitted from 
one cat to another. Analysis of blood samples from healthy stray cats for 
antibodies to the cat leukemia virus showed that 50-60% have antibodies. The 
antibodies are against a cell-associated viral antigen designated FOCMA (feline 
oncornavirus-associated cell membrane antigen). Whereas only 3% of 5tray 
cats have viremia in the blood and excrete leukemia virus in the nasopharynx, 
40% of cats living in human households have antiviral antibodies. Feline 
leukemia virus is congenitally (vertically) transmitted to offspring. The off­
spring of viremic mothers can also carry the viruses. 

A significant percentage of cats (about 30%) with leukemia and lymphomas 
have no detectable virus or viral components. Cats may therefore be normal 
virus negative, normal virus positive, leukemic virus negative, or leukemic 
virus positive. However, it is suspected that exogenous FeL V does playa role 
in the virus-negative leukemias (Koshy et al. 1980). 

Fe LV is unrelated to the RD114 xenotropic cat virus that was identified 
during attempts to isolate a human retrovirus (Levy 1978). RDl14 is an endog­
enous feline virus. It has been suggested that millions of years ago, FeL V­
related genes were passed to cats by transspecies infection by a rat type C virus 
and that RD114 sequences were transferred to the cat by a primate virus. 

Bovine leukosis in cattle and sheep 

Leukocytosis in cows is expressed as a marked increase in the number of 
leukocytes in the peripheral blood (lymphocyte leukosis). The disease is caused 
by a retrovirus that is horizontally transmitted by infected saliva. Lympho-
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cytes from an infected cow can be cultivated under in-vitro conditions and 
they can produce and release the BL V that can be cultivated in other cell lines. 

The virus was isolated and shown to be a type C retrovirus. The virions 
contain 70 S RNA and the viral proteins p80, gp69, gp45, p24, p15, p12, and 
plO. 

It is possible to screen for antibodies to the virus in sera from cattle in herds 
to determine the extent of virus infection using radioimmunoassay or enzyme 
linked immuno-sorbent assay (ELISA) (see chapter 27). Prior to the develop­
ment of these tests, the diseased cows were diagnosed by hematological tests 
that determine the extent of leukocytosis. 

The leukosis virus also infects sheep and causes a disease similar to that of 
cows. BLV does not infect humans. No anti-BLV antibodies were found in 
the blood of people (farmers and butchers) who are in contact with cattle or 
handle their meat (reviewed by Mussgay and Kaaden 1978). 

Monkey retroviruses 

Viral sequences in the cellular DNA of primates are related to those in baboons 

Co cultivation of normal cells from various organs (like kidney, spleen, lung, 
testes, placenta) of different species of baboons (Papio cynocephalus, P. anubis, 
P. papio, P. hemadryas) with various sensitive cell lines led to the isolation of a 
virus from each organ studied. Characterization of virions showed that they 
have unique RNA and antigenicity. The viruses isolated from the various 
baboon species are related. 

The conclusion of Todaro (1975) is that the baboon viruses contain endoge­
nous viral sequences integrated into the genome that are related to those found 
in primates, including man. 

Viruses isolated from monkeys of related genera have a high nucleic acid 
homology. The presence of an endogenous virus in anthropoid primates, and 
also in those species that evolved from them, indicate that the viruses evolved 
during a period of30 to 40 million years as the species evolved (Benveniste and 
Todaro 1975). 

Infectious type C retroviruses from monkeys 

Infectious virus was isolated from a gibbon ape (kept in captivity) that devel­
oped leukemia and from a woolly monkey that developed fibrosarcoma. 
These viruses, named gibbon ape leukemia virus (GAL V) and simian sarcoma 
virus (SSV), respectively, are transmitted horizontally from one monkey to 
another. The viruses are not endogenous but are infectious and can cause 
leukemia if infected into healthy monkeys. GAL V was also isolated from brain 
tissue of a healthy gibbon ape, but this virus is related, yet not identical, to the 
GAL V isolated from leukemic monkeys. The viruses isolated from these mon­
keys can be separated into four subgroups on the basis of the relatedness of the 
viral RNA (Todaro 1975). 
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Monkey mammary tumor virus (MoMTV): the Mason-Pfizer monkey virus 

In a female rhesus monkey (Macaca mulatta) (an Old World monkey) a mam­
mary tumor was diagnosed. Electron microscopy of the tumor cells showed 
the presence of virions in the cells and in the intercellular spaces. The tumor 
cells could be grown in vitro by cocultivation with monkey embryo cells. The 
mixed cultures of monkey tumor cells and embryo cells became chronically 
infected and continued to replicate the virus as permanent, established cell 
lines. The virus could also replicate in monkey and chimpanzee lung cells and 
could transform infected rhesus foreskin cells. Cocultivation of monkey cells 
infected with virus and human KC cells that were transformed in vitro by RSV 
causes the formation of syncytia within 24 hr that contain 40-50 nuclei. These 
syncytia were clearly distinguishable from those caused by simian foamy vi­
ruses. 

The virions have a density in sucrose gradients of1.16 g/ml, contain 60-70 S 
RNA as a genome, and reverse transcriptase. However, this virus is distinct 
from the type B and type C retroviruses and has been referred to as a type D 
virus particle. In some ways, such as in the developmental stages, MoMTV 
resembles the murine mammary tumor viruses. 

Virus-transformed rhesus monkey foreskin cells inoculated into newborn 
rhesus monkeys caused tumor formation at the site of inoculation. These 
transformed r:ells also induced fibrosarcomas when inoculated subcutaneously 
into nude mice, but the absence of any tumor induction by cell-free virus 
remains a barrier to demonstrating that the virus itself causes cancer (reviewed 
by Chopra 1976). 

The host range of this virus has been shown in tissue culture to include both 
primate and human cells. Viruses morphologically similar to the Mason-Pfizer 
monkey virus have been isolated from certain rhesus monkeys and human 
tissues and cell lines as well as from normal tissues of a langur monkey (an­
other Old World monkey) and from squirrel monkeys (a New World mon­
key). Thus the Mason-Pfizer monkey virus is a member of a larger group of 
viruses of both Old and New World primates. There is inter species cross 
reactivities between the m~or internal and external proteins of these viruses; 
they also share cross reactivity of their major external glycoproteins with those 
of type C baboon endogenous virus (Fine and Schochetman 1978). 

HUMAN RETROVIRUSES 

Type C retroviruses were isolated from human leukemic cells. Analysis of 
leukemic cells and serum taken from patients with chronic and acute leukemias 
and lymphomas revealed the presence of RNA protein complexes containing a 
reverse transcriptase. After induction of such leukemic cells, it was possible to 

isolate virions that had the properties of type C retroviruses. R. C. Gallo and 
his collaborators isolated a type C virus from a continuous cell line of human 
leukemic cells that had no cross reactivity with any known retrovirus. Anti-
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bodies to this virus (designated HTLV) were found in sera of some human 
leukemia patients (see chapter 28). 

SARCOMA VIRUSES 

These viruses, isolated from rodents (mice, rats), cats, and one monkey species 
(woolly monkey), are defective in their ability to replicate in infected cells, but 
can transform the infected cells. Such transformed cells can cause solid tumors 
when injected into animals. Moloney virus, Abelson virus, and BALB/c virus 
are sarcoma viruses isolated from mice, the Harvey and Kirsten strains were 
isolated from rats, while the Snyder-Theiler, Gardner, and McDonough 
strains are feline sarcoma viruses (FeSV). For their replication, the sarcoma 
viruses require coinfection with a type C helper virus. The original stocks of 
Harvey murine sarcoma virus (Ha-MSV) and Kirsten murine sarcoma virus 
(Ki-MSV) contained Moloney murine leukemia virus (Mo-MuL V) and Kirsten 
murine leukemia virus (Ki-MuLV), respectively, as helper viruses. 

Sarcoma viruses developed as recombinant viruses whose genomes contain 
genetic information of a nontransforming C-type virus linked to sequences 
present in the chromosomal DNA of the host of origin. The genomes of Mo­
MSV, Ha-MSV, Ki-MSV, FeSVs and Abelson murine leukemia virus (Ab­
MuLV), contain sequences of helper-independent C-type virus located at the 5' 
and 3' termini of the viral RNA, separated by a stretch of inserted sequences of 
cellular origin. The C-type viral genetic information of the mammalian trans­
forming viruses is required for proper replication of the viral genome and may 
provide a promoter region for transcription. In contrast, the inserted cellular 
sequences may be responsible for the sarcomogenic function specified by these 
viruses (Andersson 1980). 

The transforming proteins of these viruses have been identified. The trans­
forming protein of Ab-MuLV has protein kinase activity and is similar to the 
ASV SYC gene product, although they have different cellular targets for trans­
formation (Witte et al. 1980). 

MOLONEY MURINE LEUKEMIA AND SARCOMA VIRUSES 

Moloney murine leukemia virus (Mo-MuL V) is a prototype mammalian type 
C virus originally isolated from a sarcoma passaged in BALB/c mice. This 
virus causes a generalized lymphocytic leukemia in newborn mice within three 
months of injection. The complete genetic structure of Mo-MuL V has been 
defined (Shinnick et al. 1981). The Moloney murine sarcoma virus (Mo-MSV) 
arose spontaneously during passage of Mo-MuL V in BALBI c mice and con­
tains both Mo-MuL V and normal BALBI c mouse cell sequences. The 
leukemia virus sequences were replaced by about one kilo base of mouse cellu­
lar genetic information. 

Cleavage ofMo-MSV DNA with the enzymes XhoI and BglII, which cut 5' 
to the cellular insertion region (cell-derived sequences), resulted in a small 
reduction of the virus infectivity. The intact cellular insertion was needed 
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for virus activity. Digestion of the viral DNA with the enzymes Hpa1 and 
HindIII, which cut within the cellular insertion in the viral DNA, also de­
stroyed the biological activity of the viral DNA. The cellular sequences in the 
viral DNA thus appear to be essential for transformation (Anderssen et al. 
1979; Blair et al. 1980). The acquired cell sequences found in sarcoma viruses 
(termed sre) and the normal cell DNA sequences homologous to them (termed 
sare or one genes) appear to be identical (Oskarssen et al. 1980), but are not 
sufficient for cell transformation. Some leukemia-derived sequences located 
adjacent to the 5' end of sre are required for transformation, as well as a 
terminally redundant sequence of the integrated leukemia provirus (Blair et al. 
1980). 

Human cellular onc genes are related to simian 
sarcoma virus (SSV) transforming genes 

Hybridization of cloned viral transforming genes to cellular DNA fragments 
cloned in bacteriophage A led to the isolation of the cellular one genes. These 
cellular one genes are homologous with the viral transforming genes, but in the 
cell DNA they are interrupted by intron sequences. 

The genomes of SSV, a defective transforming virus isolated from a 
fibrosarcoma of a woolly monkey and its helper virus, simian sarcoma­
associated virus (SSA V), were cloned and characterized. The SSV genome was 
found to have a 1.2 kilobase insert not shared by SSA V, which represents the 
viral one gene (v-sis). Molecular hybridization experiments have shown that 
v-sis is a unique viral one gene originating from woolly monkey DNA (Wong­
Staal et al. 1981). 

In addition, it has been shown that the human one gene (e-sis) is related to the 
v-sis transforming gene of SSV. The e-sis gene extends over a region of about 
12 kilo bases which includes the 1.2 kilobase region of the v-sis-related se­
quences interrupted by four intervening sequences (Dalla Favera et al. 1981). 

VISNA VIRUS, A SHEEP RETROVIRUS 

Visna (= wasting) in sheep was described in the 1930s as a slow virus disease 
with an incubation period of one year. The virus replicates in the CNS and 
infects sheep of both sexes. The disease starts with an effect on the hind legs, 
tremor of the lips, head movements and, in rare cases, blindness. The disease 
appeared in Iceland as an epidemic in sheep and was overcome only after 
complete removal of the sheep and repopulation with new stock. 

The virus is a member of the subfamily Lentivirinae and is released from 
cells by a budding process. The RNA in the virions has a molecular weight of 
107 and is made of two RNA subunits. The virions contain a reverse tran­
scriptase and RNA molecules of 4 Sand 5 S. The virus replicates in the sheep 
choroid plexus, and the biosynthetic process is similar to that of type C retro­
viruses. The cell DNA contains the viral DNA in an integrated state. 
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E. UNCLASSIFIED VIRUSES 



22. MARBURG AND EBOLA VIRUSES 

The names given to these viruses were derived from the locations where an 
epidemic developed. Marburg virus was isolated in 1967 from monkeys that 
were shipped to the German city, Marburg, and from attendants of these 
monkeys who developed the disease or handled tissues obtained from mon­
keys. The Ebola virus is named after a river in the African State Zaire where an 
epidemic in humans was noted in 1976. This disease resembled the hemor­
rhagic fever found in patients with Marburg virus. 

VIRUS MORPHOLOGY AND ANTIGENICITY 

Electron microscopy revealed that these two viruses resemble each other mor­
phologically. The virions are elongated or filamentous, sometimes coiled or 
branched, but in spite of the morphological similarity, Marburg and Ebola 
viruses differ antigenically. Antibodies to one virus do not neutralize the other. 
The classification of these viruses has not been fully determined. 

The disease 

Marburg 

The disease in humans takes the form of hemorrhagic fever and was first 
recognized in Marburg (Germany) during an epidemic in 1967. A similar 
disease occurred simultaneously in Yugoslavia. In both countries, African 
green vervet monkeys, captured in the same district in Uganda, had been 
imported at about the same time. Out of 25 laboratory workers who devel­
oped the disease, 7 died, and 6 more contacts who developed the same disease 
recovered. Those who developed the disease in Marburg were laboratory 
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personnel who had been in contact with tissues and blood of the monkeys that 
were found to harbor the virus. 

In Uganda, in the district from which the monkeys had come, no virus­
infected monkeys were found and no cases in humans were described. How­
ever, in 1975, two tourists in South Africa fell ill with the symptoms of 
Marburg. One of them, an Australian male, died of the disease, but his female 
companion recovered. A nurse who attended the sick woman contracted the 
disease and, after recovery, developed uveitis and anterior chamber infection 
with the virus. No further infections occurred. 

Ebola 

Two epidemics in Africa occurred close to the end of 1976: one in the north of 
Zaire and the other in the south of Sudan. During the epidemic in Zaire, 237 
people fell ill with Ebola virus and 211 died. In Sudan, 300 people developed 
the disease and 151 died. In one hospital in Sudan, a patient with Ebola virus 
infected 76 members of the hospital personnel, of whom 41 died. Liver dam­
age was noted in patients. There is also fever with a sharp onset, nausea, 
vomiting, and chest pains; a rash on the body appears between the fifth and 
seventh days of the disease. 

The natural host of the virus 

The virus reservoir in nature is the rat Mastomys natalensis [which is also the 
host of Lassa fever virus, a member of the Arenaviridae (chapter 16)]. 

Laboratory diagnosis 

Because of the high pathogenicity of these viruses, research must be performed 
in special security laboratories from which the virus cannot escape; infection of 
personnel is prevented by specially designed outfits (resembling space suits) 
that preclude direct contact with the virus. 

The virus can be isolated by injecting the patient's blood into guinea pigs, 
causing them to develop the fever, or in Vero cell cultures inoculated with 
blood. Due to its unique morphology, the virus can be diagnosed by electron 
microscopy. 

International organization to combat the disease 

WHO has organized a team of physicians who are constantly on call and can be 
flown to any country in the world that requires help after the discovery of 
Marburg or Ebola virus diseases. This team is equipped with plasma from 
Marburg and Ebola patients who recovered and developed neutralizing anti­
bodies. Passive immunization of Marburg patients leads to a fast recovery. 
Human interferon can also be used for treatment of patients. 
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23. SLOW VIRUS INFECTIONS OF THE CNS 

DISEASES AFFECTING HUMANS 

Kuru 

Creutzfeldt-Jakob (C-J) disease 
(also called transmissible virus dementia [TVD)) 

After the initial discovery that human kuru could be transmitted to chimpan­
zees after an incubation period of 1S-24 months, it was found that many 
species of primates developed both kuru and C-J disease after extraordinarily 
long, silent, asymptomatic incubation periods-lasting several years in some 
cases (Gibbs and Gajdusek 1973). These agents demonstrate unusual resistance 
to various chemical and physical agents that include formaldehyde, proteases, 
nucleases, heat (SO°C) and are incompletely inactivated at 100°C. These proper­
ties separate them from all other microorganisms. In addition, the lack of 
infectious nucleic acids or antigenicity, and therefore the absence of antibody 
production or cytopathogenic effects in infected cells in vitro and no interferon 
production, further indicate the unusual nature of these agents (Gajdusek 
1977). In sucrose gradients, these agents aggregate and are difficult to isolate. 
Kuru is regarded as a subviral agent. Cell-fusing activity has been demon­
strated with brain suspensions from patients with C-J (Moreau-Dubois et al. 
1979). 
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DISEASES AFFECTING ANIMALS 

Scrapie virus in sheep and goats and 
transmissible mink encephalopathy (TME) 

These agents were not isolated in pure form and their properties have riot yet 
been fully established. It is thought that TME developed in mink as a result of 
their eating meat from sheep infected with scrapie. Treatment of hamster brain 
material containing scrapie agent with 1 % sodium dodecyl sulfate inactivates 
the infectivity of the agent. 

Visna virus of the Maedi/Visna group that causes brain infections in sheep 
belongs to the retrovirus group (chapter 21). 

MANIFESTATIONS OF THE DISEASE 

Kuru 

The disease is manifested as a spongiform encephalopathy in humans and over 
80% of cases were found in the Fore tribe in Papua, situated in the Eastern 
Highlands of New Guinea. This tribe came into contact with the first govern­
ment patrol into North Fore in 1947. It was discovered that members of the 
tribe (mainly women and children) suffered from a neurological disorder. The 
wide and rapid dissemination of the disease throughout the population was 
attributed to the practice of cannibalism as a rite of mourning and respect for 
dead kinsmen, since it included feeding on the half-baked brain of the dead 
man and smearing the body with brain material. These practices resulted in 
conjunctival, nasal, and skin contamination with highly infectious brain tissue, 
mostly among women and children. Since total surveillance of kuru began in 
1957, there has been a decline in the number of deaths from the disease, due to 
cessation of the practice of ritual cannibalism. (Gajdusek and Alpers 1972; 
Gajdusek 1977). 

In-depth studies showed that the affected brain contained a virus-like agent 
that could be transmitted to chimpanzees by brain inoculation after incubation 
periods of 14-39 months. In one case, the incubation period in an inoculated 
monkey was 8.5 years. The kuru agent was also transmitted to monkeys by 
the intravenous route. The disease in monkeys is characterized by weakness 
and paralysis, followed by signs of ataxia (loss of balance), leading to death 
within 1 year. It is possible to infect New World monkeys (Capuchin, Woolly, 
Spider, and Squirrel) with the kuru agent by inoculating infected brain mate­
rial. However, consumption of brain material by the monkeys did not lead to 
the development of the disease. The virus can be transmitted to mink and 
ferret. 

Creutzfeldt-Jakob (C-J) 

This disease is a subacute type of spongiform virus encephalopathy in humans, 
sporadically appearing in men and women ages 35 to 65. The disease begins 
with dementia, followed by paralysis, myoclonic seizures, and death within 6-
24 months (Roos et al. 1973). Monkeys can be infected via the brain by 
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inoculation of human brain material after autopsy, but not with material from 
internal organs. The agent was accidentally transmitted to two patients during 
surgery due to the use of silver electrodes previously implanted into the brain 
of a patient with C-J, even though the electrodes had been treated with forma­
lin, 70% ethanol, and formaldehyde vapor (Gajdusek 1977). Thus formalin 
does not affect the agent, and it has to be destroyed on electrodes or surgical 
instruments by heating to 100°C or by treating with alkali or phenol. 

Scrapie in sheep 

The agent affects the CNS and causes behavioral changes in the affected 
animal. The animal shows signs of restlessness, lack of coordination, and dies 
within a few months. Skin itching causes the animal to scratch incessantly, 
hence the name scrapie. 

The disease-causing agent is present in the CNS and can be transmitted by 
injection of infected brain material into a healthy sheep intracerebrally and also 
by the intraperitoneal route. Sheep can also be infected by eating the placentas 
of infected animals. Mice and hamsters are sensitive to scrapie agent and are 
used in laboratories for titration of the agent, but the disease takes 10-12 
months to develop. 

The scrapie agent can be inactivated by treatment with alkali (above pH 11), 
acid (below pH 2), hyperchlorite, 6M urea, 90% phenol, ether, boiling to 
100°C for 30 min, or treatment with 1 % sodium dodecyl sulfate. The agent 
was found to exist in an aggregated form. Studies by Prusiner and associates 
(1977, 1980) indicate that the scrapie agent is a hydrophobic protein moiety, 
probably with no nucleic acid. The monomeric form of the agent has a 
sedimentation coefficient of::s 40 S; it is smaller than any known animal virus 
or viroid. 

Transmission mink encephalopathy (TME) 

This disease was discovered in the 1950s in the United States. The incubation 
period for the disease is six months. The agent is not transmitted by contact, 
but minks feeding on meat from a scrapie-infected animal develop the disease. 
The disease appears in adult mink and not in the young. The agent can be 
transmitted to experimental animals like the golden hamster, racoon, goat, 
and Rhesus and squirrel monkeys. In monkeys, the incubation period is 22 
months, whereas in the racoon it is 6 months. 

The agents causing TME and scrapie are probably one and the same. 

Transmission of the agents 

Infection by these agents occurs mainly as a result of eating infected meat or 
brain material. C-J in humans may be due to the consumption of scrapie­
infected mutton. Transmission of C-:J to a patient via a corneal transplant has 
also been reported. After a neurosurgeon and two physicians became infected, 
the hazards of occupational infection due to exposure to infected human brain 
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tissue during surgery or at postmortem examination were recognized (Gaj­
dusek 1977; Brooks et al. 1979). 

Pathology 

C-J, scrapie, kuru, and TME all share identical pathology. One of the remark­
able features of all the spongiform encephalopathies is the absence of any of the 
hallmarks of a virus infection: absence of cells in the spinal fluid, inflammation 
in the brain, or inclusion bodies in CNS cells. 
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III. MEDICAL AND BIOLOGICAL CONSIDERATIONS 



24. IMMUNIZATION AGAINST VIRUS DISEASES 

For hundreds of years, man was powerless in the face of virus epidemics. It is 
understandable that one of the goals of science and medicine is to develop the 
means to protect against, prevent, or cure virus diseases. However, only dur­
ing the eighteenth century was it noted that individuals who fell ill during an 
epidemic and recovered were not affected again by the same disease. In the 
year 1721, variolation against smallpox was initiated. Fluid from skin vesicles 
of patients suffering from smallpox was inoculated into the skin of a healthy 
person in an attempt to perform immunization. The natural infection that 
resulted was milder, but some people did develop a more severe case of small­
pox, and some eventually died from the disease. Thus variolation was not safe, 
and a breakthrough occurred only when the English physician Edward Jenner 
(1798) noted that exposure of a person to cowpox leads to immunization 
against smallpox. His so-called vaccination procedure-namely, transfer of 
the cowpox virus to the broken skin of healthy individuals, led to safe im­
munization against smallpox. The same procedure has been used ever since to 
immunize people against smallpox and has led to the eventual eradication of 
the disease (chapter 5). The cowpoxvirus vaccine was the first live virus vac­
cine used for immunization of man. 

VIRUSES ARE FOREIGN ANTIGENS THAT STIMULATE 
THE IMMUNE SYSTEM 

The virions that invade the body of a human or an animal attach to receptors 
on the surface of cells, and after the initial replicative cycle in sensitive cells, the 
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virion progeny is released into the blood stream. White blood cells migrate to 
the site of infection as part of the response of the immune system. Mac­
rophages and lymphocytes of the T type (lymphocytes that mature during 
passage through the thymus) are the cells that encounter the virions. After 
attachment of the virions to the T cell membrane, they are presented to the B 
lymphocytes which mature in the bone marrow and are the antibody produc­
ing cells. A B lymphocyte that produces antibodies against a particular viral 
antigen, starts to replicate and produces a clone of cells, all of which produce 
the antiviral specific antibody. If the virions contain more than one viral anti­
gen, a number of cell clones are produced, each producing a specific antibody 
against a specific viral antigen. The proliferation of the B cell clones is con­
trolled by specific subclasses of T cells which are named suppressor cells and 
killer cells. These cells are capable of destroying unwanted lymphocytes. 

MATURE T LYMPHOCYTES ARE REQUIRED FOR THE 
PRODUCTION OF ANTIVIRAL ANTIBODIES 

Mature T cells are able to process the viral antigens and present them to the 
antibody synthesizing B cells. In the absence of mature T cells in the circula­
tion, as in children with the genetic disorder ataxia telangiectasia (AT) who are 
born with a hypotrophic thymus, antibodies to viral antigens cannot be syn­
thesized. AT-affected children cannot be immunized with viral vaccines. 

The immune response 

The combined response of mature T and B cells to a virus infection, or to live 
or killed virus vaccines, leads to the appearance in the bloodstream of antiviral 
antibodies-namely, gamma globulin of the IgM (macroglobulin) class. The 
synthesis of the IgM class of antibodies reaches a maximum within a few days 
and then declines. By an unknown mechanism, the antibody-producing cells 
switch over to the synthesis of gamma globulin of the IgG class and this 
continues for a period of a few months and then subsides. In addition, local 
antibodies of the IgA and IgE classes appear at the site of virus infection. These 
antibodies are important for the development oflocal immunity, especially in 
viral infections of the respiratory tract. 

The secondary immune response depends on memory cells 

Infection or immunization leads to a primary immune response that subsides 
after a few months, leaving behind memory cells. The secondary response to 
the same virus occurs quickly, and within a few days a high titer of specific 
virus neutralizing antibodies is reached. The ability to rapidly produce IgG 
antibodies when reinfection with the same virus occurs explains lifelong im­
munity. 

Passive immunization with virus specific antibodies 
also protects against disease 

In the face of a potentially fatal virus infection (chapter 22) or one that may 
cause paralysis (chapter 18), vaccination is not feasible since the primary im-
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mune response is too slow. One of the ways to combat the virus infection is by 
the passive administration of specific antibodies that are capable of neutralizing 
the infectious virus in the bloodstream. Such antiviral antibodies can be ob­
tained by isolating the IgG fraction from the blood of people who recovered 
from the same virus infection. For example, Ebola and Marburg viruses are 
highly pathogenic, and for this reason WHO has a serum bank with sera from 
patients who have survived these infections. A team of physicians is on call to 
be dispatched to any country in which Ebola or Marburg may be diagnosed. 
Patients are treated by passive administration of antibodies. Passive immuniza­
tion may also be useful in patients who develop poliomyelitis. Introduction of 
specific antibodies into the bloodstream at the viremic stage helps to neutralize 
the virus, decreases the severity of the disease, and enhances the chances for 
recovery. 

Antibodies have a role in recovery and prevention of virus diseases 

Specific antiviral antibodies interact with the antigens present on the surface of 
virions or infected cells, and this allows complement molecules to interact 
with the antigen-antibody complex, leading to the dissolution of the virions or 
the infected cells. Virions to which antibodies have attached can adsorb to cell 
membranes and are incorporated into the cells, but uncoating of the viral 
nucleic acid does not occur. Local antibodies in the immunized individuals 
limit the spread of the virus in the tissues and support the healing process in the 
body. In addition to antibodies, cell-mediated immunity is also involved in the 
prevention of virus spread. 

The importance of such defense mechanisms in localizing the virus infection 
can be seen in individuals who lack these types of immune response, either due 
to genetic defects, such as agammaglobulinemia, or due to treatment with 
cytotoxic drugs, like those used in the treatment of cancer. In such patients, a 
local skin infection with herpes simplex virus can spread unchecked, causing 
damage to large skin areas. 

MILESTONES IN THE DEVELOPMENT OF VIRAL VACCINES 

Table 11 presents the time scale for the development of viral and bacterial 
vaccines. It is of interest that 87 years elapsed between the introduction of the 
smallpox vaccine by Edward Jenner and the introduction of rabies vaccine by 
Louis Pasteur. From 1885 to 1927, most of the attention was paid to recently 
discovered bacteria, and only subsequently (1927-1949) did progress in re­
search on virus diseases of man and animals lead to the development of new 
viral vaccines. In 1937, the live vaccine against yellow fever (17D strain) was 
developed by Max Theiler, and an inactivated virus vaccine against influenza 
was produced. The breakthrough achieved by Enders, Weller and Robbins in 
1949 with the cultivation of poliovirus in skin cells under in vitro conditions 
(chapter 1) led to large-scale cultivation of poliovirus in newly developed cell 
cultures, and this eventually led to the production of the Salk inactivated 
poliovirus vaccine (1954) and Sabin's live poliovirus vaccine (1957). Subse-
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Table 11. Milestones in the development of virus vaccines 

Year Virus diseases Bacterial diseases 

1721 Variolation against smallpox 

1798 Jenner's vaccine against smallpox 

1885 Pasteur's vaccine against rabies 

1892 Hafkin's cholera vaccine 
1913 Behring's diphtheria toxin/toxoid 

1921 Calmette and Guerin's BCG vaccine 

1923 

1923 

1927 

1937 Influenza inactivated vaccine; live 
virus vaccine (17D) against yellow 
fever by Theiler 

1949 Measles vaccine (inactivated) 

1954 Inactivated poliovirus vaccine (Salk) 
1957 Live attenuated poliovirus vaccine 

(Sabin) 

1960 Measles virus live vaccine (Enders) 
1962 Rubella virus live vaccine (Weller) 

against tuberculosis 
Diphtheria toxoid by Ramon and Glenny 

Madsen's vaccine against pertussis 

Ramon and Zaller's toxoid of tetanus 

1968 Meningococcus type C vaccine 

1971 Meningococcus type A vaccine 
1976 Hepatitis B (inactive) vaccine 

1978 Inactive rabies virus vaccine 
(grown in human diploid cells) 

(From "World Health", February-March 1977, p, 381. Reprinted by permission of World Health Organization, 
Geneva, Switzerland,) 

quently, new vaccines were introduced to protect against measles and rubella, 
and in 1976 a vaccine against hepatitis B virus was produced, 

In spite of these major accomplishments in the development of antiviral 
vaccines, certain virus diseases such as the common cold and infections of the 
eNS still prevail, and no effective drugs are available for treating them. 

Vaccination against poliomyelitis: achievements and problems 

As shown in table 11, five years elapsed from the time that Enders, Weller and 
Robbins demonstrated that poliovirus can replicate in skin cells under in vitro 
conditions to the time that inactivated poliovirus vaccine was produced on a 
large scale by J. Salk and his associates. This unique achievement should be 
evaluated according to what was known in the field of virology at that time. 
The three strains of poliovirus were grown on a large scale in cell cultures 
prepared from monkey kidneys and inactivated with formaldehyde to destroy 
virus infectivity without affecting viral antigenicity. Testing the safety of the 
vaccine was a crucial step, and this was done by inoculating the inactivated 
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virus vaccine into the brains of monkeys. In spite of this, batches of vaccine 
containing some live virus were used for immunization, and as a result, chil­
dren became infected with polio. Another problem was the presence of the 
monkey virus, SV 40, in the vaccine preparation. Follow-up of children im­
munized with SV 40-containing virus vaccine did not show that they suffered 
any untoward effects. The number of persons contracting polio markedly 
decreased within three years after the introduction of the Salk vaccine. 

The poliovirus mutants developed by A. Sabin were isolated from infected 
cultures kept in an incubator in which the temperature accidentally rose to 
41°e. The temperature-resistant poliovirus mutants were found to have lost 
their virulence after extensive passage in animals. Sabin's poliovirus mutants 
were administered to children during a poliomyelitis epidemic in Mexico and 
caused the immediate cessation of the epidemic. The vaccinated children de­
veloped antibodies, and the viruses excreted in the feces were found to be of 
the vaccine type only; no mutation occurred with the virus excreted by the 
immunized children. The results of the vaccination project were accepted by 
the USSR health authorities who decided to immunize five million Russian 
children with Sabin's live virus vaccine. The results of this immunization 
campaign showed that the vaccine was safe, easy to produce, and easy to 
administer. In addition, virus excreted from the immunized children was 
spread in the sewage, with the result that the wild type virus was replaced by 
the vaccine virus, and more people became immunized due to contact with the 
vaccine virus. Thus the attenuated virus strains were able to replace the wild 
type poliovirus in the gastrointestinal tract. Shortly after the Russian vaccina­
tion campaign, Sabin's live attenuated poliovirus vaccine was accepted in most 
countries of the world. Until recently, Sweden was the only country that 
continued to use the Salk inactivated virus vaccine to immunize children, but 
that too has now been replaced by the Sabin vaccine. 

Immunization oj humans with Sabin's vaccine is the method oj choice 

The widespread use of Sabin's vaccine and continuous monitoring of the 
properties of the poliovirus strains isolated from individuals all over the world 
has proved the safety and efficacy of this vaccine. The relatively low cost and 
the ease of administration of the vaccine have led to its use in developing 
countries as well. The use of Salk's killed poliovirus vaccines requires a num­
ber of injections, and it is also more expensive than Sabin's vaccine, which 
makes it less practical for use in developing countries. 

Since live attenuated poliovirus vaccines are continuously being adminis­
tered throughout the world, polioviruses excreted in feces must be constantly 
monitored by the health authorities. It became necessary to develop labora­
tory tests to distinguish between vaccine and wild type strains of poliovirus in 
order to know whether the vaccine strains may have changed in virulence as a 
result of infection of children and adults. Analysis of the capsid polypeptides of 
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polioviruses, using electrophoresis in polyacrylamide gels, revealed differences 
between vaccine and wild type virus strains. 

The use of Sabin's live polio vaccine is a very important accomplishment 
which has benefited almost every individual on earth, but health authorities 
responsible for national vaccination programs must be aware that, in some 
instances, a small number of individuals should be advised against vaccination. 
These include people with inherited genetic defects in the immune system and 
those who were not immunized during childhood for religious or other 
reasons. 

Awareness of the dangers of immunization against poliomyelitis 

The use of Sabin's vaccine started during the period when poliomyelitis 
epidemics were commonplace. In the United States, small-scale epidemics 
continued to occur even after the start of vaccination with the Salk inactivated 
vaccine. From 1955 to 1967, the incidence of poliomyelitis was reduced by 
98.7% due to vaccination. Whereas 76,000 cases of poliomyelitis were re­
ported in the United States, Canada, Australia, New Zealand, USSR, and 23 
European countries in 1955, only 1,013 were reported in 1967. 

The appearance of paralytic polio in 89 vaccinated children and in im­
munized adults in a vaccinated population of370 million around the world led 
to the appointment of a committee by WHO in 1969 to investigate the nature 
of the disease in these individuals. This committee found that during a five­
year period, 360 cases of paralytic poliomyelitis had been recorded in the 
participating countries. Of these cases, 155 were due to infection with wild 
type virus, and the remaining 205 cases were defined as possibly associated 
with the live poliomyelitis vaccines. This group of patients was subdivided 
into children who developed poliomyelitis after administration of live 
poliomyelitis vaccine and adults who came in contact with immunized chil­
dren. The first subgroup of immunized children under five years of age 
showed a high association with type 3 poliomyelitis vaccine strain. In the 
second subgroup, the infectious virus was mostly type 2 poliovirus. 

The calculated incidence of poliomyelitis in different countries in recipients 
of the live attenuated poliovirus vaccine per million doses administered ranged 
from 0.087 to 2.288. Contact cases and possible contact cases ranged from 
0.135 per million doses up to 0.645 in most countries, except in two high 
incidence countries which reported 3.305 and 8.046 cases per million doses. 
These results clearly show the variance in the incidence of poliomyelitis in 
different countries. According to J.L. Melnick, the reason for the high inci­
dence of poliomyelitis in recipients and contacts mentioned previously was the 
low quality of the live virus vaccine. The situation changed with the introduc­
tion of an improved vaccine, and the number of paralytic contact cases de­
creased. 

The development of poliomyelitis in immunized and contact cases does not 
immediately imply that the vaccine virus strains are the cause of the disease. It 
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is necessary to use specific criteria to define the disease and the virus that 
caused it. The following criteria have been recommended to identify the vac­
CIne VIrus: 

1. disease starts 4 to 40 days after oral vaccination 
2. paralysis starts not before six days after vaccination 
3. significant residual lower motor neuron paralysis 
4. proper laboratory diagnosis of the infecting poliovirus strain 
5. lack of damage to the upper motor neurons 

Analysis of the children and adult contacts who developed paralytic 
poliomyelitis revealed a connection between a low immune status of the indi­
vidual and the development of the disease. A child with hypogamma­
globulinemia and an eight-month-old child born with an abnormal thymus 
(see earlier discussion) developed paralytic poliomyelitis after vaccination. 
Among the contacts, nonimmunized individuals developed the disease. Since 
the live attenuated poliovirus vaccine is now being administered to children in 
the absence of poliomyelitis in epidemic form, it is of great importance to 
protect those individuals who can be harmed by the live vaccine. 

Families afflicted by poliomyelitis due to vaccination or contact have 
claimed indemnity from the vaccine-producing companies. U. S. courts have 
ruled that the vaccine producers are obligated to alert the population to the fact 
that there is a minimal danger connected with live attenuated poliovirus vacci­
nation. American poliovirus vaccine producers enclose a leaflet with the vac­
cine providing basic information on the incidence of paralytic poliomyelitis 
cases per million administered doses. Unfortunately, not all poliovirus-vaccine 
producers use this practice. In the United States, informed consent of the 
parents is required prior to the immunization of a child. 

It seems desirable for individuals known to suffer from immunological 
deficiencies or immune-compromised individuals (like cancer patients), as well 
as people not immunized in childhood, to be protected by vaccination with the 
inactivated Salk vaccine. Those who prefer the Salk vaccine should have the 
right to be immunized with it. 

Immunization against influenza 

Attempts started in 1937 to prepare influenza virus vaccines are still continuing 
since it is difficult to predict the antigenic changes in the influenza virus strains 
that will cause epidemics or pandemics in the future. The current influenza 
virus vaccines contain inactivated virus strains that are prevalent, and 
whenever a new strain of influenza virus appears, the vaccine of the following 
year will include the new viral antigen. 

An infection with influenza virus is characterized by elevated fever, muscu­
lar pains, and congestion in the respiratory tract. The virus can be dangerous 
to the elderly and to those suffering from cardiopulmonary ailments. Most 
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fatal influenza virus infections occur in old people and young children. Since 
the virus spreads fast by droplet infection, new mutants can easily spread 
through the world and cause new epidemics or a pandemic. In 1973-1974, 
which was not considered an epidemic year, there were about 61 million cases 
of influenza-like disease in the United States alone, although probably only a 
fraction of these was actually caused by influenza virus. Lack of accurate 
diagnosis results in influenza virus being implicated in many respiratory in­
fections actually caused by other viruses or bacteria. 

bif/uenza virus vaccines 

The two antigens-hemagglutinin (HA) and neuraminidase (NA)-are re­
sponsible for the production of neutralizing antibodies in people recovering 
from influenza. The killed virus vaccines contain these two viral antigens from 
a number of influenza virus strains. The vaccine viruses are cultivated in the 
allantoic cavity of embryonated eggs, the virus multiplies in the allantoic 
membrane cells, and the harvested allantoic fluid contains the virus progeny 
which are then inactivated with formalin. Antigenic drift causes the appearance 
of new virus strains, and these must be included in the influenza virus vaccines 
(see chapter 15). New virus strains isolated from man that do not grow well in 
embryonated eggs are combined with another strain of influenza virus adapted 
to growth in chick embryos. From the resulting recombinant virus, a new 
strain is selected that contains the HA and NA antigens of the new virus. Thus 
a recombinant virus, well adapted to growth in embryonated eggs, is ob­
tained, and the virus yield is high. This new recombination technique has 
made the production of a vaccine from a new virus strain a faster process than 
in the past. 

Attempts have been made to prepare split virus vaccines containing only 
purified HA and NA antigens, but such vaccines are not yet available for 
general use. 

The search for live attenuated vaccines is still in progress, using known virus 
strains after continuous propagation in cultured cells or embryonated eggs. 
Unfortunately, the genes controlling the virulence of influenza virus are not 
yet known, and selection of avirulent virus strains is hampered by the lack of 
criteria for virus attentuation. 

Analysis of the viral HA and NA genes by cloning in bacterial plasmids 
could in the future lead to the large-scale production of polypeptides that elicit 
antibodies capable of neutralizing the HA or NA antigens of the influenza 
virions. Recently, the hemagglutinin gene of influenza virus was cloned in a 
bacterial plasmid; the nucleotide sequence was determined and compared with 
the amino acid sequence of the HA polypeptide (chapter 15). This procedure 
could lead to the cloning of the HA gene of all new influenza virus strains in 
bacteria, and, when the need arises, these bacteria could be used for producing 
viral antigens. 
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Problems encountered in the production of influenza virus vaccines 

WHO influenza reference laboratories and central laboratories for the surveil­
lance of influenza virus are responsible for detecting new mutant virus strains 
(see chapter 29). To prevent a pandemic of influenza, it is necessary to produce 
a vaccine that will include the new virus antigens. The problem is the time 
required for the production of such a vaccine. The following is an example of 
the time that was required for the production of the Hong Kong strain in­
fluenza vaccine in the 1968-1969 epidemic: 

1. In July 1968, an influenza virus isolated from a patient was diagnosed as a 
new strain (H3N2). 

2. Thirty days elapsed from the initial isolation until identification of the new 
virus strain was confirmed and the virus was passed on to the vaccine 
producers. 

3. A recombinant producing a high titer in embryonated eggs took 50 days to 
produce following the isolation of the new virus strain. 

4. One million doses of vaccine were prepared after 120 days had elapsed from 
the isolation of the virus. Each vaccine dose contained 400 CCA (chick cell 
agglutinating units). 

5. After 140 days, five million doses had been prepared. At this stage, the 
virus had reached epidemic form. 

6. By 165 days, there were 15 million doses. 
7. By 180 days, there were 20 million doses. 

By this time, there was enough vaccine to immunize 10% of the population 
in the United States, but the major wave of the Hong Kong influenza epidemic 
had subsided, and only a small amount of the vaccine had been used. 

Swine influenza vaccine: immunization in the 
United States and its shortcomings 

During the past 60 years, a new influenza virus mutant has appeared roughly at 
10-year intervals, each time causing a new influenza pandemic. After the last 
pandemic caused by the H3N2 type of influenza virus in 1968, it was postulated 
that a new pandemic should be expected around 1978-1979. Previous attempts 
to prepare an influenza vaccine to immunize people in the United States against 
Asian influenza (caused by the H2N2 mutant in 1957) and Hong Kong influenza 
(caused by the H3N2 mutant in 1968) had failed, due to the slow production of 
the vaccine, and large quantities of vaccine were left unused. It was calculated 
in 1960 that about 20,000 people died of influenza during the years 1957-1958, 
and in the pandemic of 1968 about 60,000 out of an affected 51 million people 
succumbed to what was diagnosed as influenza. The cost of medical care 
during this epidemic was estimated to be 750 million dollars in the United 
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States, and the indirect economic damage was calculated to be 3.9 billion 
dollars. 

These calculations led to the conclusion that the period between the 1968 
epidemic and the following one (then projected for around 1978) should be 
used to organize a national program in the United States to prevent such an 
epidemic. The only problem was how to predict the nature of the mutation in 
the virus that would lead to the emergence of the new pandemic virus strain. 
Unfortunately, with all the available knowledge, such a prediction is still not 
possible. 

When a new influenza virus strain related to swine influenza virus caused the 
death of a soldier at Fort Dix in the United States, it was concluded that this 
virus would develop into the new pandemic strain. The swine influenza virus 
strain isolated from persons with influenza was similar in its antigenic proper­
ties to the influenza virus strain that caused the 1918 pandemic at the end of the 
First W orId War. During February and March 1976, further information on 
the virus was collected, and it was found that this virus had appeared sporadi­
cally throughout the United States. 

Evaluation of the possible alternatives led the U. S. health authorities to 
conclude that a national immunization program was necessary. On April 15, 
1976, President Gerald Ford signed an allocation of 135 million dollars for the 
production of the new vaccine and for the vaccination program. This was 
necessary since the vaccine producers demanded a federal government guaran­
tee to purchase all the vaccine produced and to cover damage claims from 
individuals adversely affected by the vaccine. Extraneous proteins in the vac­
cine can cause the Guillain-Barre syndrome, which is characterized by paraly­
SiS. 

After the production of the vaccine and the implementation of the vaccina­
tion program, it turned out that the swine influenza remained sporadic and did 
not reach epidemic form. No epidemic occurred during the years 1978 and 
1979, and there was a public outcry against unnecessary large-scale immuniza­
tion programs. Several of the immunized individuals developed the Guillain­
Barre syndrome. Thus the original question of how to predict the antigenic 
change that will occur due to influenza virus mutation or recombination is still 
unanswered. 

Measles virus vaccine 

Live attenuated measles virus vaccine was introduced in the United States in 
1963, and during the next 13 years, 80 million children were immunized. The 
vaccination program caused the number of measles cases to decrease from half 
a million to 35,000 per year. The number of children contracting measles 
encephalitis also markedly decreased. Measles virus infections were noted only 
in unvaccinated children or in children vaccinated during the years 1962-1968 
with a killed virus vaccine who did not develop immunity. The infectious 
diseases committee of the Academy of Pediatrics in 1977 proposed im-
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provements in the use of the measles live, attenuated vaccine. In areas free of 
measles, children should not be immunized prior to the age of 15 months. 
However, in measles areas, children should be immunized at 6 months of age 
and then reimmunized at 15 months. The same applies to the combined 
measles-mumps live attenuated vaccine and attenuated rubella vaccine as to the 
monovalent measles vaccine. Pediatricians should decide on the best immuni­
zation method for each child in their care. There is no negative effect on the 
children after revaccination. 

An investigation in England of children who were immunized at the age of 
10 months to 2 years with a live attenuated measles vaccine revealed that the 
children were still protected against measles at the time of the investigation (12 
years). Measles in immunized children (when it occurs) is less severe than in 
unimmunized children. 

Mumps virus vaccine 

A vaccine containing attenuated mumps virus was introduced as part of a 
trivalent vaccine against measles, mumps and rubella. 

Rubella virus vaccine 

Rubella virus causes a mild disease that usually ends without complications, 
except in the case of pregnant women. The Australian physician, Norman 
Gregg, was the first to note, in 1941, that mentally retarded or deaf children 
had been born to mothers who had had rubella virus during the first trimester 
of pregnancy. The rubella virus was isolated in cultured cells in 1961, and 
subsequent passage of the virus in green monkey kidney cells, dog kidney, and 
duck embryo cells led to the production of attenuated rubella virus strains 
(HPV-77 strain in the United States and Cendehill 51 in Belgium, by passage 
in rabbit kidney cells). The~e two strains were used for the vaccine that was 
marketed in 1969. The attenuated virus is included in the triple live vaccine 
(measles, mumps, rubella). The vaccine is administered to 15-month-old 
babies, and at 12 years of age to nonvaccinated girls. 

Rabies virus vaccine 

Studies by H. Koprowski and his associates in the United States have shown 
that rabies virus can be propagated in human diploid cells. The strain PM/WI 
38 1503 from the Wi star Institute is used for the preparation of killed virus 
vaccine. The virus grown in diploid cells is inactivated by formalin treatment. 
Three or four injections intradermally lead to the development of an immune 
state in humans. Injection of 0.1 ml of the vaccine on the day someone is 
bitten, and on the third, fourth, and seventh days, leads to a high antibody titer. 
Today the vaccines contain killed purified rabies virus. The area of the bite by 
a rabid animal must be cleaned carefully with soap or detergent and water or 
alcohol (40-70%), iodine tincture or ammonium salts (0.1 %). The medical 
treatment includes injection of antiserum into the bite and immunization as 
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discussed earlier. Booster injections of the vaccine are given after 30 and 90 
days. 

Adenovirus vaccine 

These vaccines were found to contain SV 40, which resists the inactivation 
procedure used for adenovirus and therefore cannot be used. 

Hepatitis B virus vaccine 

The vaccine is still experimental and contains the hepatitis B surface antigen 
produced from plasma of carriers of hepatitis B virus. The vaccine was found 
to be effective in monkeys in protecting them against hepatitis B infection. 
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25. VIRUSES AS SELECTIVE FORCES IN NATURE: EPIDEMICS 

Since animal viruses are intracellular obligate parasites of vertebrates and in­
vertebrates, in order to evolve in different hosts they had to maintain a balance 
between virulence in the host and the ability of the host to survive. When a 
virus is transmitted from one animal to another of the same species, the viru­
lence remains unchanged, but when the same virus is transmitted from its 
natural host to a new species, the virulence may increase markedly due to the 
upset in ecological balance. Also when a virus is introduced into the same 
species in a new geographical location, an epidemic may ensue. All virus 
families display such changes in virulence. With the spread of colonization, 
new viruses infected people for the first time. 

INTRODUCTION OF A NEW VIRUS INTO AN UNIMMUNIZED POPULATION 

Destruction of the Aztec and Inca civilizations by smallpox 

Invasion of Mexico by the Spaniards in the year 1519 led to the introduction of 
smallpox into a continent that had been completely free of this disease. The 
Spanish army came from a European country where smallpox was endemic, 
and some soldiers who had been infected before the voyage developed the 
illness when they reached Mexico. Most of the Spanish soldiers had acquired 
immunity due to natural exposure to the disease in Spain, but Mexican natives 
had had no experience of the disease, and the smallpox virus spread rapidly and 
caused many deaths. This was thought to be one of the reasons for the surren­
der of the Aztecs to the Spanish conquerors. A similar situation is thought to 
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have developed during the conquest of Peru which led to the decline of the 
Inca civilization in the wake of the Spanish invasion (Fenner 1977). 

Yellow fever in southern United States and Mexico 

In 1648, a yellow fever epidemic was identified in Yucatan, Mexico. The 
virus, which was transmitted by the mosquito Aedes aegypti, was imported 
from Africa. For over 200 years, yellow fever caused epidemics in America; in 
1905, New Orleans and other areas in the southern United States registered 
5,000 yellow fever cases, with a 20% mortality rate. 

Measles in Eskimos 

Measles virus was introduced by white people coming into contact with Es­
kimos who had never encountered the virus before. A devastating epidemic 
with a high mortality rate ensued. 

Measles in the court of Louis XIV of France 

An epidemic of measles in 1712 resulted in the death of two heirs to the throne 
of France and thus changed the course of French history (Koprowski 1959). 

Influenza pandemics 

During the last 400 years, about 30 pandemics have been described. An out­
break in 1743 was as virulent as the 1918 pandemic. A pandemic in 1782 in 
Europe and Asia was also highly virulent. 

Rabies 

Rabid dogs were described by Democritus (500 B.C.) and Aristotle (322 
B.C.). In Western Europe, rabies was recognized among wolves during the 
thirteenth century. Transmission of the disease by inoculation of saliva of a 
rabid dog to a healthy dog was achieved by Zinke in 1804. Galtier (1879) used 
domestic rabbits for the diagnosis of rabies. L. Pasteur and his associates in 
1884 were the first to modify the pathogenicity of the virus by a series of 
intracerebral passages of the virus in a different species of host (the rabbit) 
(J ohnson 1965). 

Herpesvirus B of monkeys causes a fatal disease when transmitted to humans 

This virus is latent in monkeys and does not cause any known disease except 
when the monkey that carries the virus in the saliva bites a human being. The 
B virus migrates to the brain of the bitten person, replicates, and causes fatal 
encephalitis. This is an example of the change in virulence when a virus en­
counters a new host. 

Rift Valley fever virus 

This virus, which belongs to the Bunyaviridae (chapter 17), infects sheep and 
is transferred by insects. The virus originated in Kenya and afterward appeared 



25. Epidemics 275 

in Uganda, in southern Africa, and in the Sudan. It is now spreading in Egypt 
and causing encephalitis in people coming into contact with infected sheep and 
mosquitoes. 

Marburg and Ebola viruses 

These viruses, which appear in sporadic epidemics in Africa, reside in rats, and 
humans are accidentally infected. In a hospital in the Sudan, where a patient 
with hemorrhagic fever was hospitalized, medical staff members were infected 
by Ebola virus, and one person died of the disease (see chapter 22). 

Mrican swine fever virus (ASFV) in pigs 

The virus, which infects wild boar in Central Africa (Coggins 1974), was 
introduced into the Iberian peninsula with devastating results among domestic 
pigs, indicating the high virulence of ASFV. The virus strains currently being 
isolated from the swine populations in Spain and Portugal appear to be less 
virulent, as compared to virus strains isolated in the past. However, the spread 
of ASFV to swine populations that have never been in contact with the virus 
(e. g., in Cuba and Malta) has led to the development of a highly virulent strain 
with rapid spread of the disease. 

CHANGES IN THE VIRUS EXISTING IN THE POPULATION 

Influenza viruses are constantly changing their antigenicity, and the slight 
changes are termed antigenic drift (see chapter 15). Changes in the amino acid 
sequence of the polypeptide chains of the hemagglutinin occur during anti­
genic drift (Webster et al. 1980). The virus that caused the 1918 influenza 
epidemic had the antigenic composition HoNl (H - hemagglutinin and N -
neuraminidase). The 1947 influenza epidemic was caused by a new virus mu­
tant in which the mutation was in the hemagglutinin namely H 1N 1. In 1957, 
the mutation was in both antigens and the virus was designated H 2N 2. 

A more drastic mutation called antigenic shift may occur by reintroduction of 
influenza viruses into a susceptible population or by recombination between a 
human influenza virus and a virus from a different host, like horse influenza or 
duck influenza. These viruses are excreted in the feces and can be found in 
water sources. 

SLOW VIRUSES 

The agents of Kuru and Creutzfeldt-Jakob (C-J) 

These agents, which are regarded as slow viruses, affect humans and damage 
the CNS. The agent of Kuru was isolated by C. Gajdusek by injecting human 
brain samples from Kuru patients into monkeys' brains. An incubation period 
of several years duration passed before the typical disease symptoms appeared. 
Transmission of Kuru was traced to cannibalistic rituals in which brain mate­
rial from a person who died of Kuru was consumed and spread on the skin by 
the women of the tribe (see chapter 23). The agent ofC-J disease was transmit-
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Table 12. Transfer of type C retroviruses from one animal species to another 

Donor 

Old World monkeys 

Mouse ancestor 

Rat ancestor 

Rodent 

(After Todaro et a1. 1976.) 

Recipient 

Felis (ancestor of the 
domestic cat) 

Pig ancestor 

Felis 

Primates 

Genetic transfer in 
the recipient 

Yes 

Yes 
Yes, but also horizontal 

transmission to the cat 
(Felis catus) 

No 

ted to a normal person by electrodes that were used in the brain of a patient 
with the disease. The electrodes had been sterilized with formaldehyde, which 
does not kill the agent (see chapter 23). 

It is thought that mink encephalopathy developed in the mink after they fed 
on meat from a sheep that died of scrapie, another slow virus disease. 

VIRUSES CAPABLE OF INTRODUCING THEIR GENES 
INTO THE CHROMOSOMAL DNA OF THE HOST 

Retroviruses (chapter 21) 

These viruses are remarkably well adapted to their hosts. They reside in the 
chromosomal DNA of the host cell. The viral genetic information is transmit­
ted vertically with the germ cells to the next generation. The sarcoma viruses 
in birds, mice, cats, and monkeys are transferred vertically. All these species 
contain at least one virogene. The virus can also be transferred from host to 
host by horizontal transmission (table 12). 
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26. ANTIVIRAL DRUGS AND CHEMOTHERAPY 
OF VIRAL DISEASES OF MAN 

THE SEARCH FOR ANTIVIRAL AGENTS 

The discovery of antibacterial agents, such as penicillin and streptomycin, led 
to the expectation that among the fermentation products of molds, substances 
with antiviral properties would be found. The search for naturally occurring 
antiviral agents revealed that many compounds are able to inhibit virus repli­
cation in cultured cells in vitro. Unfortunately, almost all of these antiviral 
substances were found to be unsuitable for treatment of virus diseases in 
animals and man. Several chemically synthesized compounds were found to be 
effective in inhibiting virus replication in mammalian cells in vitro and a few of 
these are currently in use for treatment of virus infections in man. 

Many of the available antiviral drugs have been used in furthering our 
understanding of the molecular processes involved in virus replication. How­
ever, the ability of most antiviral compounds to interfere with the molecular 
processes of the host cell has been a major obstacle in the development of drugs 
suitable for treating virus diseases. The ideal antiviral drug would interfere 
only with a virus-coded process and would not affect un infected cells. 

Antiviral drugs can be divided into six categories: (1) antivirals that interfere 
with cellular processes required by the virus for its replication; (2) antivirals 
that selectively bind to virus-coded enzymes and thus inhibit their function; (3) 
antivirals that bind to the virus nucleic acid and inhibit its expression; (4) 
antivirals that prevent the processing of viral precursor polypeptides; (5) anti­
virals that interfere in the assembly of virus particles; and (6) antivirals that 
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modify the proteins on the surface of the viral envelope and therefore prevent 
the virus from infecting new cells. 

Two major approaches were used in the research and development of anti­
viral drugs. First, synthetic and natural antivirals are selected according to their 
ability to interact with virus-coded enzymes in infected cells, but these drugs 
can also affect normal cells. The second approach consists of producing anti­
virals in the form of proantiviral drugs, or prodrugs, that can only be activated 
by a virus-coded enzyme in the infected cells. The prodrug form of the anti­
viral agent does not affect normal cells in the patient. 

The first approach meant a systcmatic testing of all available natural and 
synthetic compounds for their antiviral activity against diffcrcnt viruses grown 
in cell culturcs. The structurc of a number of antiviral compounds is prcsentcd 
in figure 76. A list of natural substanccs with antiviral propcrtics is prcscntcd in 
table 13 and the modes of action of natural and synthctic antivirals against 
herpesviruses are presented in table 14. Such compounds wcrc tcstcd not only 
for the inhibition of virus replication but also for thcir ability to inhibit a virus­
spccificd cnzyme undcr in vitro conditions. Thc value of an antiviral drug 
depcnds on its therapeutic indcx-namely, a high antiviral activity and low 
toxicity. The therapeutic indcx of any compound can bc tcstcd in virus­
infected animals. If certain compounds show promising antiviral activity, it is 
possible to synthesizc a scrics of dcrivativcs for furthcr scrccning of antiviral 
activity. 

In thc sccond approach, a numbcr of modified nuclcotidcs have bcen chcmi­
cally synthcsized and tcsted in thc search for the ultimate proantiviral drug that 
would be activatcd only in virus-infccted cells, prefcrably by a spccific virus­
coded enzyme. Thus only in thc infccted cell would the prodrug interfcre with 
virus-coded molecular proccsscs and inhibit virus rcplication without affccting 
the mctabolism of uninfectcd cclls and tissucs. Thc antiherpcs virus drug 
acycloguanosinc (acyclovir; figurc 76) has thc propcrtics of a prodrug (table 
15). 

VIRUS-CODED ENZYMES AS TARGETS FOR THE 
DEVELOPMENT OF ANTIVIRAL DRUGS 

Among the viral enzymes, thc viral DNA polymcrase has rcceivcd much of 
thc attention of those trying to dcvelop synthetic and natural antivirals. A 
number of sites on thc DNA polymcrase ofherpcs simplex virus could scrve as 
targcts for antiviral drugs (figurc 77): 

1. The gamma-phosphatc binding sitc can bc intcrfcrcd \vith by phos­
phonoacctic acid (P AA) or phosphonoformatc (PF A). 

2. Thc binding sitc for the sugar moiety of thc nuclcosidc triphosphate can be 
interfered with by acycloguanosinc (which has a modificd sugar moiety). 

3. Thc nucleotidc binding site can bc interfercd with by the binding of a 
modificd nucleotide. 
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4. Inhibitors that bind to, or intercalate into, the DNA template (e.g., dis­
tamycin, ethidium bromide) can interfere with the DNA template binding 
site on the enzyme. 

5. The metalloenzyme (e.g., Zn + +) binding site can be interfered with by 
adding compounds that remove the metal ion from its position on the 
enzyme molecule. 

Various substances (table 15) have the ability to interfere with the enzyme 
binding sites and new substances can be designed. Unfortunately, when in­
hibitors of the DNA polymerase were studied, it became evident that the virus 
has the ability to mutate in the presence of an inhibitor and to give rise to drug­
resistant mutants. In the future, it will be necessary to use two antiviral drugs 
for the treatment and cure of virus infections in man. 

In table 15, a number of enzymes coded for by different viruses are listed, 
including the DNA-dependent RNA polymerase responsible for the synthesis 
of the viral messenger RNA and the DNA polymerases that serve as possible 
targets for antiviral substances. 

MODE OF ACTION OF NATURAL ANTIVIRALS (TABLE 13) 

Natural substances with antiviral activity are fermentation products of molds: 
Distamycin and netropsin inhibit the transcription of viral messenger RNA 
and the synthesis of the viral DNA, thus inhibiting virus replication. Novo­
biocin binds to a virus-coded enzyme and is capable of inhibiting viral DNA 
synthesis. Rifampicin prevents the formation of the viral envelope in pox­
virus-infected cells. 

Distamycin, the structure of which is shown in figure 76, acts by binding to 
the viral DNA, thus becoming an obstacle to the attachment of the viral DNA 
and RNA polymerases to the DNA template. Distamycin binds to A-T rich 
sequences on the viral DNA, inhibiting virus replication, but removal of the 
drug from the infected cells results in a reversal of inhibition. 

Figure 76 illustrates the structure of rifampicin, which is a semisynthetic 
drug. Addition of rifampicin to poxvirus-infected cultures at any time during 
the virus growth cycle inhibits virus replication. It was found that rifampicin 
inhibits cleavage of a polypeptide inserted into the viral envelope, and as a 
result, the viral envelope cannot become functional. Thus the synthesis of 
infectious virions is completely inhibited. 

Unfortunately, these antiviral substances are not selective for virus processes 
and have toxic effects on uninfected cells. Therefore, although they are very 
useful for studies on the molecular processes of poxvirus replication, they 
cannot be used as effective antiviral drugs for the treatment of infected per­
sons. The significance of smallpox has by now markedly declined because of 
the worldwide vaccination campaign of WHO , especially in the endemic areas 
of India and Africa. However, herpes viruses are a very important group of 
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26. Antiviral drugs and chemotherapy 289 

human pathogens all over the world, and effective antiviral agents against 
these virus infections are paramount. 

Antivirals against herpesviruses 

Table 16 shows a number of antiviral substances developed during the last 15 
years in attempts to find drugs that would not only cure herpesvirus infections 
in the eye, but also herpesvirus infections in the skin, the brain, and other 
organs. Most of these antivirals were designed to inhibit the viral DNA poly­
merase, with the idea that this would prevent virus replication and result in the 
cure of the virus disease. 

Iododeoxyuridine and trifiuorothymidine 

Halogenated pyrimidines, such as iododeoxyuridine (IUdR) (Prusoff 1959, 
1967; Kaufman 1965) and trifluorothymidine (F3 T) (Kaufman and Heidelber­
ger 1964) represent effective antiherpes drugs. Incorporation ofIUdR into the 
viral genome causes breaks in the DNA template and prevents DNA repli­
cation by the viral DNA polymerase (table 14). This drug is also incorporated 
into cellular DNA, making it too toxic to be used systemically, and it is both 
mutagenic and teratogenic (Prusoff et al. 1965). 

Zinc 

Zinc ions are also able to bind to the viral DNA polymerase, which is a zinc 
metallo-enzyme, and thus prevent its activity. 

Ara-A (adenine arabinoside, 9-f3-D-arabinofuranosyladenine) 

This compound is converted to a triphosphate form by cellular kinases and is 
reported to inhibit the viral DNA polymerase preferentially. However, the 
different values reported for the differential effect of Ara-A triphosphate on the 
viral and cellular DNA polymerases would appear to be dependent on virus 
strain, enzyme purity, and other experimental conditions. Ara-A is incorpo­
rated into both cellular and viral DNA. It is also rapidly deaminated in vivo by 
adenosine deaminase to arabinosylhypoxanthine that has a much lower anti­
viral activity (reviewed by North and Cohen 1979). 

Phosphonoacetate (PAA) and phosphonoformate (PFA) 

These drugs bind to the same site on the enzyme as the terminal 'V-phosphate 
of the nucleoside triphosphate. As a result, the DNA polymerase cannot cleave 
the pyrophosphate from the nucleoside triphosphate, and the activity of the 
enzyme is inhibited. 

PAA and PFA (table 14) were found to interfere with the phosphate binding 
site of HSV DNA polymerase and are very efficient antivirals for this virus, 
both in vitro and in vivo. The difficulty with these substances is the rapid 
development of resistant virus mutants from the population of wild type virus. 
The mutation is in the DNA polymerase, and the resistant virus is no longer 
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Figure 77. Scheme for possible inhibition of the DNA polymerase by antiviral compounds. 

site 

sensitive to the drug. It is possible to isolate HSV mutants that produce a PAA­
resistant DNA polymerase, and in cells infected with PAA resistant mutants, 
the enzyme is resistant to PAA over a large range of concentrations. Phos­
phonoacetate is active in animal models, but its deposition in bone has delayed 
consideration of clinical trials (Boezi 1979). Phosphonoformate is currently 
being tested in humans by topical application for herpes labialis. 

Acycloguanosine (acyclovir) 

One of the newest antiviral substances, acycloguanosine (figure 76) has a 
distorted sugar moiety and closely resembles deoxyguanosine. Acyclo­
guanosine can be phosphorylated by the HSV -coded thymidine kinase to form 
acycloguanosine triphosphate (the active form of the drug) only in virus­
infected cells and is then able to inhibit the viral DNA polymerase (tables 14 
and 15). This is the first drug that can be called an antiviral prodrug, since even 
though it may enter all the cells of the body, activation of the drug can occur 
only in cells infected with HSV. The difficulty with this drug is the emergence 
of resistant mutants-mainly, thymidine kinase minus (TK -) mutants. 

In summary, the antiviral substances that inhibit the herpesvirus DNA poly­
merase interfere with three important sites on the DNA polymerase: the 
metallo-enzyme site, the phosphate binding site, and the sugar-base binding 
site. Anti-herpesvirus drugs can be obtained by modification of the purine and 
pyrimidine bases or by the use of analogs that can be phosphorylated only in 
cells that contain the viral TK, or phosphorylated analogs that are capable of 
binding to a key viral enzyme. 
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Antivirals to RNA viruses 

Table 15 describes some antiviral substances effective against RNA viruses, 
such as HBB and guanidine, that inhibit the poliovirus replication complex, 
and zinc, that inhibits the peptidases that process the viral precursor peptides. 
Concerning influenza virus, we know that actinomycin D and amantadine 
inhibit the function of the virus RNA-dependent RNA polymerase. Recently, 
it was demonstrated that these anticellular substances prevent the synthesis of 
cellular messenger RNA molecules, and these are required for the production 
of the dinucleotides necessary for the initiation of influenza virus RNA poly­
merase activity. The substance 2-deoxy-2,3-dehydro-N-trifluoroacetylneur­
aminic acid (FAN A) was found to inhibit the viral enzyme neuraminidase, and 
thus prevent the virus from infecting cells. 

Antivirals were also tested on the retrovirus RNA-dependent DNA poly­
merase (tables 13 and 15). The antiviral substances distamycin A and rifampi­
cin are able to inhibit the RSV RNA-dependent DNA polymerase, preventing 
the synthesis of the viral double-stranded DNA molecules. Unfortunately, 
distamycin and its related substances are also toxic to uninfected cells, and 
therefore it has not been possible to use them in chemotherapy. Derivatives of 
rifampicin were also quite effective in inhibiting these viruses. Template­
primer analogs (table 15) and other inhibitors of the retrovirus DNA poly­
merase are reviewed by Chandra and colleagues (1977). 

ANTIVIRAL DRUGS IN MEDICAL USE 

Antivirals used in treating patients 

Idoxuridine (5-iodo-2' -deoxyuridine; IUdR) 

This compound was synthesized by W. Prusoff in 1959 and was used by H. 
Kaufman in the early 1960s for the treatment of herpetic keratitis. This was 
essentially the first effective human antiviral drug. Since the drug was used for 
external treatment and was effective in inhibiting the replication of HSV -1 in 
the eye, its clinical use was permitted by the U.S. Federal Drug Agency. In the 
early years after the introduction of idoxuridine, the compound was highly 
effective, but it soon became apparent that drug resistant mutants of HSV-1 
were appearing, with the result that the efficiency of this compound markedly 
decreased. Today other antivirals are used in cases of herpetic keratitis that do 
not respond to treatment with idoxuridine. 

The success achieved in the treatment of herpetic keratitis with idoxuridine 
led to its use for the treatment of herpetic encephalitis in humans by intrave­
nous injection. It was soon found that idoxuridine was not effective and caused 
brain damage in encephalitis patients who had no herpesvirus etiology. 

Ara-A (Vidarabine) and Ara-C (cytosine arabinoside; Cytarabine) 

The drug ara-A is currently being used for treating encephalitis patients after a 
diagnosis of HSV -1 has been established by virus-specific antigens found in a 
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296 III. Medical and biological considerations 

brain biopsy. Treatment of patients with herpetic encephalitis early in the 
development of the brain infection with ara-A has indicated that some patients 
may be cured without brain damage. Unfortunately, most encephalitis pa­
tients are treated late in the infection, with the result that they die or recover 
with severe brain damage. 

Ara-C was effective in the treatment of herpetic keratitis in humans, but the 
toxicity of the drug is quite high and the drug is also immunosuppressive. 

Acycloguanosine (Acyclovir) 

This compound, which is a guanosine derivative, is activated by a specific viral 
enzyme and is very effective in inhibiting both HSV-1 and HSV-2 in infected 
cells. Only the HSV -specified thymidine kinase can phosphorylate acyclo­
guanosine from the monophosphate form that is rapidly converted to the 
deoxynucleoside di- and triphosphate. These molecules interfere with the ac­
tion of the virus-induced DNA polymerase. The conversion of acyclo­
guanosine monophosphate to the diphosphate is catalyzed by the cellular en­
zyme, guanylate kinase (Miller and Miller 1980). Several cellular enzymes 
catalyze the subsequent conversion to the triphosphate form. Acyclovir in­
hibits the biosynthesis ofHSV and EBV DNA (Furman et al. 1979; Datta et al. 
1980). The drug was found to be effective in curing herpetic encephalitis in 
mice without toxic side effects and also proved useful in the treatment of 
herpetic keratitis in rabbits. Acycloguanosine did not achieve the desired re­
sults against latent herpesvirus infections in mice when the virus is already 
established in the ganglia (Field and Wildy 1981). Clinical trials are in progress 
to test the efficacy of acyclovir in ophthalmic, topical, and intravenous formu­
lations. The efficacy of the drug against herpes keratitis in man has been 
excellent (Coster et al. 1980; Collum 1980). The drug is being tested topically 
and intravenously in genital HSV infections, in immuno-compromised pa­
tients, and in herpes labialis, with good results. Parental acyclovir therapy has 
also been effective in trials. 

It should be noted that acyclovir-resistant mutants of HSV have made their 
appearance (Field et al. 1981), but these TK - mutants have a low pathogenicity 
in adult mice. 

Acycloguanosine is probably the first drug to be utilized that is activated by 
a viral enzyme and is therefore effective only in virus-infected cells. The more 
recently discovered bromovinyldeoxyuridine (De Clercq et al. 1979) is another 
potent antiherpes virus drug that is activated by the viral thymidine kinase. 

Prophylactic drugs 

Amantadine hydrochloride 

This compound was found to be useful for preventing influenza A infections in 
humans when given prophylactically. It is given to adults in doses of 200 mg 
per day. It has been demonstrated that amantadine binds to the channel protein 
adjacent to the acetylcholine receptor on the cell surface and not to the receptor 
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itself (Tsai et al. 1978). Studies on the mode of action of amantadine on 
influenza A virus in cultured cells in vitro revealed that, in the presence of the 
drug, the viral RNA-dependent RNA polymerase responsible for the synthesis 
of the viral mRNA is unable to function. It is not yet known if amantadine 
affects the viral enzyme or the host cell metabolism. 

Because of the inefficiency of vaccine production in the face of a new in­
fluenza epidemic, it has been suggested that the use of amantadine-Hel should 
be permitted. This drug, which is used in the treatment of Parkinsons's dis­
ease, does, however, produce neurological side effects; therefore, there are 
counter-demands for proof that the drug would be effective against a new 
influenza A virus strain causing the epidemic. A number of other antiviral 
agents against influenza virus are given in table 17. 

Marboran 

This drug, which is N-methyl isatin-l3-thiosemicarbazone, was developed by 
D.]. Bauer and was experimentally used in the treatment of smallpox patients 
and uninfected attendants in smallpox endemic areas in India (Bauer 1973). It 
was found that in the marboran-treated, uninfected individuals, the extent of 
smallpox was significantly lower than that in untreated individuals. This com­
pound inhibits the synthesis of late viral proteins. 

INTERFERON: A CELLULAR PROTEIN WITH ANTIVIRAL ACTIVITY 

Isaacs and Lindenman (1957) noted that virus-infected cells secrete molecules 
that protect uninfected cells against infection with the same or another virus. 
This glycoprotein, which was named interferon, is produced by cells of almost 
all vertebrates when exposed to certain viruses but is species-specific: human 
interferon protects human cells, while mouse interferon protects mouse cells 
only. Induction of the virus-resistant state of cells by interferon is associated 
with the de novo synthesis of several proteins-in particular a protein kinase, 
an oligoisoadenylate synthetase, and a phosphodiesterase. The genes responsi­
ble for the synthesis of interferon are present in chromosomes 2 and 5. Inter­
feron requires a specific receptor on the cell surface, in order to bind to the cell 
membrane. This receptor is coded by a gene in chromosome 21 in human cells 
(see chapter 4). 

Two major species of human interferon were found: leukocyte interferon 
and fibroblast interferon, produced by stimulated leukocytes and fibroblasts, 
respectively. These two interferons differ not only antigenically, but also in 
their target cell specificity: both induce a virus-resistant state in human cells, 
but leukocyte interferon is also very active on bovine, porcine and feline cells, 
whereas fibroblast interferon is not. The two human interferons were purified 
and analyzed by electrophoresis in sodium dodecyl sulfate/polyacrylamide 
gels. Fibroblast interferon yielded one peak of activity, with an equivalent 
molecular weight of about 20,000, whereas leukocyte interferon consists of 
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two components with apparent molecular weights of 21,000-22,000 and 
15,000-18,000 (Vilcek et al. 1977; Zoon et al. 1979). 

Fibroblasts synthesize a single species of interferon, but lymphoblasts syn­
thesize both fibroblast and leukocyte interferon (Cavalieri et al. 1977). Leuko­
cyte, lymphoblastoid and fibroblast interferon represent the type I interferons, 
whereas mitogen-induced immune interferon is a type II interferon. Immune 
interferon which has been partially characterized (Taniguchi et al. 1981) is also 
referred to as 'Y interferon, and leukocyte and fibroblast interferons, as (Y and ~ 
interferons, respectively. 

Leukocyte and fibroblast interferons are encoded by separate mRNAs from 
two structured genes (Cavalieri et al. 1977), but these two interferons are 
structurally related. The coding sequences of the complementary DNAs of 
cloned human leukocyte interferon I and human fibroblast interferon show 
homologies of 45% at the nucleotide and 29% at the amino acid level (figure 
78). Taniguchi and associates (1980) concluded on the basis of these findings 
that a common ancestral gene developed into the two interferon genes. 

Interferon acts on cells by binding to receptors on the cell membrane 

After binding to the specific receptor in the cell membrane, interferon induces 
a series of events that lead to the establishment of the antiviral state of the cell. 

The mode of action of interferon was studied by using cell homogenates of 
interferon treated cells. Interferon affects the translation of mRNA into pro­
teins by the following mechanisms: 

1. A series of2'5'-linked oligo adenylic acid triphosphate inhibitors of protein 
synthesis are synthesized from A TP by the enzyme oligoisoadenylate 
synthetase E that is activated in interferon-treated cell extracts by double­
stranded RNA. The oligonucleotide pppA2'p5' A2'p5' A is the predominant 
product. The oligonucleotide enhances mRNA degradation in cell extracts. 
This was demonstrated by the isolation of RNase F, whose nucleolytic 
aCtivIty is completely dependent on the continued presence of 
pppA2'p5' A2'p5' A (Kerr and Brown 1978). The RNase F was isolated 
from both interferon-treated and untreated cells. 

2. Interferon induces the protein kinase PK-i that is also activated by double­
stranded RNA and ATP. This enzyme phosphorylates the initiation factor 
2 in eukaryotic cells and decreases Met-tRNAret binding to the 40 S 
ribosomal subunit. 

3. Interferon inhibits translation of mRNA by affecting polypeptide chain 
elongation, and this process, which does not require double-stranded RNA 
can be reversed by the addition of tRNA to the extract. An interferon­
induced phosphodiesterase was shown to inhibit mRNA translation by 
degrading the C-C-A terminus of tRNA, and thus reducing the amino acid 
acceptance oftRNA in cell-free extracts (Kerr and Brown 1978; Schmidt et 
al. 1979; Slattery et al. 1979; Hovaressian and Wood 1980). 
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Induction of interferon production in animals and man 

Interferon is found in tissues and serum of patients with virus diseases. The 
body reacts to the virus invasion by the production of interferon as the initial 
defense mechanism before the production of antibodies. Nevertheless, the 
natural interferon is not sufficient to prevent or cure the disease, and attempts 
were made to use interferon inducers before or after infection in the hope that 
it would lead to the production of high interferon titers and to an early cure of 
the virus disease. Since double-stranded RNA molecules were found to induce 
interferon in cells, a synthetic polymer, polyriboinosinic acid:polyribocyti­
dylic acid (poly(I:C)), which has a double-stranded conformation was devised. It 
is an effective interferon inducer in rodents, but not in cattle, subhuman pri­
mates, or humans. In humans it causes side effects, such as a rise in tempera­
ture and adverse effects on white blood cells. In addition, nucleases are present 
in the serum which degrade the synthetic polymer. H.B. Levy and his col­
leagues have modified the poly(l:C) polymer by attaching a poly-1-lysine 
molecule to the synthetic RNA and then adsorbing the complex to carrier 
carboxymethylcellulose. Such a complex was found to be resistant to the 
nucleases in the serum and effective in producing interferon in monkeys and 
chimpanzees. Rhesus monkeys did not exhibit serious side effects (Sammons 
et al. 1977). 

Treatment of virus infections with exogenous interferon 

Since interferon is species-specific, human interferon must be used for treating 
patients. K. Cantell used leukocytes removed from blood collected at the 
Finnish Blood Bank to produce interferon. The interferon is partially purified 
and has been used for experimental therapy in herpes virus, influenza virus, 
and hepatitis B virus chronic infections (reviewed by Dunnick and Galasso 
1979). T. Merigan has demonstrated that relatively high interferon titers are 
needed to inhibit the appearance of hepatitis B Dane particles in the serum of 
the patient. In some instances, the Dane particles reappeared in the patient's 
serum after termination of the course of interferon treatment. Attempts are 
being made to produce lymphoblast interferon on a large scale for human 
therapy (Christofinis et al. 1981). Successful results in inhibiting the develop­
ment of osteosarcoma (tumor of the bone) in humans by treatment with 
interferon was reported. Interferon is being used in the experimental treatment 
of cancer (Dunnick and Galasso 1979; Marx 1979; Krim 1980). 

Cloning of human interferon genes in bacterial plasmids: 
a new approach to production of interferon 

Isolation and purification of human leukocyte interferon on a commercial basis 
requires that there should be a constant supply of human leukocytes for induc­
tion with an inactivated virus. In addition, there is fear that, if no tests are done 
for the presence of viruses in human leukocytes, the crude interferon prepara­
tions used for treating cancer patients or patients with chronic virus diseases 
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like infectious hepatitis may be harmful. Also, the interferon preparations used 
in recent years contained far more foreign proteins than interferon and had 
undesirable side effects on the patients. With all these reservations, it became 
obvious that cloning interferon DNA in bacterial plasmids may open the way 
for large-scale production of human interferon. Methods involving the use of 
high-performance liquid partition chromatography have been developed for 
purification of human interferon (Rubinstein et al. 1979). Monoclonal anti­
bodies prepared in mice against human interferon are currently being used in 
affinity chromatography to obtain homogeneous preparations of interferon. 

C. Weissmann's group isolated the 12 S fraction of poly(A)-RNA from in­
terferon-producing human leukocytes and synthesized the complementary 
DNA (eDNA) of the interferon mRNA. The interferon eDNA was cloned in 
the plasmid pBR322 of E. coli, and bacterial clones were selected that carried 
the hybrid plasmid. One of the resulting clones had a 91O-base pair insert that 
hybridized to interferon mRNA and was responsible for the production of a 
polypeptide with biological interferon activity. One gram of cells in some of 
the clones produced up to 10,000 units of interferon (Nagata et al. 1980). A 
similar procedure was used independently for the cloning of the human 
fibroblast interferon gene by the group of W. Fiers. The total nucleotide and 
amino acid sequence of human fibroblast interferon was deduced (Derynck et 
al. 1980). 
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27. LABORATORY DIAGNOSIS OF DISEASE-CAUSING VIRUSES 

Rapid diagnosis of virus diseases is important for the treatment of patients 
(e. g., ara-A treatment of patients with herpetic encephalitis; passive immuni­
zation for Ebola patients) and from the epidemiological point of view for 
protecting medical personnel and the general public (e.g., smallpox patients 
who must be quarantined). Rapid isolation and identification of new influenza 
virus strains is essential for detecting a new virus mutant that may spread and 
cause an epidemic or pandemic. The rapid diagnosis of a new influenza A 
mutant would allow the early production of a killed virus vaccine for the 
immunization of children and older people, as well as those suffering from 
chronic diseases (see chapter 24). Diagnosis of rubella in pregnant women is 
necessary before making a decision regarding continuation of the pregnancy. 

Before the establishment of cell-culture techniques, viruses were isolated by 
injecting the clinical material into test animals. However, the introduction of 
tissue culture techniques in the early 1950s greatly facilitated the process of 
virus isolation from clinical specimens. For example, blood or feces from a 
patient suspected of a virus infection is injected into experimental animals or 
cell cultures of different types. The presence of a virus in the sample may be 
detected by the appearance of cytopathogenic effects (CPE) in the cultured 
cells or the use of immunological techniques to identify viral antigens. The 
virus can be identified by a neutralization test in which medium from cells used 
to culture the virus is incubated with known antisera, and the mixture is 
inoculated into new cultures or animals. If the virus is neutralized, it will not 

306 



27. Laboratory diagnosis of disease-causing viruses 307 

replicate or kill the cells or the animals. However, these techniques require a 
number of days for identification of the virus and therefore will not influence 
the treatment of the patient. New technologies that have been developed for 
rapid virus diagnosis include electron microscopy, radioimmunoassay (RIA), 
and the enzyme-linked immunosorbent assay (ELISA). These techniques are 
fast and effective, as well as being accurate and objective. It is also possible to 
use RIA and ELISA methods for the detection of antibodies in sera. 

RAPID DIAGNOSIS OF VIRUSES WITH THE AID 
OF THE ELECTRON MICROSCOPE 

The classification of viruses into different families is based on the morphology 
of the virions (chapter 2). Thus the electron microscope can be used to identify 
the virions present in tissues, body fluids, or excretions of infected individuals, 
although the exact diagnosis of the virus strain within the virus family requires 
the use of additional techniques like neutralization with specific antibodies, 
RIA or ELISA. Nonetheless, the initial diagnosis of a virus in a clinical sample 
can be obtained within hours, using electron microscopy. 

Diseases with fever and vesicular skin rashes may be caused by smallpox 
virus (Poxviridae) or herpes zoster virus (Herpesviridae). To rapidly identify 
the virus, a sample of the fluid is removed with a syringe from a skin vesicle 
and mixed with a solution of phosphotungstic acid to obtain negative staining 
of the virus. This staining technique allows the virus to be viewed in the 
electron microscope as a clear particle on a black background. The smallpox 
and varicella virions differ markedly from each other, and this allows an initial 
rapid diagnosis to be made. 

To be able to treat a patient suspected of having herpetic encephalitis, it is 
necessary to confirm the presence of herpes simplex virus antigens or virions 
in a brain biopsy (chapter 26). Since it is essential to treat the patient as early as 
possible so as to increase the chances of recovery with as few sequelae as 
possible, it is imperative that the virus be recognized with the utmost speed. 
Brain biopsy material is viewed in the electron microscope to identify virus 
particles, and the immunofluorescent technique is used to identify viral anti­
gens by staining with specific fluorescent antibodies to HSV-1. The stained 
material is viewed in a special ultraviolet microscope and the presence of fluo­
rescence in the brain cells confirms the herpesvirus infection in the brain. 

Electron microscopy of viruses concentrated by ultracentrifugation from 
stool samples of patients suffering from diarrhea led to the discovery of the 
Rotaviruses (chapter 12) that are responsible for infantile gastroenteritis. De­
tection of adenoviruses in stools by electron microscopy indicates that they 
may also cause certain types of diarrhea in humans. Virions of hepatitis A can 
also be identified by this technique. 

Mixing specific antibodies with the specimen obtained from patients leads to 
the appearance of virion aggregates that can be spun down and examined by 
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electron microscopy to aid in diagnosis. This technique is referred to as im­
mune electron microscopy (IBM). 

ISOLATION AND CHARACTERIZATION OF VIRUSES 
FROM CLINICAL MATERIALS 

The sample of clinical material must be transferred as fast as possible to the 
diagnostic laboratory in closed containers to prevent the virus from spreading. 
Shipment of clinical samples is subject to special rules issued by WHO. In the 
diagnostic laboratory, the samples are used for isolation of the virus in cultured 
cells, embryonated eggs, or laboratory animals. Most viruses replicate in cul­
tured cells in vitro and cause cytopathogenic effects (CPE). The medium of the 
affected cells is then transferred into fresh cultures to ensure that a virus, and 
not a toxic substance, caused the CPE. 

Embryonated eggs and primate kidney cell cultures are used for the isolation 
of influenza A viruses. Throat washings from influenza patients are inoculated 
into the amniotic sac of the lO-day old chick embryos and also into primary 
cultures of monkey kidney cells. The amniotic and allantoic fluids are har­
vested after three days at 33-35°C and tested for hemagglutination with guinea 
pig or human erythrocytes. CPE is minimal in the monkey kidney cultures 
which should show hemadsorption of erythrocytes at 4°C after three-seven 
days at 33-35°C. The hemagglutination inhibition (HI) test (see the following) 
is used for identification of the virus. 

Newborn mice are used for the isolation and characterization of arboviruses, 
rabies virus, and some Coxsackie A viruses, in addition to isolation in cultured 
cells. Some Coxsackie A viruses infect newborn mice but not cell cultures (see 
chapter 18). 

IMMUNOLOGICAL RESPONSE IN PATIENTS 

In almost all the virus diseases (except arenaviruses which cause a depression in 
the immune response), the antibody-producing B cells respond to viral anti­
gens (processed by T lymphocytes) by the synthesis of virus-specific anti­
bodies. The IgM class of antibodies is produced initially, followed by the 
production of IgG immunoglobulins with the same antiviral specificity. The 
antibodies appear in measurable quantities in the blood of the patients, usually 
within 10-14 days. To determine the immunological response to a virus infec­
tion, paired blood samples are taken from the patient at the onset of fever and 
10-14 days later. The paired sera are tested for a rise in the amount of specific 
antibodies, using preparations of suspected viruses as antigens. An increase in 
antibody titer in the second blood sample provides proof as to the identity of 
the virus. Humoral antibodies IgM, IgG, and local antibodies IgE and IgA can 
be used for diagnosing the etiological viral agents. The presence ofIgM or IgG 
antibodies makes it possible to differentiate between a virus infection and 
antiviral immunity. The presence of IgM antibodies indicates an active or 
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recent virus infection, whereas the presence of IgG antibodies implies that the 
individual is immune. IgG antibodies arise as a secondary immune response to 
a virus infection. For example, the presence of IgG antibodies to rubella virus 
in a pregnant woman shows that she is immune; no antibodies to rubella 
means a lack of immunity, and the presence of IgM antibodies indicates an 
active rubella virus infection. The macroglobulin antibody molecule (IgM) is 
sensitive to treatment with 2-mercaptoethanol, whereas IgG molecules are 
resistant. Treatment of the serum with 2-mercaptoethanol prior to performing 
an immunological test and comparison with the untreated serum sample 
shows whether IgM or IgG antiviral antibodies are present in the patient's 
serum. 

TESTS AVAILABLE FOR THE DETECTION OF VIRAL ANTIBODIES 

Neutralization test 

This test is based on the neutralization of virus infectivity by specific anti­
bodies that attach to antigens on the surface of the virus. The sera are heated at 
56° for 30 min to destroy nonspecific inhibitors, and serial dilutions of the sera 
are mixed with a constant dose of virus. After incubation for about 60 min, the 
mixtures are inoculated into cultured cells, embryonated eggs, or laboratory 
animals. The titer is defined as the reciprocal of the highest dilution of serum 
to inhibit virus multiplication. 

A color test based on the ability of antibodies to inhibit virus replication is 
used as an assay. If infection occurs, the cells die and the culture medium 
remains at neutral pH or becomes alkaline, and the neutral red indicator pres­
ent in the medium remains red. If the serum samples (in serial dilution) contain 
neutralizing antibodies that interact with the virus and prevent its replication in 
the cells, the color of the indicator in the medium will change to yellow. 
Multiple samples can be tested in cultures in plastic plates, and the titer of 
neutralizing antibodies can be determined with relative ease. This is called the 
metabolic inhibition test. 

In the plaque reduction test, cell monolayers are inoculated with virus­
antiserum mixtures and overlaid with suitable medium containing agar. After 
an incubation period to allow countable plaques to develop, the endpoint is 
determined as the highest dilution of serum to reduce the number of plaques 
by at least 50%. 

Hemagglutination inhibition (HI) test 

Certain viruses (e. g., influenza virus) are able to agglutinate erythrocytes. If a 
serum sample contains antibodies that block the specific viral antigens respon­
sible for hemagglutination, this phenomenon will be inhibited. Serial dilutions 
of serum are mixed with the virus, erythrocytes are added, and the HI titer, 
defined as the reciprocal of the highest dilution of serum causing inhibition, 
can be determined. 
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Complement fixation (CF) test 

This test consists of two parts: (1) the virus, specific antibodies, and comple­
ment, and (2) erythrocytes and specific antibodies to the erythrocytes. The 
reaction is based on the fact that each antibody-antigen complex can bind 
serum complement. Binding of complement to the erythrocyte-antibody 
complex causes lysis of the cells, and the hemoglobin gives a clear red color to 
the solution. In the first part of the test, a known viral antigen (two to four 
units) is incubated overnight at 4°C with dilutions of the patient's acute and 
convalescent serum (heated to 56°C for 30 min to inactivate complement) (or, 
alternatively, a known antibody preparation is incubated with the unknown 
viral antigen) in the presence of two units of complement derived from guinea 
pig serum. If viral antigen-antibody complexes are formed, the complement 
binds to the complexes, and no free complement remains to lyse the erythro­
cytes that are subsequently added. Sheep erythrocytes that are sensitized by the 
addition of rabbit antiserum against them (hemolysin) are used. If the viral 
antigen and antibodies do not combine, the complement remains unbound and 
causes lysis of the erythrocyte complexes; the solution will attain a red color 
from the released hemoglobin. In the absence of free complement, the erythro­
cytes are not lysed by the hemolysin and settle at the bottom of the test tube. 

A number of controls are essential in this test to check whether the serum or 
antigen preparation is not anticomplementary-namely, they fix complement 
even in the absence of antigen or antibody, respectively. 

Immunofluorescence for detection of viral antigens in infected cells 

Identification of the virus isolated in cell cultures or in tissues of infected 
persons can be done using fluorescein-labeled antibodies. Sera are prepared in 
rabbits against a number of viruses, and the specific immunoglobin in each 
serum is tagged with fluorescein or rhodamine dye to yield fluorescent anti­
bodies that can be seen with ultraviolet or blue light. Infected cells grown on a 
cover slip or a section of a tissue are fixed with acetone or methanol, and the 
fluorescein-tagged antibodies are allowed to interact with the virus antigens, 
followed by washing to remove unbound antibody molecules. This is called 
the direct immunofluorescence technique. Fluorescence in the infected cells can 
be seen in a special light microscope with a xenon or mercury vapor lamp. 
Special filters are used that make the specimen appear black, except for those 
areas where the fluorescein-labeled antibodies interact with the antigens of the 
specific virus and emit a greenish-yellow light. This technique requires that the 
diagnostic virus laboratory have fluorescent antibody preparations against all 
known human viruses. 

The indirect immunofluorescent technique utilizes antibodies prepared in 
rabbits against human ,),-globulin that are tagged with fluorescein. The anti­
viral antibody, which is untagged, is allowed to react with the viral antigen, 
and only if they combine will the fluorescent IgG antibodies attach to the 
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preparation. Fluorescence therefore indicates that viral antigen is present in the 
cell. 

The same immunofluorescence techniques can be used with known viral 
antigens to detect the presence of antibodies in sera of patients. 

Radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) 

In addition to tagging antibodies with fluorescein, it became possible to label 
antibodies with radioactive iodine or with an enzyme. 

In the RIA test, the antigen is immobilized by binding to a solid surface to 
which the antibody attaches. 125I-Iabeled goat or rabbit antibodies to human "1-
globulin are then added to bind to the antigen-antibody complex. For the solid 
phase in RIA, paper discs or polystyrene balls may be used. Purified antigen 
can be adsorbed onto the polystyrene balls by submerging the balls in antigen 
diluted in buffer overnight. The balls are dried and can be stored for further 
use. Serum dilutions are pipetted into disposable plastic tubes and one virus­
coated ball is added to each tube. After incubation, the serum dilutions are 
aspirated and the balls washed twice with tap water. At each step, the excess of 
unbound antibodies is removed by washing. 125I-labcled anti-human "1-
globulin is then added to each tube. After further incubation, the balls are 
washed twice, placed in clean tubes, and the radioactivity measured in a 
gamma counter. The amount oflabeled anti-human "I-globulin in each tube is 
determined by the amount of antibody that has combined with the antigen. 

In the ELISA test for quantitative determination of antigen or antibodies, an 
enzyme is used instead of the radioactive isotope. This test is also referred to as 
the enzyme immunoassay (EIA). The enzyme, horseradish peroxidase, is 
coupled to the antiglobulin used in the test by means of periodate. An alkaline 
phosphatase conjugate prepared from goat antiserum to human "I-globulin is 
also used. This assay can be done in special polystyrene micro titer plates to 
which the antigen is adsorbed. Dilutions of test and control sera are added, and 
after a suitable incubation period, the plates are washed and the conjugated 
antiglobulin added. The plates are again incubated and, after washing, a suit­
able substrate (S-aminosalicylic acid or p-nitrophenyl phosphate) is added to 
give the color reaction used to determine the endpoint of the titration, either 
by spectrophotometry or with the naked eye. 

Detection of viral nucleic acids 

The presence of viral nucleic acid in human and animal tissues can be used to 
determine if a particular virus (e.g., HSV-2 in cervical carcinoma and EBV in 
Burkitt's lymphoma) is present in the cancer cells. Frozen sections of biopsy 
tissue cells grown on covers lips or cell suspensions affixed to coverslips are 
used for hybridization in situ. The nucleic acids in the cells are hybridized with 
radioactive probes prepared from the viral nucleic acid. After the hybridization 
process is completed, excess nucleic acid is removed by washing, and the 
extent of hybridization is determined by radioautography. Hybridization be-
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tween HSV-2 DNA and mRNA in cells of cervical carcinoma biopsies was 
reported (Maitland et al. 1981). However, this technique is not absolutely 
specific, and without adequate controls the results may be subject to misinter­
pretation. 

DNA fingerprinting with the aid of restriction endonuclease enzymes is 
now being used to differentiate between the various serotypes of HSV-1 and 
HSV-2 (Buchman et al. 1980). In this technique, cell cultures are infected with 
each virus and the viral DNA extracted after 24 hours of incubation. The DNA 
is purified, cut with restriction enzymes, and subjected to electrophoresis in 
agarose gels. After staining with ethidium bromide, the gels are photographed 
and the electrophoretic profiles of the stained DNA bands from each virus are 
compared. 
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28. VIRUSES AND HUMAN CANCER 

Cancer is a general term used when a group of cells escapes from the tissue 
control mechanisms and begins to proliferate at an abnormal rate in the body. 
Leukemias and lymphomas are lymphoproliferative disorders of the bone 
marrow and the blood; osteosarcoma involves the bones; and hepatoma in­
volves the liver cells. Essentially, cancer cells can arise in all tissues as a re­
sponse to intrinsic or extrinsic factors that are largely unknown. It is well 
documented that chemical carcinogens and radiation damage can lead to the 
transformation of a normal cell into a cancer cell capable of unlimited develop­
ment and tumor formation. Cigarette smoking was shown to be associated 
with cancer of the lung. Environmentalists demand the removal of chemical 
carcinogens from the environment to reduce the incidence of cancer in hu­
mans, but this is an unrealistic approach. As regards viruses, some retroviruses 
are endogenous in humans, as has been shown with breast cancer, but the 
factors that control sensitivity or resistance to cancer are largely unknown. 
This is because genetic markers for determining these parameters are not yet 
available. Thus certain individuals develop cancer, while most of the popula­
tion remains unaffected. In persons with Down's syndrome (chromosome 21 
trisomy; mongoloids) and with chromosome-breakage syndromes like ataxia­
telangiectasia (A-T), the incidence of cancer is significantly higher than in the 
general population. The nature of the defective gene which is linked with the 
increased incidence of cancer is not yet known. 

Several viruses were found to cause tumors naturally in animals, while 
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others cause tumors experimentally under laboratory conditions (chapters 7, 8, 
10, and 21). Experimental evidence was first provided by Ellerman and Bang 
in 1908 and by Rous in 1911 that some viruses of chickens are capable of cell 
transformation (chapter 1). Stemming from the discovery by H. Temin and 
D. Baltimore in 1970 of the retrovirus RNA-dependent DNA polymerase, 
studies during the last ten years have shown that a gene in the retrovirus 
genome (which is essentially similar to cellular DNA) is responsible for the 
transformation of the infected cell by insertion of this DNA sequence into the 
DNA of the cell (chapter 21). 

In spite of the marked advances in studies on the role of viruses in animal 
cancer, the exact role of viruses in human cancers is still unknown. Herpes­
virus DNA can be demonstrated in human tumor material, or retroviruses can 
be rescued from human breast cancer or leukemic cells, but the etiological role 
of such viruses in human cancer remains a puzzle. 

HERPESVIRUSES AND CANCER 

Epstein-Barr virus (EBV), Burkitt's lymphoma (BL) 
and nasopharyngeal carcinoma (NPC) 

EBV was discovered by A. Epstein in cultured lymphoma cells obtained from 
tumors oflymphoma patients. It was noted in epidemiological studies that this 
type of tumor is restricted to central equatorial Africa and New Guinea. The 
herpesvirus rescued from BL cells was used to test for specific antibodies in 
other populations, and it was found that EBV is a ubiquitous virus but is not 
associated with other human lymphomas or leukemias. To correlate between 
EBV infection of African children in the high incidence areas of BL and the 
incidence of tumors, a group of 42,000 children was studied during a five-year 
period. The extent of EBV infection, as well as malaria infection, and the 
incidence of BL were studied. It was found that all the 42,000 children in the 
survey had been exposed to malaria and EBV early in life and had developed 
EBV antibodies. However, only 32 children from this group developed BL, 
which shows that only in rare instances does infection of a child with EBV lead 
to the development of cancer. 

The carcinogenic potential of EBV was shown by injecting the viral DNA 
into owl monkeys which did, indeed, develop lymphoma. There is also a 
correlation between infection of Southern Chinese with EBV in the 
nasopharynx and the incidence ofNPC in this population. A high incidence of 
NPC was also found in North Africa. 

Infection of B lymphocytes from normal individuals with EBV can be 
achieved under in vitro conditions. Cells thus infected become immortalized 
and are capable of unlimited growth in vitro. The ability of EBV to affect the 
cells in such a way also indicates its carcinogenic potential. 

Herpes simplex virus type 2 (HSV -2) and cervical cancer 

Experiments by F. Rapp and D. Duff (chapter 7) demonstrated that partial 
inactivation of HSV -2 DNA with ultraviolet light causes damage to several 
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genes required for virus replication and leads to the expression of those viral 
functions that cause hamster cells to become transformed. Injection of such in 
vitro transformed cells into hamsters leads to the development of tumors. In 
cells isolated from such tumors and cultivated in vitro, it was possible to 
demonstrate that a fragment of the herpes-virus DNA is present in the 
chromosomal DNA. 

The involvement of HSV -2 with cervical carcinoma is under investigation. 
A correlation between the incidence of cervical carcinoma and a high HSV-2 
antibody titer in the serum of such patients has been noted (Aurelian arid 
Strand 1976; Nahmias et al. 1973; Rawls et al. 1973). Current studies by].K. 
McDougall and his associates, using in-situ nucleic acid hybridization, suggest 
that cervical carcinoma cells contain HSV-2 nucleic acid, but these findings 
require substantiation (McDougall et al. 1979; Galloway et al. 1979). 

Hepatocarcinoma and hepatitis B virus 

In patients with chronic hepatitis caused by hepatitis B virus, a high incidence 
of hepatomas was noted. A cell line obtained by Alexander and associates 
(1976) from a human hepatoma was found to contain integrated fragments of 
hepatitis B virus DNA in the tumor cell DNA (Chakrabarty et al. 1980; 
Edman et al. 1980). The integrated viral DNA has been cloned together with 
the flanking cellular DNA sequences. In about 5% of hepatocarcinoma pa­
tients, hepatitis B virus DNA sequences were not detectable in the tumor cells. 
Thus it is not clear whether a chronic infection with the virus leads to cirrhosis 
and the spontaneous appearance of tumor cells that are then infected with the 
virus or whether the virus is the cause of cell transformation into a neoplastic 
cell (P. Hofschneider, NATO International Advanced Study Institute on 
Biochemical and Biological Markers of Neoplastic Transformation, Corfu 
Island, Greece, 1981). 

RETROVIRUSES AND HUMAN CANCER 

The first indication that human adenocarcinomas of the breast, leukemias, 
sarcomas, and lymphomas contain retrovirus information was provided by S. 
Spiegelman and his associates who showed that in such cells complexes exist 
that contain RNA sequences, related to a mouse retrovirus, and a viral reverse 
transcriptase (Baxt et al. 1973). Subsequently, type-C virions were isolated 
from cells ofleukemic patients and also from a number of cell lines. R. C. Gallo 
and his colleagues isolated a retrovirus from peripheral blood leukocytes of a 
patient with acute myelogenous leukemia that were cultured in vitro. The 
isolated type-C virus particles had nucleotide sequences related to the genome 
of SSV (Reitz et al. 1976). Human T -cells isolated from a patient with a 
cutaneous T-cell leukemia and a patient with a cutaneous T-cell lymphoma 
were continuously propagated in vitro using T-cell growth factor. From these 
cancer cells, a retrovirus was isolated that did not cross react with antigens of 
any known primate or other animal retrovirus. This virus was designated 
human T leukemia virus (HTL V). This might be a virus causing human leu-
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kemia, since antibodies to HTL V internal structural antigen p24 were found in 
sera of some leukemia patients (Poiesz et al. 1981; Kalyanaraman et al. 1981). 

Retrovirus particles were observed in human milk, but their role in the 
etiology of human breast cancer is not known. It was shown by S. Spiegelman 
and his associates that the tumor cells in a biopsy of human breast cancer 
contain new antigens that cross react with antigens of a mouse mammary 
tumor retrovirus (Mesa-Tejada et al. 1978). The normal cells in the biopsy do 
not contain such antigens. 
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29. SOCIAL, ECONOMIC, AND JURIDICAL ASPECTS 
OF VIRUS DISEASES 

Viruses that cause diseases in man, animals and plants are of great international 
concern. Because of their tendency to spread rapidly, viruses that harm live­
stock or plants could threaten food resources, and major efforts must be made 
to prevent large-scale damage. Laboratory facilities arc required for speedy 
detection and identification of disease-causing viruses as well as systems to 
prevent spread of new viruses across state borders. Surveillance systems have 
been developed for early detection of viruses, and vaccine factories must be 
able to produce vaccines in time. The economic effect can be calculated in 
terms of working days lost due to viral infections, the cost of hospitalization 
and medical care, the cost of vaccine production and its administration to the 
public, the cost of livestock losses, the cost of purchasing meat from other 
sources to replace the loss, the cost of plant products damaged by virus dis­
eases, and so on. 

Juridical problems may arise from claims by previously healthy individuals 
for damages allegedly incurred due to vaccination or medical treatment. 

SOCIAL ASPECTS 

Herd immunity to viral diseases 

The usc of killed or live attenuated virus vaccines to protect people against 
epidemics requires a continuous immunization program to include all those 
born after the start of the epidemic. In countries with large populations, it is 
virtually impossible to immunize everyone, and only a situation of herd im-
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munity can be attained in which most individuals are immune to a particular 
virus. Some people do not become immune in spite of vaccination, due to 
immunological deficiency, and others refuse to be immunized for religious or 
other reasons. 

Vaccination of entire populations in areas endemic for smallpox by WHO 
led to the gradual eradication of the disease. Immunization oflarge populations 
with live attenuated polio, measles, mumps, or rubella vaccines markedly 
decreased the incidence of these diseases. However, the immune state of the 
population must be under constant surveillance to ensure that the vaccines are 
still effective in providing protection. 

Monitoring of viruses in water reservoirs 

One of the easiest ways for a virus epidemic to develop is by contamination of 
drinking water due to sewage leaks into the water system. Enteric viruses that 
inhabit the gut and are released with the feces are stable and retain their 
viability in sewage. Thus it is necessary to monitor sewage as well as recycled 
water for the presence of infectious viruses. The viruses must be concentrated 
from large volumes of water prior to identification (chapter 27). Use of sewage 
to irrigate fields also requires the monitoring of airborne infectious virus. 

International virus diagnosis systems 

In order to prevent influenza pandemics, WHO has organized two interna­
tional diagnostic laboratories: one in Europe and one in America. These labo­
ratories are stocked with all the known influenza virus antigens and can deter­
mine if an influenza virus from any country is an old or a new virus strain. 
National diagnostic laboratories that are connected with the WHO centers 
isolate influenza virus strains for identification. If a new virus strain is recog­
nized, it is sent to the WHO center for final identification. The appearance of a 
new influenza virus strain is announced publicly, and the vaccine-producing 
companies are provided with the virus to facilitate early production of a vac­
cine containing the new viral antigen (chapter 24). 

The Food and Agriculture Organization (FAO) of the United Nations mon­
itors the spread of viruses that cause African swine fever, foot and mouth 
disease, and Rift Valley fever, all of which affect domestic cattle. FAO offices 
in Rome distribute the information but depend on the national diagnostic 
laboratories for identification of the new virus isolates. 

Problems of virus vaccine production 

Vaccines to immunize human or animal populations are produced either by 
national health authorities or by private companies, depending on the health 
authorities in each country. However, countries with small populations must 
purchase their vaccines from large, dependable firms that distribute viral vac­
cines around the world. This is true mainly for human vaccines that must be of 
the highest quality and standards of safety to comply with the strict rules of the 
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U.S. Food and Drug Administration (FDA). The development of a new vac­
cine requires quality testing and field trials that need substantial financial in­
vestments. Safe and effective viral vaccines are also required for poultry and 
domestic animals. The vaccines for poultry must be prepared in specific patho­
gen-free (SPF) eggs to prevent the spread of endogenous chicken viruses or 
their nucleic acids in the vaccines. 

Active research in the field of virology has led to constant improvements in 
vaccine production. Adaptation of rabies virus to growth in human diploid 
fibroblast cells by H. Koprowski and his colleagues (see chapter 13) made it 
possible to develop a safe killed rabies vaccine, replacing the vaccine made 
from infected rabbit brain which produced neurological side effects. The live 
poliovirus vaccine strains, which are very effective in immunization, need to 
be constantly checked for changes that might lead to increased virulence. Since 
1969, it has been noted that a small number of children vaccinated with the 
Sabin live, attenuated vaccine developed paralytic poliomyelitis (the estimate 
is one out of four million children). WHO appointed a committee to evaluate 
the live poliovirus vaccine, and in the United States the vaccine producers 
must include a warning in brochures accompanying the polio vaccine that there 
is a remote possibility of danger to immunized children (see chapter 24). 

Responsibility for individuals affected by a viral disease 

Virus diseases in most individuals pass without sequelae, but some cases of 
poliomyelitis result in paralysis, and patients with herpetic encephalitis fre­
quently suffer brain damage. In rare instances, individuals vaccinated against 
smallpox or rabies develop acute disseminated encephalomyelitis with perma­
nent neurologic disease. Victims of neurological diseases may be disabled and 
then should become the responsibility of a welfare system that provides hospi­
talization and possible rehabilitation. 

ECONOMIC ASPECTS 

An influenza virus epidemic can cause the loss of millions of working days. In 
the winter of 1973-1974-a so-called ordinary year without an influenza 
epidemic-it was calculated in the United States that 51 million workers were 
absent from work for an average of four sick days. 

Epidemics among animals used as a source of food have an immediate effect 
on the economy-not only because the diseased animals must be destroyed 
but also because of reduced trade between the affected country and other 
countries due to the fear that the virus might be spread by contaminated meat 
products. When African swine fever entered Cuba, the entire swine population 
on the island was sacrificed, and a new population of pigs was introduced. A 
similar situation occurred on the island of Malta. 

The economic losses from human and animal virus diseases are huge in 
comparison with the investment needed for research on viruses. Such research 
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could help prevent these losses and thus save the money paid to the farmers in 
compensation. 

JURIDICAL ASPECTS 

The demand by national health authorities that the population be immunized 
against virus diseases requires strict measures to ensure that the population will 
indeed be vaccinated. In many countries, vaccination of children with viral 
vaccines is a compulsory part of the national health program. However, it is 
known that some individuals do have depressed immune systems, and some­
times they are detected only after being harmed by the vaccine. Individuals 
suffering ill effects due to vaccination, especially in the United States, have 
claimed damages in the courts from vaccine-producing companies. The ruling 
in a series of cases was that the vaccine producers were liable for damages for 
not warning the public that use of their vaccine might entail a certain, although 
minimal, danger to the immunized individual. 

During the period of vaccination against swine influenza which was con­
ducted as a national vaccination campaign in the United States (chapter 24), the 
vaccine-producing firms demanded-and obtained-from the national health 
authority an agreement that all claims against them for damages incurred 
through vaccination would be indemnified by the health authorities. 

Early identification of individuals sensitive to vaccination would help to 
reduce the numbers of those suffering ill effects due to the vaccine. 
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CHAPTER 1 STEPS IN THE DEVELOPMENT OF VIRUS RESEARCH 

Viruses as disease-causing agents. 
Viruses existed even before the dawn of human history. 
Attempts to immunize humans against smallpox and measles as early as the 

eighteenth century. 
The concept virus, meaning poison, was initiated by Edward Jenner in 1798. 
The concept of virus during the period of Pasteur (end of nineteenth century) 

was that of a filterable agent not visible in the light microscope. 
Discovery in 1887 that the mosaic disease of tobacco plants is caused by a 

VIrUS. 

Discovery in 1898 that foot-and-mouth disease in cattle is caused by a virus. 
Investigations on filtration of homogenates of tumors revealed that viruses 

cause cancer. 
Viruses infect bacteria: the discovery of the bacteriophages. 
Viruses cause diseases in test animals. 
Yellow fever virus (YFV) was attenuated by passage in chick embryos: devel-

opment of the vaccine. 
Viruses replicate in the infected host in selected tissues. 
Animal viruses can replicate in isolated tissues in culture. 
Plaque assay for animal viruses allowed quantitative analysis of viruses. 
The electron microscope made possible the visualization of virus structure. 
Viruses cause mouse leukemia. 
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The molecular basis of virology is that the viral nucleic acids are the carriers of 
the viral genes. 

Tobacco mosaic virus (TMV) genes are present in viral RNA. 
Experimental evidence provided the proof that viral DNA genomes contain 

the viral genes. 
The viral DNA is the template for mRNA for the synthesis of viral proteins. 
Virus defined as a particle containing either DNA or RNA that carries all the 

viral genetic information. 
Subviruses that include viroids are infectious agents. 
Genetic engineering technology makes it possible to isolate and study individ­

ual genes. 

CHAPTER 2 VIRUS CLASSIFICATION 

The classification of viruses is an ongoing process. 

CHAPTER 3 MOLECULAR CONSIDERATIONS OF VIRUS REPLICATION 
AND VIRUS-CELL INTERACTIONS. 

Viruses are obligate parasites of cells. 
Viral genes code for different groups of functional proteins. 
The viral capsomeres assemble into capsids. 
Virion formation requires capsid-nucleic acid interactions. 
Cells can be transfected with naked viral nucleic acids. 
Virions must be released from cells to initiate new infections. 
Viruses are transferred from one host to another. 
An infection starts with the attachment of virions to receptors In the cell 

membrane. 
RNA viral genomes can serve as plus or minus nucleic acids. 
The one-step growth cycle in vitro requires spontaneous infection of all cells. 
Enzymes are contained in virions of some virus families. 
The mechanisms utilized for virus replication in infected cells depend on the 

viral nucleic acid. 
Cells respond differently to different viruses. 

CHAPTER 4 GENES IN HUMAN CELLS 
DETERMINING VIRUS SUSCEPTIBILITY 

Different genes in the human chromosomes determine the sensitivity of hu­
man cells to virus infection. 

CHAPTER 5 THE POXVIRUS FAMILY 

Relatedness between poxviruses can be determined by DNA-DNA reassocia-
tion techniques. 

The DNA genome of the orthopoxviruses contains more than 150 genes. 
Poxvirions contain structural proteins and enzymes. 
The mechanism of cell infection with a poxvirus is a multistage process. 



The virions are phagocytized by infected cells. 
Uncoating of the virions leads to release of the viral cores. 
Virus infection inhibits nuclear processes. 
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Expression of early viral genes leads to the synthesis of early viral mRNA 
molecules. 

The biosynthesis of viral DNA takes place in discrete cytoplasmic sites. 
Expression of late viral genes in infected cells takes place after viral DNA 

synthesis. 
Morphogenesis of the poxvirions: the final step in virus infection of a cell. 
Specific antipoxvirus agents inhibit or prevent virus infection. 
Marboran is the prophylactic drug against smallpox. 
Rifampicin and distamycin inhibit poxviruses. 
Interferon inhibits virus replication. 
Smallpox, a disease in humans, starts with a respiratory infection. 
Differential diagnosis of the disease is important. 
Virulent smallpox viruses in research laboratories constitute a danger around 

the world. 
Humans are infected by monkeypox virus. 
Animal poxviruses are yabavirus of monkeys and myxomatosis in rabbits. 

CHAPTER 6 THE IRIDOVIRUS FAMILY 

Iridoviruses include African swine fever virus, frog viruses, and lymphocystis 
virus in fish. 

CHAPTER 7 THE HERPESVIRUS FAMILY 

Viruses belonging to the herpesvirus family occur in numerous hosts. 
The icosahedral virus capsid is made of 162 capsomeres. 
The viral DNA is double-stranded. 
DNAs of different members of the herpesvirus group differ in density. 
The viral DNA contains repetitive sequences. 
The virions contain subpopulations of viral DNA. 
Viral DNA is infectious for permissive cells by transfection. 
Partial homology exists between DNAs of different herpesviruses. 
Virion proteins are antigenic. 
Cloning ofHSV-DNA restriction fragments in bacterial plasmids allows anal-

ysis of viral genes. 
Herpesvirus replication in cells is controlled by the cell and the virus. 
The viral DNA is uncoated by cellular enzymes. 
Early transcription of viral DNA is carried out by the host cell RNA poly-

merase II. 
Viral mRNA is transcribed from a particular group of genes in the viral DNA. 
Virus infection causes the disaggregation of the nucleoli. 
Synthesis of viral proteins is a process regulated by virus-coded proteins. 
DNA binding proteins are involved in the synthesis of viral DNA. 
A cellular gene function determines the initiation of viral DNA synthesis. 
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Synthesis ofHSV DNA is semiconservative and initiates at three possible sites. 
Replication of a viral DNA molecule takes 20 min. 
Mutants ofHSV defective in DNA synthesis are used to characterize the viral 

enzymes. 
Recombinants between HSV-l and HSV-2 were developed. 
Defective HSV is due to an error in viral DNA biosynthesis. 
HSV causes latent infections in humans and animals. 
Inactivated HSV transforms cells in vitro. 
Herpesviruses affect humans and animals and spread in the blood and along 

nerve axons. 
HSV -2 is connected with cervical carcinoma. 
HSV -coded thymidine kinase gene biochemically transforms TK - cells. 
Chemotherapy of herpesvirus infections with phosphonoacetic acid, IUdR, 

Ara-A, and acyclovir. 
Herpesviruses like varicella-zoster and cytomegalovirus cause diseases in 

humans. 
Epstein-Barr virus (EBV) is a ubiquitous virus associated with Burkitt's lym-

phoma (BL) and causes infectious mononucleosis in humans. 
EBV receptors are found on human B lymphocytes. 
EBV might have a role in human cancer. 
Herpesvirus papio is a monkey virus related to EBV. 
Herpesvirus saimiri and H. ateles cause malignant lymphomas in monkeys. 
Herpes B virus is a latent monkey virus but causes fatal infections in man. 
Pseudorabies is a herpesvirus that causes Aujesky's disease in pigs. 
Herpesviruses infect cattle, horses, and dogs. 
Herpesvirus in frogs causes Lucke renal carcinoma. 
A herpesvirus from turkeys immunizes chickens against a herpesvirus that 

causes Marek's diseases (lymphoma and neural damage). 

CHAPTER 8 THE ADENOVIRUS FAMILY 

Human and mammalian adenoviruses belong to the genus mastadenovirus. 
Adenoviruses of birds belong to the genus aviadenovirus. 
The adenovirions are made up of 252 capsomeres. 
The virions attach to the cell membrane and are incorporated into the cyto­

plasm by pinocytosis. 
Adenovirus DNA is 20-25 X 106 daltons and is infectious. 
There are at least five separate transcription units for early mRNA in the viral 

genome. 
Intermediate and late mRNA synthesis are coupled to the onset of DNA 

replication. 
Viral DNA synthesis marks the late phase of virus replication. 
Virions assemble in the nuclei of infected cells. 
Removal of arginine from the medium of infected cells results in abortion of 

virus replication. 
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Adenoviruses are divided into four subgroups on the basis of their oncogenic­
ity for newborn hamsters. 

Cells can be transformed by adenovirus DNA. 
No evidence is available for specific integration sites for adenovirus DNA in 

the cell chromosomes. 
Adenovirus-SV 40 hybrid viruses appear when the two viruses infect the same 

cell. 
Adenovirus type 7 can cause epidemic outbreaks of respiratory disease in 

different parts of the world. 

CHAPTER 9 THE PAPOVAVIRUSES 

Genus papillomavirus infects vertebrates and causes benign papillomas 
Genus polyoma virus includes polyoma virus of mice, SV 40 of monkeys, BK 

and]C viruses of man, and other related viruses. 
The host cell determines the type of virus infection. 
Viral DNA is superhelical and is a minichromosome. 
The nucleotide sequence of SV40 was reported. 
Under certain conditions of infection, S V 40 DNA might contain cellular 

DNA. 
Structural viral proteins and DNA-bound histones constitute the proteins of 

the virions. 
The viral DNA contains two strands: one coding for early and the other for 

late functions. 
Products of the early (E) genes are the T and t antigens. 
Transcription of SV 40 late (L) genes starts immediately after the initiation of 

DNA replication. 
The transcription of polyoma virus DNA resembles that of SV40. 
The initiation sequence for DNA replication is mapped in 0.67 map units and 

contains 27 base pairs that form a palindrome. 
The synthesis of viral DNA is semiconservative and bidirectional. 
Cells are transformed by SV40 as a result of viral DNA integration into 

chromosomal DNA. 
SV40 is released from transformed cells by fusion with permissive cells. 
SV 40 mutants were isolated. 
Polyoma viruses were isolated from brains of progressive multifocalleukoen­

cephalopathy (PML) patients. 
Papilloma virus causes human warts. 

CHAPTER 10 HEPATITIS B VIRUS 

The discovery of Australia antigen led to the discovery of hepatitis B virus in 
humans and related viruses in vertebrates. 

The surface antigen of hepatitis B virus (HBsAg) is present in the blood of 
hepatitis patients. 
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The virion-like Dane particles in the patient's blood contain a circular DNA 
genome. 

Primary hepatic carcinoma cells in humans contain integrated viral DNA in 
the cell chromosomes. 

CHAPTER 11 THE PARVOVIRUS FAMILY 

The genus parvovirus contains animal parvoviruses that are able to replicate 
without a helper virus. 

The adeno-associated viruses require human or simian adenoviruses for their 
replication. 

The genus densovirus contains insect viruses. 
The genome of parvoviruses is a single-stranded DNA molecule. 

CHAPTER 12 THE REOVIRUSES 

The virions contain a fragmented double-stranded RNA genome. 
Ten species of mRNA molecules are made in the infected cell by a virion­

bound RNA polymerase. 
Each mRNA species is translated to a viral protein. 
The viral mRNA is the template for the double-stranded genome in the vi­

nons. 
Rotaviruses cause gastroenteritis in humans. 

CHAPTER 13 THE RHABDOVIRUSES 

The genus vesiculovirus (vesicular stomatitis virus), genus lyssavirus (rabies 
virus), and genus sigma virus (Drosophila (J" virus) constitute the rhab­
dovirus family. 

The rabies virions have a bullet-shaped structure. 
When humans are bitten by rabid animals, virus is introduced into the wound 

and migrates to the nervous system. 
A rabies vaccine prepared from virus-infected human fibroblasts inactivated by 

formaldehyde is used to immunize humans. 
Vesicular stomatitis virus molecular structure and mode of replication was 

investigated. 

CHAPTER 14 THE PARAMYXOVIRUSES 

Genus paramyxovirus contains Newcastle disease virus (NDV) of birds, 
mumps virus of humans, and parainfluenza viruses. 

Genus morbillivirus includes measles virus of humans. 
Pneumovirus subgroup contains the respiratory syncytial virus of humans. 
Two types of spikes are present on the envelope of paramyxoviruses: neura-

minidase acid and hemagglutinin. 
The virions attach to the neuraminic acid-containing receptor. 
The virion genomic RNA has a sedimentation coefficient of 50S in sucrose 

gradients, but cytoplasmic viral RNA contains subgenomic information. 
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Arginine must be present in the medium of cells infected with NDV. 
Incomplete virions are formed in the course of virus synthesis. 
Paramyxoviruses cause persistent infections. 
Several types of paramyxovirus mutants are known. 
A number of human diseases are caused by paramyxoviruses. 
Subacute sclerosing panencephalitis (SSPE) is associated with the presence of 

measles virus in the human brain. 

CHAPTER 15 THE ORTHOMYXOVIRUSES 

Genus influenza virus contains influenza A, B, and C viruses. 
The viral genome is RNA negative and is made up of eight genes-each on a 

separate, single-stranded RNA molecule. 
The virions contain an RNA-dependent RNA polymerase responsible for 

mRNA synthesis. 
The influenza virus hemagglutinin and neuraminidase genes were cloned in 

bacterial plasmids and their sequence determined. 
The initiation of RNA synthesis is dependent on the host cell. 
Incomplete defective virions (von Magnus effect) are formed. 
Recombinants of influenza virus were constructed. 
Influenza in man is a respiratory infection. 
Inactivated influenza virus vaccines are available for use in man. 
A new approach to the development of a vaccine: cloning of the viral hemag- . 

glutinin gene in bacterial plasmids. 
Amantadine is a possible prophylactic drug (see chapter 24). 

CHAPTER 16 THE ARENAVIRUSES 

The virions contain cellular ribosomes. 

CHAPTER 17 THE BUNYAVIRUSES 

Single-stranded viruses with a circular fragmented genome. 
The viral genome is divided into three minus circular molecules (L, M, S); 

ribonucleoprotein complexes can be isolated. 
RNA-dependent RNA polymerase is present in the virions. 
Diseases like RVF are transmitted by a mosquito-borne virus. 

CHAPTER 18 THE PICORNA VIRUSES 

The genus enterovirus includes human pathogens like poliovirus and Cox­
sackie virus. 

The viral genome is RNA plus and serves as mRNA. 
A gene in chromosome 19 of the human cell codes for the poliovirus receptor 

on the cell surface. 
Synthesis of viral RNA is done by a virus-coded RNA polymerase. 
Viral mRNA is monocistronic and is translated into a long peptide that is 

processed into structural peptides. 
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Phenotypic mixing occurs in cells infected with two picornaviruses. 
Poliovirus still exists in nature; laboratory diagnosis of attenuated and virulent 

poliovirus strains is necessary. 
Rhinoviruses cause the common cold in humans. 
Foot-and-mouth disease virus in cattle and its prevention by vaccination. 

CHAPTER 19 THE TOGAVIRUSES 

Alphavirus, fiavivirus, rubivirus, and pestivirus are the various genera of this 
family of RNA plus viruses. 

Subgenomic mRNA species are found in infected cells. 
Togaviruses include viruses like yellow fever, St. Louis encephalitis, and 

rubella. 

CHAPTER 20 THE CORONAVIRUSES 

These viruses affect pigs, rats, and mice. 

CHAPTER 21 THE RETROVIRUSES 

Oncovirinae, spumavirinae, and lentivirinae are the subfamilies. 
The viral genome is made up of two hydrogen-bonded RNA + molecules. 
Each RNA molecule contains four genes (gag-pol-env-onc). 
The nucleotide sequence at the 5' end includes a cap. 
The nucleotides at the 3' end include a unique sequence, a repeat sequence, and 

a poly(A) sequence. 
The primer for the synthesis of viral DNA is tRNA'rp. 
The RNA-dependent DNA polymerase is responsible for the synthesis of the 

double-stranded viral DNA. 
The viral DNA resembles the bacterial transposons. 
Viral RNA transcripts from the integrated viral DNA are produced by the 

cellular DNA-dependent RNA polymerase. 
Several species of viral mRNA exist in the infected cell. 
The integrated viral DNA can be infectious. 
Retrovirus DNA can be incorporated into the germ line. 
The H2 histocompatibility locus might affect leukemogenesis. 
Retroviruses have distinct evolutionary pathways. 
Porcine retrovirus was acquired from an ancient rodent. 
Monkey retrovirus originated from an ancient Asian rodent. 
In avian sarcoma viruses (ASVs), the sre gene is the transforming gene. 
Endogenous viruses replicate only in chicken cells. 
The viral gene sre is closely related to the cellular gene sare. 
Endogenous retroviruses invaded the germ line of chickens. 
The oncogene theory postulated that viral one genes present in normal cells 

may cause cancer. 
Mammalian type C retroviruses have been recognized in mice, hamsters, rats, 

cats, pigs, in several primates, and in humans. 
Mouse genes determine sensitivity to leukemogenic viruses. 
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Radiation-induced leukemia virus (RadL V) is mouse-associated. 
Mammary tumor virus (MTV) in female mice is transferred horizontally. 
Feline leukemia virus (FeL V) was isolated from a lymphosarcoma in cats. 
Bovine leukosis virus (BL V) was isolated from leukemic cattle. 
Viral sequences in the cellular DNA of primates are related to sequences in 

baboons. 
Infectious type C retroviruses were isolated from a gibbon ape and a woolly 

monkey. 
Mason-Pfizer monkey virus was isolated from a breast tumor in a rhesus 

monkey. 
Human retroviruses were isolated from human leukemic cells. 
Sarcoma viruses are defective in their ability to replicate in infected cells and 

require a helper virus. 
Human cellular one genes are related to simian sarcoma transforming genes. 

CHAPTER 22 UNCLASSIFIED VIRUSES: MARBURG AND EBOLA VIRUSES 

The disease in humans takes the form of hemorrhagic fever. 

CHAPTER 23 SLOW VIRUS INFECTION OF THE CNS 

Kuru and Creutzfeldt-Jakob (C-J) diseases in humans are caused by a virus­
like or subviral agent not yet characterized. 

Transmissible mink encephalopathy is caused by eating meat from sheep in­
fected with the scrapie agent. 

CHAPTER 24 IMMUNIZATION AGAINST VIRUS DISEASES 

Viruses are foreign antigens that stimulate the immune system. 
Mature T -lymphocytes are required for the production of antiviral antibodies. 
The secondary immune response depends on memory cells. 
Passive immunization with virus-specific antibodies also protects against dis-

ease. 
Antibodies have a role in recovery and prevention of virus diseases. 
The development of viral vaccines is an ongoing process. 
Vaccination against poliomyelitis: achievements and problems. 
Immunization of humans with Sabin's vaccine is the method of choice. 
Awareness of the dangers of immunization against poliomyelitis. 
Immunization against influenza and problems encountered in the production 

of influenza virus vaccines. 
Swine influenza vaccine: immunization in the United States and its short­

commgs. 
Other virus vaccines in current use. 

CHAPTER 25 VIRUSES AS SELECTIVE FORCES IN NATURE: EPIDEMICS 

Destruction of civilizations and populations as a result of the introduction of a 
new pathogenic virus into an unimmunized population. 
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Viruses are capable of introducing their genes into the chromosomal DNA of 
the host cell. 

CHAPTER 26 ANTIVIRAL DRUGS AND CHEMOTHERAPY 
OF VIRAL DISEASES OF MAN 

The search for antiviral drugs. 
Virus-coded enzymes are targets for the development of antiviral drugs. 
Mode of action of natural antivirals. 
Antivirals against herpesviruses. 
Antivirals against RNA viruses. 
Antiviral drugs in medical use. 
Prophylactic drugs. 
Interferon: a cellular protein with antiviral activity. 
Interferon acts on cells by binding to cell membrane receptors. 
Cloning of human interferon genes in bacterial plasmids. 

CHAPTER 27 LABORATORY DIAGNOSIS OF DISEASE-CAUSING VIRUSES 

Rapid diagnosis of viruses can be done with the aid of the electron microscope. 
Isolation and characterization of viruses from clinical materials. 
The immunological response in the patient. 
Tests available for the detection of viral antibodies. 
Immunofluorescence is used for the detection of viral antigens in infected cells. 
Radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) 

are used for the detection of viral antigens and antibodies. 
Viral nucleic acids can be detected in infected cells. 

CHAPTER 28 VIRUSES AND HUMAN CANCER 

Epstein-Barr virus and Burkitt's lymphoma. 
Nasopharyngeal carcinoma. 
Herpes simplex virus type 2 and cervical cancer. 
Hepatocarcinoma and hepatitis B virus. 
Retroviruses and human cancer. 

CHAPTER 29 SOCIAL, ECONOMIC, AND JURIDICAL ASPECTS 
OF VIRUS DISEASES 

Social aspects: herd immunity to viral diseases. 
Environmental aspects: monitoring of viruses in water reservoirs. 
International virus diagnosis systems. 
Problems in virus vaccine production. 
Responsibility for individuals affected by a virus disease or vaccination. 
Economic aspects. 
Juridical aspects of vaccination of humans. 
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viral capsid antigen (VCA) 80, 81 

Equine viruses 
herpes viruses 

DNA homology 64 
abortion virus 65, 66 

rhinoviruses 188 
Exogenous viruses 222 

and cancer 235 

FANA 293 
Feline viruses 

infectious peritonitis virus 216 
leukemia virus 220, 242 
RDI14 cat virus 242 
sarcoma virus 220, 245 
syncytial virus 222 

Fiber 96 
Fla vi virus 203 

infection 210, 212 
virion structure 205 

Fluorescein 
in diagnosis 310, 311 
in rabies 148 

Fluorescent antibodies 
in HSV diagnosis 307 

5-Fluorouracil 158 
Foam y virus group 222 
Foot-and-mouth disease virus (FMDV) 188 

diagnosis 318 
disease 200, 201, 318 
history 7, 8 
vaccine 201 

Fowl plague virus (FDV) 166,172 
Friend virus 241 
Frog virus 54 

FV357 
Frog herpesvirus 60 
Fujinama sarcoma virus 235 
Fungal viruses 11 
Fv gene 232, 241 

Gammaherpesvirinae 60 
Gardner virus 245 

Gecko virus 54 
Getah 203 
Gibbon ape leukemia virus 220, 234, 243 
Glassy transformation 8 
Glycoprotein 

arena virus 176 
bunyavirus 179, 180 
in classification 18 
in replication 24, 25, 29, 30 
interferon 297 
orthomyxovirus 164, 167 
para myxovirus 154, 155 
poxvirus 43 
rabies virus 147, 149 
retrovirus 244 
toga virus 205, 206 

Gross virus 241 
Group-specific antigen gene (~ag) 222,231,235,238 
Guama 179 
Guanidine 293 
Guanylate kinase 296 
Guanyltransferase 149 
Guillain-Barre syndrome 270 
Guinea pig type C oncovirus (Guinea pig 

leukemia) 220 

Hairpin duplex formation 133 
Hare fibroma virus 40 
Harvey murine sarcoma virus 245 
Hecht giant cell pneumonia 160 
Helical symmetry 24 

rhabdovirus 144 
Helper viruses 

adeno-associated 131, 134 
adenovirus 100 
herpesvirus 134 
in classification 18 
parvovirus 131 
retrovirus 245, 246 

Hemadsorption test 
paramyxoviruses 157, 159 
togavirus 210 

Hemagglutination inhibition (HI) test 309 
in diagnosis 308, 309 
Rift Valley fever 183 
toga virus 205 

Hemagglutinin (HA) (Hemagglutination) 
corona virus 216 
in antigenic drift 275 
in classification 18, 20 
in diagnosis 308, 309 
influenza virus vaccines 268 
measles virus 159 
orthomyxovirus 162,163,166,167,171,172 
para myxovirus 154, 157 
reovirus 140 
togavirus 205 

Hemolysin 310 
Hemorrhagic fever virus 

transfer 25 
Heparin 26 
Hepatitis 122 

A virus 123, 127, 187 
diagnosis 307 



B virus 122-128 
and cancer 315 
antigens: Au, HAA, SH, HBsAg, 

HBcAg 123-127,272 
DNA 124,125 
infection 126 
interferon treatment 302, 303 
vaccine 264, 272 

non A-non B virus 123 
woodchuck hepatitis 127 

Hepatocarcinoma 315 
Hepatoma 313, 315 
Herpes B virus 84, 274 
Herpes simplex virus (HSV) 59 

antigens 65 
carcinoma 77 
cervical carcinoma 314, 315 
chemotherapy 77, 289, 293, 296 
defective 72, 74 
diagnosis 306, 307 
DNA 61,62 
DNA homology 63 
encephalitis 306, 307, 319 
gene function 32, 33 
HSV-2 detection 311, 312 
infection 76 
interferon treatment 302 
keratitis 293, 296 
latent 75 
mRNA 67 
mutants 71, 75, 292, 293 
proteins 68 
recombinants 72 
replication 27 
structure 60 
types 1 and 2 59 
transformation 75, 76 

Herpes zoster virus (see varicella) 59 
diagnosis 307 

Herpesviridae 59-87 
diagnosis 307 
in classification 16, 19 
structure 24 

Herpesviruses (see herpes simplex virus) 
59 

and cancer 314, 315 
as helper virus 134 
diagnosis 306, 307 
in antivirals 279, 289 
interferon treatment 302 
transfer 25 

Herpesvirus ateles 82, 83 
Herpesvirus of turkeys (HVT) 60, 85 
Herpesvirus papio 82 

DNA homology 64 
Herpesvirus saimiri 82, 83 
Hexon 89,96 
Histocompatibility (H2) locus 232, 241 
Hog cholera 204 

disease 214,215 
Horseradish peroxidase 311 
Human coronavirus 216 
Human foamy virus 222 
Human T leukemia virus (HTLV) 315 

2-(o:-Hydrobenzyl)benzimidazole (HBB) 293 
Hypogammaglobulinemia 267 

Icosahedral symmetry 23, 24 
adenovirus 88, 96 
herpesvirus 59, 60 
in classification 19, 20 
iridovirus 54, 55 
papovavirus 103 
parvovirus 131 
picornavirus 187 
reovirus 139 
retrovirus 220 
toga virus 203 

Immortalization 80 
Immune electron microscopy (lEM) 308 
Immunofluorescent technique 310, 311 
Inclusion bodies 

coronavirus 216 
Infectious mononucleosis 59 

CMV 78 
EBV 81 
Herpesvirus papio 82 

Influenza virus 162 
antigens 162, 163, 172, 275 
antivirals 293, 296, 297 
assembly 167 
defective 167 
diagnosis 306, 308, 309, 318 
economic aspect 319 
Hong Kong strain 269 
infection 168, 171, 274 
interferon treatment 302 
mutants 168 
pandemics 274, 306, 318 
prophylaxis 173 
proteins 164, 166, 167 
RNA 166,167 
recombinants 168, 176 
transfer 25 
vaccine 171, 172,267-270,318 

Initiation factor 191, 299 
Initiation sequence 

retrovirus 231 
Interferon 297 

a, (3 and 'Y 299 
action 299 
cloning 302 
fibroblast 297, 299, 303 
genes 32,33 
herpesvirus treatment 77 
immune 299 
in slow virus diseases 255 
induction 302 
leukocyte 297, 299, 302 
lymphoblast 302 
Marburg and Ebola treatment 254 
poxvirus 49 
togavirus 206 
treatment 302 
type I 299 
type II 299 

Internal repeats 
herpesvirus 62, 68, 72 

337 



338 Index 

Intron sequences 246 
Inverted repeat 

adenovirus 90 
poxvirus 41 
retrovirus 230, 231 

lododeoxyuridine (!DU, IUdR, idoxuridine) 
against HSV 77, 289, 293 
against retrovirus 234 

Iridoviridae 54-58 
classification 18 

Iridovirus 54, 55 
Isatin-l3-thiosemicarbazone (!BT) 48, 51, 297 

Japanese encephalitis 203 
JC virus 103, 119 
JHM virus 216, 218 
Junin 175, 177 

Kern Canyon virus 144 
Kilham virus 131 
Killer cells 262 
Kirsten murine sarcoma virus 245 
Koongol 179 
Koplik spots 159 
Kuru 255, 256, 258, 275 
K yasanur Forest disease 203 

La Crosse virus 180, 181 
Langat 203 
Lassa virus 175, 177, 178, 254 
Latino 176 
Lentivirinae 222, 246 
Leporipox virus 40 
Leukemia 

acute myelogenous 315 
cutaneous T-cell 315 
history 8 
human virus 315, 316 
in cats 242 
in man 244,245,313-315 
in mice 11,241 
in monkeys 243 
retrovirus 220, 232 

Lipid bilayer 
coronavirus 318 
retrovirus 220 
toga virus 205 

Ligase 228 
Long terminal repeater (L TR) 228 
Louping ill 203 
Lucke frog carcinoma 60, 84 
Lumbo 180 
Lymphocystis virus 54 
Lymphocytic chriomeningitis virus (LCM) 175 

disease 176, 177 
Lymphomas 313-315 

cutaneous T-cell 315 
Lysosomal enzymes 

adenovirus 89 
Lysosomes 26, 67 

togavirus 206 
Lyssavirus 144 

McDonough virus 245 
Machupo 175, 177 
Maedi/visna group 222, 256 

Mammary tumor virus 220 
monkey 244 
mouse 242, 244, 316 
RNA 225 

Marboran (see isatin-l3-thiosemicarbazone) 
Marburg 51,253,254,263,275 
Marek's disease virus (MDV) 59 

disease 84, 85 
DNA homology 64 

Mason-Pfizer monkey virus 222, 244 
Mastadenovirus 88, 90 
Mayaro 203 
mw sequence 235 
Measles virus 153 

disease 159 
epidemics 274 
history 4,8 
in SSPE 160 
mutants 158 
structure 159 
vaccine 160, 264, 270, 271, 318 

Mengovirus 188 
Metabolic inhibition test 309 
Methyltransferase 

VSV 149 
Middleburg 203 
Milker's node virus 40 
Mill Hill virus 235 
Minichromosome 24, 109 
Mink encephalopathy 256-258, 276 
Mitogen 81 
Molluscum contagiosum 40, 52 
Moloney virus 228,231,241,245 
Monkey viruses 

adenovirus 88 
herpesvirus 59, 60, 82-84 
history 5 
monkeypox 39,41,51,52 
retrovirus 222, 234, 243, 244, 246, 276 
reovirus 139 
simian adeno-associated 131, 133, 134 
simian enteroviruses 188 
SV40 103-121 
transmission 276 

Monkeypox 39 
genome 41 
occurrence 51, 52 

Morbillivirus 153, 159 
Mosaic disease of tobacco plants (see tobacco mosaic 

virus) 
Mucambo 203 
Mucosal disease virus 204 
Mumps virus 153 

infection 158 
persistent infection 158 
vaccine 271,318 

Murine viruses 
hepatitis virus (MHV), strainJHM 216,218 
leukemia viruses 222 

in mice 231,232,241 
proteins 224, 225 
reverse transcription 228, 230 
RNA 225 
strong stop DNA 228 

sarcoma virus 222 



Mutagen 71, 118, 158 
mye gene 240 
Mycoplasma 7 
Myxomatosis 52 
Myxomavirus 40, 52 
Myxoviridae 25, 26 

Nasopharyngeal carcinoma (NPC) 81,82,314 
NB-tropic viruses 241 
Ndumu 203 
Nebraska calf scours 140 
Negri bodies 148 
N-terminus 

toga virus 207 
Netropsin 279 
Neuraminidase (NA) 

in antigenic drift 275 
in antiviral activity 293 
in classification 20 
influenza virus vaccines 268 
morbillivirus 159 
orthomyxovirus 162-164, 166, 171 
papovavirus 103 
paramyxovirus 154, 157 

Neutral red 
plaques 158 

Neutralization test 309 
in diagnosis 306, 307, 309 
poliovirus 197 
Rift Valley fever virus 183 
togavirus 205 
vesicular stomatitis virus lSI 

Newcastle disease virus 153 
infection 159 
mutants 158 
persistent infection 158 
proteins 154, 157 

Nick 
closing enzyme 43 
herpesvirus DNA 61 
papovavirus DNA 117 
poxvirus DNA 47 
-translation in hepatitis B virus 125 

Ninemeres 96 
Nondefective (nd) viruses 237 
Novobiocin 279 
N-tropic viruses 33, 241 
Nuclear antigen 

parvovirus 134 
N ucleoca psid 

arenavirus 176 
bunyavirus 180 
coronavirus 218 
herpesvirus 60, 65, 67 
in classification 17, 19 
in replication 26, 28-30 
measles virus 159, 160 
orthomyxovirus 162 
paramyxovirus 153-155, 157 
rabies virus 144, 145, 147 
retrovirus 220, 226 
togavirus 203, 205-207, 210 
vesicular stomatitis virus 148 

Nucleosomes 109 

Nucleotide phosphorylase 
iridovirus 57 

Nude mice 244 
NZB virus 241 

Oligoisoadenylate synthetase 297, 299 
Omsk hemorrhagic fever 204 
one gene 225, 235, 240, 246 
Oncogene theory 240 
Oncovirinae 220 
O'nyong-nyong 203, 206 
Orbivirus 139, 142 
Orf subgroup 40 
Orthomyxoviridae 162-174 (see influenza virus) 

classification 20 
enzyme 28 
structure 24 

Orthopoxvirus 39, 40 
Osteosarcoma 313 
Ouchterlony test 123 (see agar diffusion test) 

Palindrome 
SV40 117 

Papilloma virus 103 
bovine 120 
human 119 

Papovaviridae 103-121 
classification 20 
structure 24 

Papovavirus 
human 118,119 

Parainfluenza virus 153 
infection 158 

Paramyxoviridae 153-161 
classification 20 
enzyme 28 

Paramyxovirus 153 
cell fusion 154 
mutants 158 
proteins and RNA 154-157 

Papova 176 
Para pox virus 40 
Parvoviridae 131-135 

classification 18 
Parvovirus 131 

DNA 132 
enzyme 133 
proteins 133 

Passive immunization 263, 306 
Penicillin 277 
Pentamers 191, 193 
Penton base 89, 96 
Peplomeres 40, 144, 145, 216 
Pestivirus 204 

diseases 214 
virion structure 205 

Phagocytosis 
adenovirus 89 
poliovirus 188 
poxvirus 43 

Phagosome 43, 44 
Pheasant type C oncovirus 222, 235 
Phosphodiesterase 297, 299 
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Phosphonoacetic acid (PAA) 
antiviral activity 278 
EBV treatment 80 
HSV treatment 77, 189, 192 
mutants 71, 292 

Phosphonoformate (PFA) 
antiviral 278 
HSV treatment 77, 289 

Pichinde 175, 176 
Picornaviridae 187-21l2 

classification 19 
structure 26, 187 

Picornaviruses (sec poliovirus) 187 
nucleic acid 22 
proteins 187, 188 
replicatIon 188, 189,216 
structure 24, 187, 188 

Pike fry vitus 151 
Pinocytosis 

definition 26 
poliovirus 188 

Pixuma 1113 
Plaque assay 

poxvirus 44 
herpesvirus 72 

Plaque forming unit (PFU) 
definition 27 
herpesvirus n 
poliovirus 189 
poxvirus 44-
reovirus 140 

Plaque reduction test 309 
for vesicular stomatitis virus 151 

Plaques 
adenovirus 100 
definition 11, 27 
herpesvirus 71 
influenza virus 167 
paramyxovirus 158 
poliovirus 189, 193 

Plasmid 14 
FMDV 201 
HBV genome 125 
influenza virus 166, 171. 172, 268 
interferon 302, 303 
pBR322 64, 65, 166, 172, 303 

Pneumovirus 154 
Poliomyelitis 

dangers of vaccine 266, 267 
diagnosis 197 
disease 193 
history 3,9 
immunization 263,318 
vaccine 9, 193, 197, 163-165 

Poliovirus 187, 188 
antivirals 293 
diagnosis 197 
disease 193, 267 
enzymes 189 
icosahedral symmetry 23 
mRNA 191 
phenotypic mixing 193 
proteins 188, 190, 191, 265 
receptor 16, 33 

replication 27, 188, 189 
RNA 189-191 
structure 188 
transfer 25 
vaccine 9, 193, 197, 263-266, 318 

Poly(A) polymerase 
poxvirus 43, 46 
vesicular stomatitis virus 149 

Poly(A) sequence 27 
adenovirus 95 
herpesvirus 67 
papovavirus 1 Ill, 113 
reovirus 142 
retrovirus 226 
papovavirus 110, 113 

Polyamines 24 
Polymerase gene (pol) 124, 131, 23S. 1.1H 
Polynucleotide ligase 

poxvirus 46, 47 
Polyoma virus 1 (J3 

infection 104 
DNA 104 
mutants 111 
transcription 115 

Polyriboinosinic acid:polyribocytidylic acid 
(polyI:C) 302 

Polyribosomes 
adeno-associated virus 134 
bunyavirus 180 
poliovirus 191 
vaccinia virus 13 

Porcine type C oncovirus 221 
Poxvindae 39-53 

diagnosis 3117 
enzynlcs 28 
in classilication 18, 21 
structure 26 

Poxviruses (see vaccinia virus) 39 
transfer 25 

Primer 
adenovirus 96 
orthomyxovirus 167 
poliovirus 190 
retrovirus 225, 226, 228, 231J 

Primer binding sequence 228 
Primer binding site 225 
Progressive multifoealleukoencephalopathy 

(PML) l1H, 119 
Promoter 

adenovirus 95 
herpesvirus 76 
retrovirus 240 

Protease 29 
poliovirus 191 

Protein coat 22, 13, 15 
poliovirus 187 

Protein kinase 
interferon 297, 29~ 
poxvirus 43 
iridovirus 57 
retrovirus 225, 239, 245 

Protein phosphatase 
iridovirus 57 

Proromers 191 



Proto virus hypothesis 231 
Proviral DNA 

in classification 21 
integration site 33 
retrovirus 220, 226, 227 

Provirus 237, 246 
Pseudorabies virus (PRV) 59 

antigens 65 
DNA homology 64 

Rabbit fibroma virus (Shope) 40 
papilloma virus 103 

Rabbitpox 39 
genome 41 
virus homology 40 

Rabies virus 144 
diagnosis 148, 308 
history 7, 274 
infectivity 147 
RN A and proteins 147 
structure 145 
transfer 25 
vaccine 148,263,271,319 

Radiation leukemia virus (RaLV) 241,242 
Radioautography 311 
Radioimmunoassay (RIA) 311 

in diagnosis 307, 311 
retrovirus 243 
toga virus 205 

Rat coronavirus 217 
Rat type C oncovirus (rat leukemia) 222 
Rauscher virus 241 
RD114 cat virus 242 
Reoviridae 139-143 

classiflcation 18 
Reovirus 139 

disease 143 
mRNA 141 
pol ypeptides 141 
recombinants 176 
replication 140 

Repeat (repetitive) sequences 
herpes simplex virus 61-63,70,72 
H. saimiri and H. ateles 82 
retrovirus 225, 226, 228, 230 

Replicase (see RNA-dependent RNA paymerase) 
Replication fork 

papovavirus 117 
poxvirus 47 

Replicative form (RF) 
parvovirus 133 
poliovirus 190 
toga virus 210 

Replicative intermediate (RI) 
poliovirus 189 
toga virus 206 
vesicular stomatitis virus 149 

Respiratory syncytial virus 
bovine 154 
human 154, 160 

Retroviridae 220-249 
classification 20 
enzyme 28, 220 
structure 24, 25, 220 

Retroviruses 13, 220 
adaptation 276 
and cancer 235,237,313-316 
antivirals 293 
avian 234 
bovine 242 
cat 234,242 
defective, nondefective 237, 239, 246 
DNA 231 
enzyme 226, 314 
evolution 232, 234, 239 
in Burkitt's lymphoma 82 
leukemia viruses 245 
monkey 234, 243 
murine 241, 242, 245 
porcine 234 
proteins 224, 225 
replication 226 
RNA 225,231,239 
sarcoma viruses 245,276, 315 
src gene 235, 239 

Reverse transcriptase (see RNA-dependent DNA 
polymerase) 

Rhabdoviridae 144-152 
classification 19 
enzymes 28 

Rhinovirus 188 
disease 200 

Ribonuclease (RNase) 
iridovirus 57 

Ribonucleoprotein (RNP) 
bunyavirus 179,180 
influenza virus 166, 167 
retrovirus 225, 226 

Ribosomes 
arena virus 175, 176 
herpesvirus 68 
in virus replication 28-30 
interferon 299 
orthomyxovirus 167 
picornavirus 187,189,191 
poxvirus 44, 46, 47 
reovirus 141, 142 
toga virus 207 
vaccinia virus 13 

Rifampcin 48, 49, 279, 293 
Rift Valley fever virus 181,183,174,318 
Rinderpest virus 153 
RNA-dependent DNA polymerase 

discovery 13 
in antivirals 293 
in classification 21 
in cloning 14 
in influenza virus 166 
in replication 28, 29 
in SV40 DNA 105 
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retrovirus 220,224,226,228,244,246,314,315 
RNA-dependent RNA polymerase 

bunyavirus 180 
in antivirals 279, 293, 297 
in classification 18-20 
in replication 28, 29 
measles virus 159 
orthomyxovirus 162, 164, 167 
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RNA-dependent RNA polymerase (Colllimle!i) 
paramyxovirus 154, 155 
poliovirus 189, 191 
rabies virus 144, 147 
reovirus 139-142 
toga virus 201l 
vesicular stomatitis virus 148, 14Y 

RNA polymerase (viral) (see DNA-dependent or 
RNA-dependent RNA polymerase) 

RNA polymerase 
I 68 
II 3U 

in adenovirus replication YO 
in arena virus replication 176 
in herpesvirus replication 67 
in iridovirus replication 55 
in orthomyxovirus replication 166 
in papovavirus replication 110, 113 
in parvovirus replication 133 
in retrovirus replication 231 

III 90 
E. coli 105 
poly(A) 175 
poly(U) 175, 189 

RNase F 299 
RNase H 226 
Ross river 203 
Rodent viruses 

history 5 
MVM, RV, H-l 132 
parvovirus: MVM, RT, LullI, TVX, X14, 

H-l 131 
Rolling circles 72, 74 
Rotavirus 139, 142,307 
Rous-assnciated virus (RA V) 

endogenous 237, 238 
mRNA 239 
RNA 225 
sarc gene 239 
subgroup 235 

Rous satcoma virus (RS V) 
and monkey virus 244 
antivirals 293 
evolution 232 
RNA 225 
src gene 235, 237-239 

Roval farm 204 
Rubella virus 204 

diagnosis 306, 309 
infection 214 
vaccine 264,271,318 

Rubivirus 204 
virion structure 205 

Runting syndrome 177 

S1 DNase 40 
Sabin attenuated poliovirus vaccine 193, 194, 263, 

265-267 
Salk inactivated poliovirus vaccine 10, 11, 183, 193, 

264-267 
Sandft v fever virus 183 
Sarco;'a gene (src) 225, 235, 237-239, 245, 246 

(sarc) 239, 246 
Sarcomas 8, 245, 315 

Scrapie 256-258, 276 
Semliki Forest 203, 206, 207 
Sendai virus 32, 153 

cell fusion 159 
defective 157 
mutants 158 
persistent infection 158 
proteins 154 

Shingles 78 
Shope fibroma virus (see rabbit fibroma virus) 
Sigmavirus 144 
Simbu 179 
Simian viruses 5. 158 

enteroviruses 188 
foamy viruses 222, 244 
sarcoma virus 234, 243, 246, 315 

Simian virus 40 (S V 40) 103 
adeno-SV 40 hybrids 99 
DNA 104-107 
DNA synthesis 117 
in adenovirus replication 97 
infection 104 
integration site 33 
in vaccines 10, 265, 272 
mRNA 109 
mutants 110, Ill, I1H 
proteins 110, 111 
transformation 117 

Sindbis 203 
glycoproteins ZOS, 206 
mutants 207 

sis gene 246 
Slow virus diseases 246, 255-258, 275 
Smallpox 39 

antiviral 297 
diagnosis 306, 307 
history 3, 4, 6, R 
homology 40 
immunization 261 
in nature 273, 279 
occurrence 49-51 
prophylaxis 48 
transfer 25 
vaccination 318 
vaccine 263,318, 319 

Snyder-Theiler virus 245 
Somatic cell hybrids 32 
Southern technique 67 
Specific pathogen-free (SPF) eggs 319 
Spikes 

arena virus 175 
coronavirus 218 
orthomyxovirus 167 
param yxovirus 154 
retrovirus 224 
toga virus 205 

Splice 
SV41l 111, 115 

Splicing 
adenovirus RN A 94, 95 

Spondweni 203 
Spumavirinae 222 
Squirrel fibroma virus 40 
5t. Louis encephalitis 203, 214 



Streptomycin 277 
Strong stop DNA 228, 230 
Suamarez Reef 204 
Subacute sclerosing panencephalitis (SSPE) 159, 160 
Suppressor cells 262 
Swine influenza virus 173 

vaccine 269, 270, 320 
Syncytium 71,244 

T antigen (large) 
adenovirus 97, 98 
SV40 99, 106, 107, 109-111, 113, liS, 118, 119 

T antigen (intermediate) 
SV40 115 

t antigen (small) 
SV40 106, 107, 109-111, liS, 118 

T cells (see T lymphocytes) 
T lymphocytes 

inCMV 78 
in EBV 81,84 
in immunization 25, 262, 308 
in leukemia 315 

Tacaribe 175, 176 
Tamiami 175,176 
Tanapoxvirus 40 
Temperature-sensitive (ts) mutants 

adenovirus 99 
arena virus 176 
corona virus 218 
herpesvirus 33, 68, 71, 75 
orthomyxovirus 168 
papovavirus 110, liS, 118 
para myxovirus 158 
toga virus 207 

Terminal repeats 
adenovirus (inverted) 90 
herpesvirus 62, 68, 72 
poxvirus (inverted) 41 
retrovirus 230 

Termination codon 
poliovirus 191 
SV40 111 

Termination sequence 
herpesvirus 76 

Terminus 225, 226, 231 
Tetanus toxins 8 
Therapeutic index 278 
Thymidine kinase (TK) 

herpesvirus 64, 68, 75, 76, 125, 292, 296 
mutants 292 
poxvirus 46, 47 

Tick-borne encephalitis 204 
Tipula iridescent virus 23, 54 
Tobacco mosaic virus (TMV) 

discovery 12 
history 7 
structure 24 

Togaviridae 203-215 
classification 19, 203 
structure 24, 26, 205 

Togaviruses 203 
antigenic structure 205, 206 
defective 210 
diagnosis 308 

diseases 210, 212, 213 
mutants 207, 210 
proteins, RNA, lipids 205-207 
replication 206, 216 
RNA and protein synthesis 206, 207 
structure 205 

Tomato bushy stunt virus 23 
'rorus 24, 60 
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Transformation-defective (td) mutants 237-239, 246 
Transmissible gastroenteritis virus (TGEV) 217,218 
Transmissible mink encephalopathy (TME) 256-258 
Transmissible virus dementia (TV D) 255 
Trifluorothymidine (F,T) 289 
Trigeminal ganglion 75, 76 
Tumor specific transplantation antigen (TST A) 118 
Turkey bluecomb disease virus 217 
Turnip yellow mosaic virus 23 

Uganda S 203 
Unique sequences 

herpes simplex virus 62, 63, 68, 70, 75 
H. samiri and H. ateles 82 
retrovirus 225, 226, 228 

Uukuniemi 179, 180 

Vaccination 6,39,201,317-319 
Vaccinia virus 

enzymes 43 
genome 41 
homology 40 
interferon effect 49 
mRNA species 44,45 
mRNA synthesis on ribosomes 13 
mutants 48 
nucleic acid 22 
proteins 42 
subgroup 39 

Varicella-zoster virus 59, 78, 307 
Variola 39 

genome 41 
homology 40 
occurrence 49-52 

Variolation 6, 261 
Venezuela equine encephalomyelitis (VEE) 203, 212 
Vesicular stomatitis virus 144 

defective 149 
enzymes 149 
proteins 148, 149 
pseudotypes 149, 150 
replication 149 
structure 148 

Vesiculovirus 144 
Viper type C oncovirus 222 
Viremia 

herpes simplex virus 76 
retrovirus 242 
smallpox 49, 50 
toga virus 214 

Virogene 276 
Viroids 13, 14, 23, 257 
Viropexis 

definition 26 
Viroplasm 47 
Viruria 20 
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Visna virus 222, 246, 256 
von Magnus effect 167 

Wart virus 119 
Wesselsbron 203 
West Nile 203, 214 
Western equine encephalomyelitis (WEE) 203, 206, 

212 
Whataroa 203 
Whitepox 52 
Woolly monkey sarcoma 222 

Xenotropic viruses (x-tropic) 33, 241, 242 

Yaba monkey tumor poxvirus 40 
Yellow fever 203, 212 

history 8,9 
in nature 274 
17D strain 9, 263 
vaccine 9, 263 

Yucaipa virus 153 

Zika 203 
Zinc 279, 289, 293 
Zinc acetate 

against HSV 77 




