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Preface 

Cancer is a major problem confronting the medical and biological 
sciences. T h e nature of cancer is very complex, involving many dif-
ferent morphological types. Implicated are a host of etiological factors, 
such as genetic, biological, biochemical , immunological, and hormonal . 
T h e difficult problem of successfully controlling or prevent ing cancer 
has become a crusade of the civilized world. 

Although some tumors can be induced by radiation and chemical 
carcinogens, there has been recent renewed interest in viral carcino-
genesis. It has been known for quite some time that a large number of 
animal as well as certain plant tumors are induced by D N A or R N A 
viruses. T h u s for many researchers , including the editors of this book, 
it was difficult to ignore the role of viruses in the etiology of certain 
types of cancer in man. 

Today , the followers of this theory appear to be correct , for during the 
past few years several reports have indicated the presence of D N A or 
R N A viruses or of viral factors associated with cancers of man, such as 
Burkit t 's lymphoma or cancers of the nasopharynx, pros ta te , u terus , and 
breast . T h e s e findings are of considerable significance, especially for 
the future possible product ion of a vaccine against certain forms of 
cancer. O n e such vaccine has already found successful application against 
the virus causing Marek ' s disease, a cancer of chickens. 

In the light of this information it was desirable to proceed with an ex-
change of information relating to the theory that implicates viruses, 
evolution, and cancer . Firs t of all one is able to detect several viruses 
associated with cancer in animals and in man (e.g., herpesviruses and 
oncornaviruses) , and, on the o ther hand, the same viruses can be infec-
tious or oncogenic, depending on the cellular system which they attack. 
Hence , the study of the evolution of viruses as pathogens and the evolu-
tion of the cell under the interacting effect of the virus could answer the 
difficult quest ion of why certain D N A or R N A viruses belonging to the 
same family behave either as simple infectious agents or as carcinogenic 
agents. 

xxi 
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Cancer seems to be closely associated with the organization of the 
cell, and the observat ion that unlike any other disease abnormal growth 
appears in almost all animal and even plant species suggests the impair-
ment of some mechanism essential to life. Cellular evolution can be use-
ful in elucidating the enigma of cancer , and the interaction be tween 
virus and cell can provide an ideal model for accomplishing this objective. 

In order to discuss these ideas, about 200 exper ts in virology and can-
cer research, from 20 countr ies , participated in August of 1973 in the 
Second International Conference of Compara t ive Virology at Mont 
Gabriel near Montréal , Canada . T h e theme of this conference was 
viruses, evolution and cancer. This quadrennial conference was pre-
sided over and organized by Edouard Kurs tak and Karl Maramorosch , 
editors of this volume. T h e conference was held under the auspices of 
the Universi té de Montréal and McGil l Univers i ty , with the financial 
support of the Facul ty of Medicine, of the Vice-Rectora t of Research , 
and of the Continuing Medical Educat ion Service of the Universi té de 
Montréal ; the Facul ty of Medicine and the Facul ty of G r a d u a t e Studies 
and Research of McGil l Univers i ty; the Medical Research Council of 
Canada ; the Nat ional Research Council of Canada ; the Depar tmen t of 
the Secretary of State of the Federal G o v e r n m e n t of Canada ; the Min-
istère des Affaires Intergouvernementales ; and the Medical Research 
Council of the Province of Québec ; and under the patronage of the 
Canadian Society of Microbiology and the Virology Section of the 
International Associat ion of Microbiological Societies. 

"Viruses , Evolution and Cance r , " the result of the Second Inter-
national Conference of Compara t ive Virology, is the first book of its 
kind. It includes well-documented chapters writ ten by internationally 
renowned scientists. All oncogenic viruses are treated in this volume 
from the point of view of comparat ive biology and evolutionary aspects 
of D N A and R N A oncogenic viruses. 

T h e presentat ion of the most recent results of the au thors ' own re-
search as well as that of other conference part icipants and scientists 
who were not able to participate in the conference add to the value of 
this volume. T h e interpretations and original conclusions reached and 
the inclusion of numerous original illustrations make the book a unique 
body of information, and bring into sharp focus current findings and new 
directions of viral oncology research. 

It is our hope that "Vi ruses , Evolution and C a n c e r " will help bring 
unity to the science of viral oncology through the comparat ive and 
evolutionary approach and that it will stimulate further research on 
viral cancer. It is clear that such research will result in a bet ter under-
standing of the interactions between viruses and abnormal growth and, 
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hopefully, in eventually finding a cure for human cancers of viral origin 
as might exist. In this respect this book will contr ibute both to the 
scientific and medical problems of cancer and will benefit all who are 
interested in virology and oncology. 

T h e chairmen of the Second International Conference of Compara t ive 
Virology and editors of this book wish to express their sincere grati tude 
to the contr ibutors for the effort and care with which they have prepared 
their chapters ; to the Facul ty of Medicine of the Univers i t ι de Montr ιa l 
for help during various stages of preparat ion of the treat ise; to Professor 
Andr ι Lwoff (Institut Pas teur , Par is , F rance ) , the invited guest of honor , 
to whom the conference paid a special tr ibute and to Dr . Joseph L. Mel-
nick (Baylor College of Medicine, Hous ton , Texas) , chairmen of the In-
ternational Advisory Board of the Conference; to all members of this 
board; to many others who gave unselfish support in organizing the con-
ference; to Dr . Pierre Bois and Dr . R. F . Patrick Cronin, D e a n s of the 
Facult ies of Medicine of the Universi t ι de Montr ιa l and of McGil l Uni-
versi ty, respectively, and honorary chairmen of the Conference Orga-
nizing Commit tee for their cont inued support ; to Dr . Maur ice L ' A b b ι , 
Vice Chancel lor for Research of Univers i t ι de Montr ιa l , and Dr . 
Walter F . Hitschfeld, D e a n of the Facul ty of Gradua t e Studies and 
Research of McGil l Univers i ty ; to Dr . de Gu i se Vail lancourt , Vice-
D e a n of the Facul ty of Medicine and Direc tor of Continuing Medical 
Educat ion Service of the Univers i t ι de Montr ιa l for help in the edition 
of the program and in publicity mat te rs ; to Dr . Jean Mathieu, Vice -Dean 
of the Facul ty of Medicine of Univers i t ι de Montr ιa l ; Dr . Sorin Sonea, 
Dr . Angus F . G r a h a m , Dr . Claude-Lise Richer, and Dr . Richard 
Morisset , members of the Organizing Commit tee of the Conference for 
their kind collaboration; and last, but not least, to the staff of Academic 
Press for their part in editing, indexing, proofreading, and other aspects 
of product ion of the volume. 

Edouard Kurs tak 
Karl Maramorosch 



Introduction 

T h e origins of viruses are unknown, and speculation on their evolu-
tion is based on findings concerning various groups. It is usually as-
sumed that R N A and D N A viruses originated through two distinct 
avenues of evolutionary development . 

Most viruses known at present are independent genetic systems. 
They have an intrinsic ability to mediate their own transfer from one 
host to another , which certainly indicates that they possess an evolu-
tionary history of their own (Luria and Darnel l , 1967). The i r genetic 
continuity and their ability to muta te present a parallel to that of micro-
organisms and of higher organisms. It is not known whether their evolu-
tion proceeded independently of their hosts or whether it was linked 
with specific hosts evolving over long periods of time. However , viral 
evolution seems to have been affected by an intracellular environment . 

Bacteriophages have been shown to integrate into the chromosomes of 
host cells, and certain viruses of Mollicutes, particularly of Spiroplasma 
citri (Cole et ai, 1973), seem to have the same ability. In all groups of 
viruses infecting microorganisms, plants , lower or higher animals, there 
are known instances of helper-dependent viruses, indicating an evolu-
tionary or retrograde development . 

Viruses contain only one type of genetic material — either deoxyribo-
nucleic ( D N A ) or ribonucleic ( R N A ) acid. If viruses originated from 
cellular nucleic acids, the D N A and R N A viruses were probably derived 
from different cell s t ructures. Mitochondria and chloroplasts contain 
amounts of D N A that are comparable to those of small and large viruses, 
but mitochondria as well as chloroplasts resemble blue-green algae 
rather than viruses. It is conceivable that the replication of the D N A of 
these organelles resembles viral replication, whereas replicas of the virus 
genome serve as centers for the assembly of progeny virions as originally 
postulated by Luria and Darnell (1967). Chloroplasts and mitochondria, 
jus t as viruses, have genetic continuity, and they can replicate in an 

X X V 
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autonomous system, governed in part by these organelles and in part by 
cellular controls. 

T h e ability of viruses to infect several generat ions of cells and even to 
be transferred congenitally through the sexual process points to a very 
long evolutionary process , from single or from several components of 
cells by retrograde evolution or by transfer from cell to cell (Green , 
1935; Burnet, 1945; Maramorosch , 1972). In the evolution of bacterio-
phages ext rachromosomal elements (such as episomes, consisting of 
D N A fragments at tached to bacterial ch romosomes or located in the 
cytoplasm) may have been the predecessors . 

Bacteriocins that often resemble phages morphologically but are unable 
to multiply in bacterial cells could represent episomes, along with tem-
perate phages. According to Lwoff (1953) chromosome segments could 
have acquired the ability to code for a protein coat and a system for 
injecting its nucleic acid into a bacter ium, thus permitting entry into 
the host cell. 

Lysogenic bacteriophages may have evolved from killer particles 
(perhaps from large and small bacteriocins) that retained a part of the 
host genome but lost their ability to enter host cells. Thei r protein 
capsid cannot perform genetic transfer, a property still present in tem-
perate phages at the end of the evolutionary ladder of viruses. While 
temperate phages are virulent for sensitive cells, those that lost the 
ability to lyse can no longer be discovered. T h e phage tails, according 
to Lwoff and Tournier (1971), probably came into being late during evo-
lution from homologous sectors of bacterial D N A . T h e single-stranded 
R N A viruses could have evolved from corresponding messenger R N A 
and the double-stranded R N A viruses from single-stranded ones through 
an alteration of the replication system of the R N A . 

Adverse nutritional factors, radiation, chemical mutagens, or ex-
t remes in temperature could favor the evolution of viruses, but no 
experimental data are available to support this speculation. Viruses 
have been described from practically all living organisms; they seem to 
be ubiquitous and possibly may play a beneficial role in evolution (Ander-
son, 1970; Maramorosch , 1972). Viruses cross the barriers of species 
(Kurstak, 1972), and some require for their proliferation in nature alter-
nating plant and animal hosts (Maramorosch , 1970, 1972). T h e s e inter-
esting viruses are transmitted directly from a plant to an invertebrate 
animal, and they persist only as long as this alternation exists. T h e 
viruses that pass through such alternating plant and animal hosts may 
possibly aid in the transfer of genetic determinants as do bacterial and 
mammalian viruses. It is not surprising that the substantially identical 
genetic codes are found in all living organisms, plants as well as animals, 
as has been pointed out by Anderson (1970). 

One of the results of viral infection can be a cytopathic effect in which 
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viral progeny is produced within the cell, division is s topped, and the 
cell destroyed. Less common is the reaction that follows infection of 
cells by oncogenic, tumor-producing viruses. Such viruses do not destroy 
the cells but transform them, causing them to divide continuously and 
to become malignant tumor cells. In certain instances the same virus 
can cause a cytopathic effect in one type of cell and conver t o ther cells 
into malignant ones . 

T h e conversion into cells character ized by unrestr icted growth is 
sometimes accompanied by alteration of cell morphology and by chromo-
somal abnormalit ies. In the absence of fossil viruses or other standard-
t y p e of evo lu t iona ry e v i d e n c e , o n e can on ly s p e c u l a t e tha t th is m i g h t 
have occurred in common infectious viruses and over millennia has 
changed them to oncogenic agents. 

We know that a number of physical agents such as ultraviolet and 
X rays or chemical agents such as cyclic hydrocarbons as well as several 
R N A and D N A viruses may induce the formation of neoplasms in 
animals. Several R N A viruses can also induce tumors in plants. In 
animal cells chemical or viral carcinogens cannot be detected after the 
formation of tumors , but in virus-infected plants, and especially in 
viral plant tumors , the causative agents concentra te and remain present 
for prolonged periods (Maramorosch , 1970). T h e y disappear when plant 
tumors are artificially maintained in vitro (Black, 1965). 

In the past two decades several R N A and D N A tumor viruses have 
been studied at the cellular level. T h e results of these studies have 
helped in understanding the very complex oncogenic virus-cel l inter-
action. 

While it is likely that the D N A and R N A oncogenic viruses developed 
along different evolutionary lines, the final ou tcome of these evolu-
tionary processes was the integration of the diverse types of nucleic acid 
into the host genomes. This might have led to a loss of cell contact inhibi-
tion as one of the first s teps in the direction of full malignancy. Viruses 
might develop potential mechanisms to trigger cell transformation. 

T h e evolution of oncogenic viruses can also be approached through a 
study of host evolution. Speculation on the evolution of herpesviruses , 
some of which have oncogenic propert ies , can be based on the evolu-
tion of species susceptible to herpesvirus infection. As major groups 
of animals became extinct, their specific viruses could have become 
adapted to other groups. T h u s we may have in our bloodstreams viruses 
from dinosaurs. It is conceivable that viruses may have influenced the 
cause of evolution by bringing new bits of D N A into organisms. Groups 
such as mosses and ferns in the plant kingdom, almost devoid of known 
virus infection, seem to evolve more slowly than do certain groups of 
higher plants and of animals that harbor many different viruses. 

One of the important elements in triggering the formation of cancer is 
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viral genetic material, often accompanied by other factors that play a 
secondary role. This hypothesis is supported by experimental evidence 
in animals and plants. It can also explain the " o n c o g e n e " theory of 
endogenous viruses and vertical transmission of viral genetic material 
(Todaro and Huebner , 1972). This is especially apparent in the case of 
R N A oncogenic viruses, the so-called oncornaviruses (May et ai, 1973). 
These viruses, which form a homogeneous group, have been isolated from 
many animal species or tissue culture sys tems, such as man, monkeys , 
guinea pigs, catt le, swine, rats , hamsters , mice, and snakes. Although 
it has been proved that viruses can induce cancer in animals, one can 
only speculate about similar associations be tween oncornaviruses and 
cancer in humans . F o r instance, oncornaviruses have been suspected 
as causative agents of human breast cancer. 

It is difficult to unders tand why R N A or D N A viruses with similar 
physicochemical , morphological, serological, and biological propert ies 
may act either as simple infectious agents or as oncogenic agents. Perti-
nent questions might eventually be answered by studying at the cellular 
level the evolution of virus-infected species and the interspecific transfer 
of oncogenic viruses. By becoming transmissible, a nucleic acid or 
nucleoprotein in one species has the opportuni ty of being transferred to 
another. Selection in the evolutionary process has probably resulted in 
the product ion of some infective viruses as well as of other , solely on-
cogenic nucleoproteins. T h e present treatise with its theme Viruses , 
Evolution and Cance r focuses on these ideas. 

Edouard Kurs tak 
Karl Maramorosch 
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I. Introduction 

In the broadest sense, the study of viruses and early mammalian 
embryos has considerable practical as well as theoretical importance. 
Viruses infecting embryos may cause either malformation and/or death 
of the fetus, or, particularly in the case of oncogenic viruses, presumably 
can be incorporated in the cellular genome of embryonic cells with 

3 
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II. Differentiation of Early Mammalian Embryos in Vitro 

Studies using mammalian embryos have often been limited by the 
small size and limited number of the embryos and by poor accessibility 
and handling difficulties. In recent years , techniques have been devel-
oped for successful growth and differentiation of mammalian embryos in 
vitro. Detai led descriptions of such techniques are available (Daniel , 
1971) and we will present them only briefly. 

A. Growth of Preimplantation Embryos in Vitro 

Preimplantat ion mouse embryos can be isolated from the oviduct or 
u terus of pregnant females at specific t imes after fertilization (Rugh, 
1968). If a large number of embryos is needed, animals are superovu-
lated by intraperitoneal injection of pregnant mare serum followed after 
48 hours by human chorionic gonadotropin. In this way, up to 80 eggs 
per animal can be collected (Gates , 1971). Isolated eggs at different 
stages of development starting at 1 -cell stage or zygotes up to blas-
tocysts , which have about 100 cells, are used immediately or cultured in 
vitro. Metabolic requirements of mouse eggs change during cleavage but 
they can be cultured successfully up to the blastocyst stage in a simple, 
chemically defined medium (Brinster, 1965; Whit ten and Biggers, 1968; 
Biggers et al., 1971; Whit ten, 1971). Blastocysts either isolated from the 
uterus or obtained after cleavage in vitro can be transferred to the uteri 
of pseudopregnant foster mothers using surgical (Rafferty, 1970) or non-
surgical techniques (Beatty, 1951; Marsk et ai, 1971). In this way, 

subsequent neoplasia. In addition to these more practical considerat ions 
of v i rus -embryo interaction, several theoretical quest ions concerning 
the nature of virus-cel l interaction can be raised, e.g.: 

1. Which oncogenic and nononcogenic viruses are able to infect the 
mammalian embryo in the early stages of development , and what is the 
ult imate fate of these infected embryos? 

2. D o differentiating embryonic cells react differently to viral infec-
tion than differentiated somatic cells? 

3. Is permissiveness for viral replication related to species or to stage 
of development? 

We present here data about the existence of endogenous viral particles 
in early mammalian embryos and on the interaction of oncogenic and 
nononcogenic viruses with early mouse embryos . 
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preimplantat ion embryos can be exposed to various agents in vitro, and 
subsequently the effect on further development in utero can be inves-
tigated. Us ing embryos grown in vitro numerous biochemical parameters 
have been established (Ellem and Gwatk in , 1968; Woodland and 
G r a h a m , 1969; Piko, 1970; Mones i et ai, 1970; Daent l and Epstein, 
1971, 1973; Epstein and Daent l , 1971 ; Knowland and G r a h a m , 1972). 

Preimplantat ion embryos have also been exposed to different vi-
ruses (the effect of such exposure will be described in detail later). 
Depending on the size of viral particles, they can penetrate zona pellu-
cida as in the case of mengo virus (Gwatkin , 1963, 1971) or they cannot 
as in the case of simian virus 40 (SV40) and Moloney sarcoma virus 
(MSV) (Baranska et al., 1971; Sawicki et al., 1971). Z o n a pellucida can 
easily be removed with pronase t rea tment (Mintz, 1962) without af-
fecting the viability of the embryo or its development . 

B. Growth of Postimplantation Embryos in Vitro 

I. Growth of Blastocysts beyond Implantation 

T h e implantation and subsequent development of egg cylinder is the 
first major event in mammalian differentiation. Although during cleavage 
cellular differentiation, such as differentiation of inner cell mass and 
t rophoblasts , occurs (Gardner , 1971), the morphological organization 
and restriction in cellular tot ipotency starts after implantation. Firs t at-
tempts to grow blastocysts in vitro beyond implantation stage were al-
most uniformly unsuccessful (Cole and Paul, 1965; Gwatk in , 1966). 
Resulting growth was composed mainly of trophoblast ic cells spread on 
the bot tom of culture dishes, while inner cell mass either failed to grow 
or grew as a cellular layer on the top of trophoblast ic cells without the 
characterist ic morphology of the developing egg cylinder (Cole and Paul, 
1965; Gwatk in , 1966). T h e necessity for a hypothetical uterine factor 
(Kirby, 1962) or for some kind of tridimensional support where blas-
tocysts could gain a bet ter "ho ld" for development were usually evoked 
to explain such failures. 

By using bovine lens fiber material , Jenkinson and Wilson (1970) tried 
to develop a culture system with bet ter mechanical condit ions for devel-
opment . A limited but still organized growth of s t ructures resembling 
egg cylinders resulted. Much bet ter results were reported after growing 
the blastocysts on reconst i tuted rat tail collagen (Hsu , 1971 , 1972, 1973) 
in Eagle 's minimal essential medium. A considerable number (up to 
50%) of blastocysts developed into comparat ively normal egg cylinders 
that developed further into s t ructures showing presence of neural tube, 
cerebral vesicles, up to 15 somites, beating heart , and rudiments of 
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circulation (Hsu, 1973). Thus using these techniques it is now possible 
to obtain the development of mouse embryos in vitro from the zygote up 
to the 9-day-old embryo , i.e., the entire first half of the gestation period. 

Since we planned, by using immunofluorescent methods , to detect the 
presence of oncogenic viruses in developing embryos , we decided to in-
vestigate growth of embryos in collagen-free medium to avoid possible 
interference of collagen with the test. Blastocysts grown in 5 % C 0 2 in 
air in Falcon plastic dishes in Eagle 's M E M supplemented with 10% 
fetal calf serum developed into the egg cylinders in more than 5 0 % of 
the cases (Pienkowski et al., 1974). Several factors were found to influ-
ence successful development of the blastocysts . 

a. The Age of the Embryo. Late blastocysts with a well-developed 
cavity developed much bet ter than earlier ones . 

b. The Presence of Zona Pellucida. Blastocysts with the zona pellu-
cida intact hatched spontaneously in the medium. However , the percent-
age of completely hatched blastocysts was low (40%) . Blastocysts with 
zona pellucida failed to at tach and degenerated, floating in the medium. 
Partially hatched blastocysts developed only the layer of t rophoblast ic 
cells, while inner cell mass did not differentiate. Blastocysts t reated with 
pronase for 2 minutes (Mintz, 1962) at tached more readily and their 
development into egg cylinders was more successful (Table I). T h e 
bet ter development of blastocysts t reated with pronase is probably due 
to the shortening of the time interval be tween their release into the 
medium and a t tachment to the dish. 

c. Treatment with Proteolytic Enzymes. T h e removal of zona pellu-
cida by hatching or with pronase and a t tachment to the plastic were 
found necessary for development . However , t reatment with proteolytic 
enzymes (0 .2% pronase or 0 . 0 5 % trypsin for 30 minutes) greatly in-
creased the number of blastocysts which developed into egg cylinders 
(Table I). Trypsin stimulates the division of somatic cells in vitro 
(Burger, 1973), and it is possible that it also stimulates the division of 
blas tomeres . In addition, implantation initiating factor ( I I F ) , which is 
probably necessary for implantation and development of mouse blas-
tocysts in vivo, might be proteolytic in nature (Mintz, 1971). 

d. The Effect of pH. Using Eagle 's M E M buffered with organic 
buffers (Eagle, 1971) at different p H ' s , we tested the development of 
blastocysts (with zona pellucida removed by pronase and additional 
trypsin t reatment for 30 minutes) (Table I I ) . Approximately the same 
number of blastocysts developed into egg cylinders at p H 7.6 and 8.0, 
while at p H 7.0 they developed only trophoblast ic cells. 



TABLE I

Development of ICR Mouse Blastocysts in Vitro
---

Time of cultivation

24 hours 48 hours 72 hours 96 hours 120 hours

Developing structures r- lIb IIIe I II III I II III I II III I II III

Growing blastocysts" 24 145 240 54 156 218 54 128 165 29 46 72 12 31 20
Egg cylinders" 0 0 0 0 0 0 18 36 52 30 75 141 36 72 182
Trophoblastic layer! 41 38 12 47 49 21 52 57 32 73 91 36 92 118 47
Floating in medium 117 45 0 96 18 0 71 0 0 50 0 0 42 0 0
Lost 36 32 40 41 37 43 43 39 43 56 48 43 56 39 43
Total 238 260 292 238 260 292 238 260 292 238 260 292 238 260 292

a Blastocysts isolated from the uterus; zona pellucida intact.
b Blastocysts treated with pronase (0.2% pronase for 2 minutes).
C Blastocysts treated with pronase as above and with trypsin (0.05% for 30 minutes).
d Blastocysts attached with trophoblastic layer and some growth of inner cell mass.
e Egg cylinder with embryonic and extraembryonic parts and visible germ layers.
! Only layer of trophoblastic cells, inner cell mass no longer visible.
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Development of ICR Mouse Blastocysts in Vitro after 120 Hours in Media with Different pH 

Developing structures" 

pH 

Developing structures" 7.0 7.6 8.0 

Growing blastocysts 19 17 21 
Egg cylinder 4 103 81 
Trophoblastic layer 94 31 36 
Lost 56 30 21 
Total 173 181 169 

" Blastocysts were treated with pronase and trypsin as in Table I, group III and grown in 
MEM buffered with organic buffer (hepes, Sigma). 

e. The Presence of Serum. Simple chemically defined medium sup-
plemented with bovine serum albumin supported the growth of mouse 
embryos from zygote to blastocysts (Biggers et ai, 1971), but it did not 
support further development of blastocysts . They , however , grew suc-
cessfully in media containing fetal calf serum. Different batches of fetal 
calf serum differed greatly in their ability to support differentiation of 
blastocysts , some being almost ineffective. Hsu (1972) reported similar 
findings, and the differences in hormone content in different ba tches of 
serum (Esber et al., 1973) could account for such observat ions. 

2. Growth of Egg Cylinders 

Rodent egg cylinders transferred to extrauterine sites (anterior 
chamber of the eye, testis, kidney) developed into tera toma and/or tera-
tocarcinoma (Levak-Svajger and Skreb, 1965; Solter et al., 1970a; 
Stevens, 1970; Damjanov et al., 1971; Skreb et ai, 1972). Nine-day-old 
rat egg cylinders when grown on lens paper in air /medium interphase 
can differentiate in vitro forming small te ra tomas with numerous dif-
ferentiated t issues (Skreb and Svajger, 1973). Normal development of 
rodent egg cylinders with extraembryonic membranes intact in circu-
lating medium was mostly dependent on the age of the embryo when 
explanted (New, 1971). W e observed the successful development of 7-
day-old mouse egg cylinders in Eagle 's M E M supplemented with 10% 
fetal calf serum into structures with well-developed neural tube, cerebral 
vesicles, 10-15 somites, beating heart , and blood islands in yolk sac 
(Table III) (Pienkowski et ai, 1974). When the extraembryonic part of 
the egg cylinder was removed, embryos at tached to the plastic more 
readily, but developed only a neural tube, somites, and beating heart but 
not blood islands. This confirmed the results of Moore and Metcalf 

TABLE II 
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TABLE III 

Development
0
 of ICR Mouse Egg Cylinder in Vitro 

T i m e of cult ivation (hours) 

S t ruc tures 24 48 72 96 120 

Neura l tube 31 118 201 207 182 
Hea r t beat ing 43 156 183 149 146 
Blood islands** 0 74 76 73 62 
Somites 0 11 37 41 43 

a
 In t e rms of the n u m b e r of e m b r y o s showing given s t ruc ture . To ta l n u m b e r of egg cyl-

inders examined was 96 whole egg cyl inders and 141 egg cyl inders w h o s e ex t raembryon ic 

part was r emoved . 

* T h e deve lopmen t of blood is lands was obse rved only in whole egg cyl inders grown 

in vitro and a lmos t never in egg cyl inders whose ex t raembryon ic par t was removed . 

(1970) that hematopoietic cells develop from extraembryonic parts of 
the embryo. Development of egg cylinders usually stopped after 5 days 
in culture. By this time, the resulting structures were equivalent to 9-
day-old embryos developing in utero. Some embryos persisted in the 
culture as large, fluid-filled vesicles or as a layer of fibroblast-like cells, 
but they all eventually degenerated. It is still possible, however, to use 
this model for observing short-term effect of viruses in development and 
differentiation. 

III. Endogenous Viral Particles in Mouse Embryos 

Ultrastructural examination of preimplantation stages of mouse em-
bryos isolated from uterus revealed the presence of endogenous viral 
particles. These particles were classified as type A virus particles 
(Dalton et al., 1966) and were present in embryos of all examined mouse 
strains. In addition immature C-type particles were found in blastocysts 
of AKR mouse strain. 

A. Type A Viral Particles in Preimplantation and 
Postimplantation Mouse Embryos 

Unfertilized eggs; zygotes; 2-, 4-, and 8-cell stage embryos; blas-
tocysts; and egg cylinders of several mouse strains were examined for 
the presence of type A virus particles as shown in Table IV (Biczysko et 
al., 1973a). Viral particles were never observed in unfertilized eggs and 
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TABLE IV 

Presence of Virus Particles in Eggs and Embryos from Various Mouse Strains" 

Virus particles in cytoplasm of& 

Unfer- 2- to Egg 
tilized 4-Cell Blasto- cylin-

Strain Characteristic0 eggs embryos cysts ders 

ICR/Ha Low leukemia, low MT — +++ + + 
AKR High leukemia, low MT - +++ ++c 

Balb/cfC3H Low leukemiavhigh MT - +++ + NT 
GR/Cam Low leukemia, high MT - +++ NT NT 
C57BLf/He/Cam Low leukemia, low MT - +++ NT NT 
RIII/Cam Low leukemia, high MT - +++ NT NT 
Balb/c Low leukemia, low MT - +++ + NT 
ICR/Ha X C57BL/6 Low leukemia, low MT - +++ NT NT 

° This table is reproduced from a paper by Biczysko et ai (1973a) with permission from 
J. Nat. Cancer Inst. 

b MT, mammary tumor; NT, not tested; (—), no viruslike particles observed; (+++), 
numerous; (+), single viruslike particles. 

c Both A and C particles observed. 

F IG . 1. Cytoplasm of 4-celled ICR mouse embryo. Group of intracisternal type A par-
ticles budding into cisterna of endoplasmic reticulum. Cytoplasm is filled with protein 
fibers (f ) and mitochondria (m) with dense matrix. 
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zygotes but were found in considerable number in late 2-cell stage 
embryos . Particles were seen either budding from membranes of en-
doplasmic reticulum or within the cisternae of endoplasmic reticulum 
(Fig. 1). Mature particles were doughnut-shaped or oval and 8 0 - 9 0 nm 
in diameter. They possessed two electron-dense shells and an electron-
lucent center approximately 4 0 - 5 0 nm in diameter (Fig. 2), and on the 
basis of this appearance were classified as intracisternal type " A " virus 
particles (Dal ton et al.y 1966). Virus particles were occasionally ob-
served be tween the leaflets of nuclear membrane but never intracy-
toplasmically or outside the cells. T h e number of type A particles in 2-, 
4-, and 8-cell stage embryos appeared to be about equal. Howeve r , in 
blastocysts and egg cylinders, the number of particles decreased consid-
erably, and only mature intracisternal particles were visible (Fig. 3). T h e 
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FIG. 3. Endodermal cell of ICR egg-cylinder. Single type A in enlarged cisterna of en-
doplasmic reticulum. Translucent center is large, and projections from outer shell of par-
ticle are visible. Ribosomes partially attached to membranes of endoplasmic reticulum. 
From Biczysko et al. (1973a), courtesy of J. Nat. Cancer Inst. 

number and appearance of type A viral particles in blastocysts grown in 
vitro from 2-cell stage was the same as in blastocysts isolated from the 
uterus . 

Enders and Schlafke (1965) found doughnut-shaped particles in guinea 
pig blastocysts , and similar s tructures were described by Calarco and 
Brown (1969) in preimplantation embryos of the Balb/c mouse strain. 
Recently, Calarco and Szollosi (1973) reported results very similar to 
ours (Biczysko et al., 1973a). They found intracisternal type A viral par-
ticles in preimplantation embryos of Balb/c, C F - 1 , Swiss Webs te r , and 
N e w Zealand Black strains. Chase and Piko (1973) have described three 
types of viral particles budding from endoplasmic reticulum in preim-
plantation embryos of outbred Swiss albino mice. T w o of them are type 
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A viral particles, which differ in size and shape and also in the t ime of 
the appearance . All this data suggests the ubiquitous nature of type A 
particles in mouse embryos and possibly in the embryos of other 
species. Detai led analysis of the preimplantation stages of other mam-
malian species should furnish the evidence to test this hypothesis . 

T h e biological activity and origin of type A virus particles are un-
known. They have been described in numerous mouse tumors , i.e., plas-
mocytoma (Dal ton et al., 1961; Kuff et al., 1968), leukemia (de Harven , 
1962), chemically induced sarcoma (Granboulan et ai, 1960) and car-
c inoma (Kakefuda et al., 1970), embryo-derived yolk sac carc inoma 
(Damjanov and Solter, 1973), and neuroblas toma (Schubert et al., 
1969). Wivel and Smith (1971) observed intracisternal type A particles 
in mouse tumors originating from all three germ layers and in several 
normal mouse cells and t issues, such as mammary gland, ovary, seminal 
vesicle, fibroblasts, lymphocytes , spleen, thymocytes , skeletal muscle, 
etc . M. L. Vernon (personal communicat ion) examined different organs 
of mouse embryos in the second half of the gestation period from several 
inbred and random bred mice. She found intracisternal type A particles 
in about one-half of the examined specimens. Despi te such widespread 
distribution of type A particles, a t tempts to demonst ra te their biological 
activity have so far been unsuccessful (Kuff et al., 1968). 

Mature type A virus particles have some distinct biochemical charac-
teristics and can be distinguished from R N A tumor viruses. They 
possess high molecular weight R N A of 70 S (Yang and Wivel, 1973), 
and a major structural protein of 70,000 molecular weight is associated 
with the inner shell of the particles (Wivel et al., 1973). Ant iserum 
against this protein reacts specifically with type A particles and cy-
toplasmic membrane fractions from tumors containing type A particles, 
but not with leukemia or mammary tumor virus, or cells infected with 
Rauscher leukemia virus, or normal mouse cells (Kuff et al., 1972). 
These results would suggest that intracisternal type A particles are not 
related to C or Β type viral particles, although they can be found 
together in the same cells (Wivel and Smith, 1971; Biczysko et al., 
1973a; Grimley et ai, 1973). T h e activity of poly(dT) polymerase 
requiring R N A or D N A primer was also found in association with 
type A particles (Wilson and Kuff, 1972). This activity was clearly dif-
ferent from RNA-di rec ted D N A polymerase of murine leukemia virus 
( M L V ) , which also suggested the difference between those two types of 
viral particles. 

At the present t ime, it is impossible to know if type A particles are an 
expression of a definite viral genome without biological activity, if they 
represent incomplete replication of some viral genome that would nor-
mally express itself as C or Β particles, or if they are some aberration of 
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a normal cellular process , such as membrane synthesis . It is obviously 
difficult to establish how type A particles affect cells in a case such as 
mouse embryo cells, since mouse embryo cells without particles have 
not been found. As far as mouse embryos are concerned, we can only 
say that despite, or perhaps because of, the presence of type A particles 
in all embryos , they develop and differentiate successfully. 

T y p e A viral particles are found almost exclusively within rough en-
doplasmic reticulum (RER) , and it seems that their number depends on 
the amount of R E R in the cells (Wivel and Smith, 1971; Damjanov and 
Solter, 1973). H o w e v e r in mouse embryos they are present in nongran-
ular endoplasmic reticulum, so their presence is probably somehow con-
nected with membrane formation and not directly with protein synthesis 
as suggested by Wivel and Smith (1971). 

A vertical mode of transmission of type A particles was suggested by 
the findings of type A particles in mouse gonadal t issues (Wivel and 
Smith, 1971), in guinea pig oogonia and oocytes (Anderson and Jep-
pesen, 1972), and in immature mouse oocytes (Calarco and Szollosi, 
1973). Since we were not able to demonst ra te type A particles in mouse 
spermatozoa, we have decided to determine whether the presence of 
both a paternal and a maternal genome is necessary for the appearance 
of type A particles or if cell division following fertilization was sufficient 
stimulus for their appearance . 

B. Type A Viral Particles in Parthenogenetically 
Stimulated Mouse Eggs 

Superovulated I C R and A K R mouse eggs were stimulated to divide 
by using hyaluronidase and osmotic shock (Graham, 1970, 1971) and 
examined under the electron microscope as 2-, 4-, and 8-celled parthe-
nogenones. [Par thenogenone is an embryo produced from a female ga-
mete without the concurrence of a male gamete (Graham, 1971).] 

Type A viral particles were first observed in 3-celled par thenogenones 
and were seen in all later stages (Biczysko et al., 1974). Localization of 
particles was identical to that in fertilized eggs, i.e., in cis ternae of en-
doplasmic reticulum (Fig. 5). T h e number of particles was considerably 
large, and as far as can be judged from electron microscope specimens, 
there were more than in normally fertilized eggs. T h e ul trastructure of 
par thenogenones (Solter et al., 1974a) was somewhat different from that 
of normal mouse cleavage stages (Calarco and Brown, 1969; Hil lman 
and Tasca , 1969), the most important difference being the persis tence of 
primary nucleoli (Fig. 4). During normal mouse development pr imary 
nucleoli, composed of a dense fibrillar core surrounded by a nar row 
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FIG . 4. Part of the nucleus of 4-celled ICR parthenogenone. Primary nucleolus (Nu) and 
cluster of dense, round, granular structures of various sizes (arrow). From Biczysko et al. 
(1974), courtesy of J. Nat. Cancer Inst. 

granular area, are present in 2-cell embryos . Later they start to differen-
tiate, and, in 4-cell and later embryos , nucleoli are well differentiated 
with large nucleolar mesh composed of fibrillar and granular parts 
(Hillman and Tasca , 1969). This development was not observed in 
par thenogenones . 

In par thenogenones , we were able to follow what we consider a 
sequence of events leading to development of type A particles. Granula r 
material, similar to the granular area of the nucleolus, was scat tered 
through the nucleoplasma and a t tached to the inner leaflet of the nuclear 
membrane . In the nucleoplasma and in the duplications of the inner leaf-
let of the nuclear membrane , we also observed round, dense, granular 
structures about 6 0 - 7 0 nm in diameter composed of several granules 15 
nm in diameter (Fig. 4). Recognizable type A viral particles were first 
seen budding from the outer leaflet of the nuclear membrane into the 
space between two leaflets of the nuclear membrane (Fig. 5). T h e outer 
leaflet of the nuclear membrane formed large protrusions with numerous 
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FIG . 5. Cytoplasm of 4-celled AKR parthenogenone. Two type A particles budding from 
the outer leaflet of nuclear membrane (arrow). Cisternae of endoplasmic reticulum with 
budding A particles (A). From Biczysko et al. (1974), courtesy of J. Nat. Cancer Inst. 

enfoldings into the cytoplasm. Inside such enfoldings we found a large 
number of budding and mature type A particles (Fig. 6). Granula r mate-
rial mentioned earlier was often found near protrusions of nuclear mem-
brane between the leaflets of nuclear membrane . 

So far it is impossible to determine whether the dense , round struc-
tures in the nucleoplasma or in the duplication of the inner leaflet of the 
nuclear membrane are related in some way with type A particles, a pos-
sibility that should be explored further. It is certain, however , that infor-
mation for the synthesis of type A virus particles exists in mouse ova 
and can be expressed even after par thenogenet ic stimulation. Some indi-
rect evidence suggests that the appearance of type A particles is related 
to R N A synthesis. T y p e A particles are present in immature oocytes in 
the dictyate stage but rarely thereafter (Calcarco and Szollosi, 1973). In 
amphibian oogenesis R N A synthesis is greatly reduced after the dictyate 
stage (Davidson, 1969), and the same might be t rue for mammalian 
oogenesis. T h e reappearance of type A particles in late 2-cell stage 
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F IG . 6. Cytoplasm of 6-celled ICR parthenogenone. Numerous type A particles budding 
from large protrusions of outer leaflet of nuclear membrane ( A ) . Round, dense, granular 
structures within protrusion of inner leaflet of nuclear membrane (arrow). 

embryos coincides with the beginning of R N A synthesis (Knowland and 
G r a h a m , 1972). We observed type A particles in 3- to 4-celled par the-
nogenones , which (at least in the case of immediate cleavage) correspond 
to the 2-cell stage in fertilized embryos . All these data and the fact that 
type A particles possess R N A (Yang and Wivel, 1973) suggest that syn-
thesis of type A particles is somehow connected with synthesis of 
cellular R N A . Fur the r studies using R N A metabolic inhibitors would 
probably clarify this problem. 

C. Type C Viral Particles in Preimplantation and 
Postimplantation Mouse Embryos 

As presented in Table IV , we found C type particles only in A K R 
blastocysts and egg cylinders. They were seen either as budding from 
the cell membrane or extracellularly and were approximately 9 0 - 1 1 0 nm 
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FIG . 7. Single, immature C type viral particle in intercellular space of AKR blastocyst. 
Biczysko et al. (1963a), courtesy of J. Nat. Cancer Inst. 

in diameter with dense cores (Fig. 7). T h e number of C type viral par-
ticles was considerably smaller than the number of type A particles. 
Chase and Piko (1973) also described the presence of C type viral par-
ticles in blastocysts of outbred Swiss albino mice and ment ioned that 
they were also found in A K R , C 3 H , and C 5 7 B L blastocysts . T h e small 
number of particles is probably the reason why we have not observed 
them in I C R and C 5 7 B L mice (Biczysko et ai, 1973a). With the use of 
5-bromodeoxyuridine the number of C type particles can be greatly 
increased (L. Piko, personal communicat ion) , which would make the 
study of these particles during early embryogenesis much easier. Vernon 
et al. (1973) reported the presence of C type particles in about 8 5 % of 
the embryonic or newborn mice after examination of liver, spleen, or 
thymus. Huebne r et al. (1970, 1971) reported the finding of group-
specific (gs) antigen coded by C type virus in visceral t issues of mouse 
embryos from several mouse strains. C type particles were also ob-
served in normal human (Kalter et al., 1973a) and primate (Kalter et al., 
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IV. Interaction of Oncogenic Viruses with Mouse Embryos 

O u r investigations have been limited to the ul trastructural events fol-
lowing exposure of mouse embryos at the 2-cell, blastocyst , and egg cyl-
inder stages to S V 4 0 and polyoma viruses. All embryos were examined 
immediately, 24, and 9 6 - 1 2 0 hours after exposure (Biczysko et al., 
1973b). Embryos were grown in vitro using methods described in 
Chapte r 2. 

A. Simian Virus 40 (SV40) 

1. Two-Cell Stage Embryos 

Embryos were fixed after 4 hours of viral exposure . N u m e r o u s viral 
particles were found at tached to the surface of cells and within the cy-
toplasm near the cell membrane (Fig. 8). T h e probable mechanism of up-
take is by viropexis (Dales , 1973), i.e., endocytosis of one or more virus 
particles. This mechanism was described in detail for permissive green 
monkey kidney cells (Hummeler et al., 1970). F ree virus particles were 
not found in the cytoplasm of 2-cell stage embryos . Blastomeres were 
destroyed after exposure to virus, so their further development could not 
have been observed. It is difficult at present to know whether destruc-
tion was caused by the virus itself or by some toxic substances present 
in crude viral preparat ion; this problem needs elucidating. 

1973b) placentas . It seems now that C type viral particles are present in 
overt or cryptic form in most , if not all, ver tebra te cells (Todaro and 
Huebner , 1972; Ge lb et al., 1973), and such findings lead to the sugges-
tion that they might represent the common cause of cancer (Todaro and 
Huebner , 1972). Infectious virus was isolated from embryos of highly 
leukemogenic A K R strains, while embryos from other strains were neg-
ative for infectious virus (Hart ley et al., 1969). T h e finding of C type 
viruses present in early embryonal life suggests that the information 
must be present in gametic cells or, much less likely, that all embryos 
become infected very early in gestation. Such virus is probably subinfec-
tious and in most cases not carcinogenic, and its complete phenotypic 
expression, particularly that of carcinogenic potential , would depend on 
various genetic or external factors acting on the host. A s with type A 
particles, we do not know how important is the information contained in 
the viral genome for the normal development of the embryo. 
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FIG. 8. Two-cell ICR embryo 4 hours after exposure to SV40. Virus particles attached 
to the cell surface and within endocytotic vacuoles. From Biczysko et al. (1973b), courtesy 
of J. Nat. Cancer Inst. 

2. Blastocysts 

T h e blastocysts were exposed to the same viral concentrat ion as 2-cell 
stage (10 7 P F U in 0.1 ml of media), but the number of at tached particles 
was considerably smaller. T h e lesser number of receptor sites for SV40 
or a much quicker uptake could explain this difference. T h e mechanism 
of virus uptake was the same as in 2-cell embryos . Multiple or single 
virus particles were present in endocytot ic vacuoles throughout the cy-
toplasm. Solitary viral particles often without enveloping membrane 
were visible in the perinuclear region often in the vicinity of R E R (Fig. 
9). Only a few viral particles were observed in the nucleus. Virus par-
ticles were found only in trophoblastic cells and none in the inner cell 
mass . 

After 24 hours in vitro we could not detect viral particles in the 
embryonic cells, although the nucleoli of some cells were considerably 
enlarged with large holes in the nucleolar mesh. N u m e r o u s horseshoe-
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FIG. 9. ICR blastocyst 4 hours after exposure to SV40. Several viral particles (arrows) 
free in the cytoplasm in the vicinity of rough endoplasmic reticulum (RER). From Bic-
zysko et al. (1973b), courtesy of J. Nat. Cancer Inst. 

or doughnut-shaped dense inclusions were visible in the nucleolonema. 
Such nucleolar changes were considered early signs of viral replication 
when they occurred in monkey cells (Granboulan et ai, 1963). 

Blastocysts grown in vitro for 96 hours developed into egg cylin-
derlike s tructures (Pienkowski et al., 1974). T h e ul trastructure of such 
in vitro developed egg cylinders (Solter et al., 1974b) was comparable to 
that of egg cylinders isolated from the uterus (Solter et al., 1970b). Signs 
of viral replication were visible exclusively in endodermal cells. In some 
cells nucleolar changes similar to those seen 24 hours after exposure 
were observed. Other cells had homogeneous , finely granular nucleoli 
with clusters of viral particles within or a t tached to the nucleoli. T h e 
chromatin of virus-producing cells was condensed and either marginated 
or distributed in small c lumps through nucleoplasma. N u m e r o u s viral 
particles were a t tached to such chromatin clumps. Some cells showed 
degenerative changes with ext reme condensat ion of chromatin and 
enlargement and breaks in nuclear membrane . Virus particles were not 
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The Effect of SV40 and Polyoma on Growth of I C R Mouse Blastocysts in Vitro 

Developing structures" Control SV40 Polyoma 

Growing blastocysts 32 24 40 
Egg cylinders 75 17 81 
Trophoblast 16 68 19 
Lost 15 32 21 
Total 138 141 161 

" Blastocysts were treated with pronase and trypsin as before, and then exposed to SV40 
( 10

7
 PFU in 0.1 ml of medium for 4 hours) or polyoma ( 10

8
 PFU in 0.1 ml of medium for 2 

hours). After careful washing embryos were transferred to MEM plus 10% FCS and ob-
served for 96 hours. 

found in the cytoplasm. Blastocysts exposed to S V 4 0 do not grow in 
vitro as well as noninfected controls ; most developed only a mono-
layer of trophoblastic cells (Table V) . 

3. Egg Cylinders 

In embryos exposed to S V 4 0 for 4 hours , numerous viral part icles 
were at tached on the cell surface of endodermal cells on or be tween 
microvilli. Up take by endocytosis , passage through the cytoplasm to-
ward the nucleus, and liberation from endocytot ic vacuoles in the peri-
nuclear regions were as described for blastocysts . 

Egg cylinders grown in vitro for 24 hours after exposure to S V 4 0 did 
not possess viral particles in the cytoplasma or in the nucleus, but 
nucleolar changes similar to those described for blastocysts were no-
ticed. After 9 6 - 1 2 0 hours in vitro, the embryos developed as did con-
trols, showing such signs of differentiation as beating heart , somites , 
neural tube, and blood islands. Signs of viral replication were visible in 
cells of the yolk sac, hematopoiet ic cells, and cells of the neural tube . 
Numerous viral particles were seen in the nuclei ei ther in c lumps or at-
tached to condensed chromatin. Viral replication was accompanied by 
disruption of the nucleus, and numerous viral particles were found in the 
cytoplasm at tached to plasma membranes (Fig. 10). We also observed 
uptake of newly synthesized virus in cells of the neural tube that were 
in close contact with virus-producing cells. T h e number of cells that 
produced virus both in blastocysts and egg cylinders grown in vitro was 
comparatively small. Mos t of those cells showed signs of degenerat ion 
with broken nuclear membranes , ext reme condensat ion of chromat in , 
vacuoles in the cytoplasm, and mitochondria with broken and swollen 
cristae. However , cells with similar degenerat ive changes were also oc-
casionally observed in noninfected embryos grown in utero. 

TABLE V 
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FIG . 10. ICR egg-cylinder 110 hours after exposure to SV40. Cytoplasm of a dead cell 
filled with numerous viral particles attached to the membranes of endoplasmic reticulum. 
From Biczysko et al. (1973b), courtesy of J. Nat. Cancer Inst. 

Our results suggested that the behavior of SV40 in mouse embryos is 
similar to that reported for permissive sys tems (Granboulan et al., 1963; 
Oshiro et al., 1967; Hummele r et al., 1970). So far mouse cells have 
been considered nonpermissive for lytic infection with SV40 (Knowles 
et al., 1971), but no evidence has been obtained for a specific repressor 
for S V 4 0 replication (Jensen and Koprowski , 1969). Results reported by 
Baranska et al. (1971) and Sawicki et al. (1971) indicated that replica-
tion of S V 4 0 takes place in mouse embryos . Perhaps some mechanism 
operates in mouse somatic cells that inhibits the expression of late func-
tion of the viral genome present in the transformed mouse cells. This 
mechanism might be inoperative in mouse embryos during the early 
stages of development , suggesting that permissiveness or nonpermis-
siveness is not species-dependent , but dependent instead on the develop-
mental stage of the animal. Obviously at the moment we cannot say if 
the control involved in permissiveness is positive or negative. T o test 
the hypothesis that permissiveness is dependent on the developmental 
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stage of the animal, other models , comparable to m o u s e - S V 4 0 , need to 
be tested. 

B. Polyoma 

1. Two-Cell Stage Embryos 

T w o hours after exposure to polyoma (and even when exposure was 
prolonged for 4 hours) we did not find any virus particles at tached to or 
penetrating the cells. T h e same percentage of exposed 2-cell embryos in 
vitro reached the blastocyst stage as did control embryos . When blas-
tocysts grown from exposed 2-cell stage embryos were examined viral 
particles were not observed. 

2. Blastocysts 

Viral particles were visible a t tached to the surface of trophoblast ic 
cells 2 hours after exposure to polyoma. Small and large endocytot ic 
vacuoles containing a few to several virus particles were present in the 
cytoplasm beneath the cell membranes . Solitary viral particles as-
sociated with Golgi regions were found in the perinuclear region. T h e 
nuclei were free of viral particles. Except for viral particles in t ropho-
blastic cells, the ul trastructure of exposed blastocysts was comparable to 
controls. Viral particles were not present in the blastocoel or in the cells 
of the inner cell mass . 

Blastocysts exposed to polyoma and grown in vitro for 9 6 - 1 2 0 hours 
developed as did controls (Table V) . Signs of viral replication were 
found exclusively in endodermal cells. In some endodermal cells nu-
cleoli were enlarged with large holes in nucleolar mesh. D a r k horseshoe-
or doughnut-shaped condensat ions of nucleolonema and agglomerates of 
viral particles within the nucleus were observed (Fig. 11). T h e cy-
toplasm of cells whose nuclei were filled with viral particles was also 
filled with virus (Fig. 11). T h e plasma membrane of such cells were 
disrupted, and the neighboring cells showed uptake of newly synthetized 
virus. 

Indirect immunofluorescence revealed a positive reaction for V an-
tigen of polyoma in the endodermal cells. 

3. Egg Cylinders 

Adsorpt ion and uptake of polyoma was restricted to endodermal cells. 
Particles were at tached to or between the microvilli, and there were 
numerous endocytot ic vacuoles containing virus particles in the cy-
toplasm. Polyoma-exposed embryos grown in vitro for 9 6 - 1 2 0 hours 
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FIG . 11. ICR blastocyst 96 hours after exposure to polyoma. Nucleus filled with viral 
particles. Tubular form (double arrow) and single viral particles (arrow) in the cytoplasm. 
From Biczysko et al. (1973b), courtesy of J. Nat. Cancer Inst. 

developed as did controls . Viral replication was visible in endodermal , 
yolk sac, and hematopoiet ic cells. Virus particles were present in the 
nuclei associated with the small, dense chromatin area. T h e cytoplasm 
of such cells was filled with viral particles. Signs of degeneration, i.e., 
vacuolation of cytoplasma, broken membrane of endoplasmic reticulum, 
and swollen mitochondria, were observed in cells containing virus. U p -
take of newly synthetized virus was noticed in the cells of the neural 
tube. In these cells, viral particles a t tached to broken plasma membranes 
were usually found within large endocytot ic vacuoles. Cells of such 
embryos were positive for V antigen in indirect immunofluorescence 
testing. 

T h e ul t rastructure of polyoma uptake and replication in mouse em-
bryos was similar to that described for permissive mouse cells (Dour-
mashkin, 1962; Mat tern et al., 1966). It is difficult to find a reasonable 
explanation for the fact that 2-cell embryos are resistant to polyoma in-
fection and susceptible to S V 4 0 infection. 
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Mouse cells are permissive for polyoma replication in contrast to 
SV40 , and the polyoma virus was found to spread among wild mouse 
populat ions (Rowe et al., 1961). O n e could postulate that if 2-cell 
embryos were susceptible to polyoma virus infection, the replicating 
virus might cause death of the cells and, if t ransmitted in utero at the 
start of the pregnancy, affect the existence of the species. T h e "pro tec-
tive mechan i sm" of the 2-cell embryo may thus be related to the absence 
of cell surface receptors for polyoma virus a t tachment , even though 
these receptors are present at the blastocyst stage. Since the virus 
cannot penetrate in vitro through intact zona pellucida, one may wonder 
whether techniques involved in the removal of the zona may damage the 
"cell r ecep to r s" for polyoma virus. This is highly unlikely in light of the 
susceptibility of the 2-cell embryos to infection with SV40 , an agent 
which usually displays characterist ics very similar to polyoma virus. 

Thus , the resistance of the 2-cell embryos to polyoma virus cannot be 
easily explained, and the phenomenon requires further s tudy. 

C. Oncogenic RNA Viruses 

Baranska et al. (1971) and Sawicki et al. (1971) repor ted evidence for 
replication of Moloney sarcoma virus ( M S V ) after infection of mouse 
embryos at the 2-cell stage and the morula. T h e presence of such viral 
replication, however , did not disturb normal development of the mouse 
embryos in vitro. 

Our preliminary data showed adsorption of murine mammary tumor 
virus ( M u M T V ) on mouse blastocysts after 4 hours exposure but not 
penetrat ion. 

D. Other Viruses 

Gwatk in (1963, 1971) made a detailed study of 2-cell mouse embryos 
infected with mengo virus. After penetrat ion through zona pellucida, the 
virus replicated within the cells and caused a complete arrest of develop-
ment. Similar results were observed using western equine encephalitis 
(Gwatkin , 1971). West Nile , herpes simplex, rubella, vaccinia, cyto-
megalic inclusion disease, and polyoma viruses did not have any effect 
on mouse development in vitro (Gwatkin , 1971). Mouse embryos ex-
posed to human adenovirus type 5 (AD-5) and type 12 at the 8-cell stage 
were arrested in development after one cell cycle, and signs of viral 
replication were observed under the electron microscope (Chase et al., 
1972). 
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V. Summary and Conclusions 

T h e ease with which mammalian embryos can be maintained in t issue 
culture during the first half of gestation made possible the study of 
cellular events associated with the presence of endogenous virus and the 
response of embryonic cells and tissues to infection with exogenous on-
cogenic viruses. 

T h e results of such studies indicated that type A virus particles 
become visible in large concentrat ions following the first mitotic division 
of the egg, either after fertilization or after parthenogenet ic stimulation. 
T h e concentrat ion of type A particles in embryonic cells decreased 
markedly at the blastocyst stage, when C type particles are first seen by 
electron microscopy. 

T h e granular, heterogenous nucleolar R N A may be shown to be the 
site of synthesis of type A particles, particularly if it could be demon-
strated that 30 S - 4 0 S R N A is a precursor of 70 S R N A found in ma-
ture type A particles in nonembryonic cells. 

T h e response of embryonic cells to infection with the D N A oncogenic 
viruses indicates that behavior of such viruses in undifferentiated cells 
and in cells at various stages of differentiation varies from that observed 
in fully differentiated somatic cells. 

Permissiveness of mouse embryonic cells for replication of S V 4 0 and 
resistance of 2-cell mouse embryos to a t tachment of polyoma virus are 
examples of such differences. Infection of blastocysts and egg cylinders 
with both polyoma virus and S V 4 0 and the impediment of differentiation 
of the inner cell mass by SV40 may indicate that viruses for which adult 
cells are not permissive may, at the embryonic level, participate in the 
process of teratogenesis or even oncogenesis . 

Although the study of endogenous viruses in the embryo and the in-
teraction of early embryonic cells with exogenous viruses is still in its 
preliminary stages, we feel that the model presented in this chapter may 
play an important role in exploring and dealing with the mechanisms in-
volved in differentiation and oncogenesis . 
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I. Introduction 

There is mounting interest in the general a rea of gene transfer in 
mammalian cell sys tems. Diverse experimental approaches have es-
tablished that foreign deoxyribonucleic acid ( D N A ) can penet ra te an-
imal cells under certain condit ions and will persist for varying periods of 
time (Bhargava and Shanmugan, 1971). T h e greatest difficulty encoun-
tered in gene transfer experiments with mammalian cells to date has 
been the inability to detect expression of biological activity by the 
foreign D N A . 

31 
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In this report , we will discuss three different experimental studies that 
were predicated on the " D N A transfer" method for introducing foreign 
mammalian cell D N A into heterologous recipient cells and which may 
contribute to the formulation of gene transfer concepts . T h e first study 
involved the rescue of papovavirus S V 4 0 by the passage of transformed 
cell D N A in permissive simian cells; the second project revealed the 
ability of simian cell D N A to alter recipient hamster cells such that they 
could adsorb poliovirions; and the third series of experiments demon-
strated that foreign D N A introduced into host cells actively supporting 
the replication of SV40 could be encapsidated, resulting in the formation 
of "he te ro logous" pseudovir ions. 

II. Rescue of SV40 from Transformed Cells 

A. General Properties of SV40-Transformed Cells 

1. Viral-Specific Nucleic Acids in Transformed Cells 

Probably the best characterized tumor cells resulting from transforma-
tion events mediated by DNA-conta in ing oncogenic viruses are those 
induced by the papovaviruses SV40 and polyoma (Black, 1968; Butel et 
al., 1972; Butel and Melnick, 1972; Sambrook, 1972). SV40-t rans-
formed cells produce infectious virus only very rarely, if at all. This fact 
led to a t tempts to determine the state of the viral genome in such cells, 
particularly since assays of nucleic acid isolated from SV40-transformed 
cells failed to reveal the presence of any free, infectious viral D N A 
(Sabin and Koch, 1963b; Kit et ai, 1968; Boyd and Butel, 1972). 

It was found that SV40-transformed hamster cells contained D N A 
with homology to SV40 m R N A prepared in vitro (Reich et al., 1966; 
Westphal and Dulbecco , 1968). Est imations of the number of viral 
D N A equivalents per transformed cell ranged from as high as 58 (West-
phal and Dulbecco , 1968) to only 1-9 (Levine et ai, 1970; Ge lb et al.y 

1971), depending on the hybridization technique used. Such est imates , 
of course , do not indicate whether or not some of the "equiva len ts" 
might be defective (incomplete) viral genomes. 

At tempts to determine the state of the multiple copies of viral nucleic 
acid within the transformed cells were made using the D N A - R N A 
hybridization technique and polyoma- or SV40-transformed mouse cells 
(Sambrook et al., 1968; Westphal and Dulbecco , 1968). It was con-
cluded from such studies that the viral D N A is covalently bound to the 
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chromosomal D N A of the transformed cell. T h e site or sites of insertion 
of the multiple copies of the genome is still unknown. 

Transcr ipt ion of the integrated viral genes does occur in transformed 
cells. Benjamin (1966) first reported that a small fraction of pulse-labeled 
R N A from polyoma- or SV40-transformed cells was able to hybridize 
with the D N A of the corresponding virus. T h e m R N A formed during 
lytic infection prior to viral D N A synthesis ("ear ly" R N A ) is different 
from the m R N A present after the onset of viral D N A replication (" la te" 
R N A ) in infected cells (Aloni et ai, 1968; O d a and Dulbecco , 1968; 
Sauer and Kidwai, 1968). Approximate ly one-third of the SV40 genome 
was represented in the early R N A , whereas at least 7 5 % of the genome 
was represented in late R N A . It appears that there is a strand-switch 
during in vivo t ranscription in infected cells. Early R N A is t ranscribed 
off one D N A strand, while " l a t e " message is t ranscribed off the o ther 
strand (Khoury and Mart in, 1972; Lindst rom and Dulbecco , 1972; 
Sambrook et al., 1972). Ε. coli D N A polymerase copies only the 
"ear ly , " or minus, strand, and that in its entirety. 

Transformed cells contain primarily early sequences copied from the 
minus strand. Using separated s t rands of

 3 2
P - labe led S V 4 0 D N A , both 

Ozanne et al. (1973) and Khoury et al. (1973) observed that although 
not more than 3 0 % of the sequences of the early strand appear in stable 
species of R N A in productively infected cells, the percentages range 
from 3 5 - 8 0 % in transformed mouse cells. They interpreted this as evi-
dence that some of the viral sequences in transformed cells are "anti-
la te . " Although presumably noninformational, the biological significance 
of such "ant i - la te" sequences is unknown. Most lines of t ransformed 
cells also contained R N A complementary to a small ( < 20%) segment of 
the late strand of S V 4 0 D N A . Controls at the transcriptional and post-
transcriptional levels during product ive infection by S V 4 0 and their rele-
vance to transcription of viral information in transformed cells have not 
yet been elucidated. 

High molecular weight heterogeneous R N A that contains viral-
specific R N A has been detected in the nucleus of transformed mouse 
cells (Lindberg and Darnel l , 1970). Polysomal m R N A of lower molecu-
lar weight also contained viral-specific R N A . T h e authors suggested that 
the large nuclear molecules may be precursors of the cytoplasmic 
m R N A . Of particular interest was the fact that the largest molecules 
containing SV40 sequences were longer than one S V 4 0 genome. These 
molecules were subsequent ly shown to carry both viral and cellular base 
sequences (Wall and Darnel l , 1971). Polycistronic "v i ra l -ce l l " hybrid 
R N A molecules have also been detected in adenovirus-2-transformed 
rat embryo cells and in adenovirus-7-induced hamster tumor cells (Tsuei 
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et ai, 1972). T h e presence of cellular m R N A regions adjacent to viral-
specific sequences is very formidable evidence in support of the concept 
of integration of the viral genome into that of the host cell. 

2. Viral-Specific Antigens in Transformed Cells 

T h e viral m R N A is translated in the t ransformed cells as evidenced 
by the synthesis of virus-specific antigens. One such antigen is the tumor 
(T) antigen. Using the immunofluorescence test, it normally appears as 
particulate granules distributed throughout the nucleus and is detected 
using sera from S V 4 0 tumor-bearing hamsters . Τ antigen is detected in 
both transformed cells (Black et ai, 1963; Rapp et al., 1964a; Pope and 
Rowe, 1964) and productively infected cells (Rapp et al., 1964b; Sabin 
and Koch, 1964). In the replicative cycle, it is synthesized prior to viral 
D N A (Rapp et al., 1965) and is called an early antigen. T h e function of 
Τ antigen is not known. 

Mutants of defective S V 4 0 ( P A R A ) have been isolated (Butel et al., 
1969) which are distinguished by the fact that the induced S V 4 0 Τ an-
tigen is localized in the cytoplasm of infected cells, rather than in the 
nucleus. It was hoped that the mutants would be tools with which to 
gain insight into the biological function of Τ antigen. However , after ex-
tensive characterizat ion of the variant P A R A ' s (Butel et al., 1969; 
Guentze l and Butel, 1973), there were no observable differences in their 
propert ies from those of the parental P A R A . T h e cytoplasmic mutants 
were also able to transform cells (Duff et al., 1970), and the majority of 
the transformed cells contained S V 4 0 Τ antigen in the cytoplasm. T h e 
propert ies of several cytoplasmic T-positive cell lines were then exam-
ined to determine if the altered localization of Τ antigen influenced any 
propert ies of the transformed cells. There were no observable dif-
ferences between the nuclear T-positive and cytoplasmic T-positive 
cells, other than the localization of the Τ antigen (Richardson and Butel, 
1971). Therefore , neither the mutant viruses themselves nor the cells 
transformed by the viruses yielded any clues as to the biological function 
of SV40 Τ antigen. 

In addition to the Τ antigen in the nucleus, virus-specified changes 
occur at the cell surface. One such change is the transplantat ion antigen 
(TSTA) . T h e T S T A is detected using in vivo tests —adult animals which 
are immunized with the virus will reject a t ransplant of transformed 
cells. T h e T S T A is virus-specific; SV40-immunized animals reject 
SV40-transformed cells, but not cells t ransformed by any other virus 
(Deichman, 1969; Butel et al., 1972). 

A change at the cell surface, designated the surface (S) antigen, can be 
demonstra ted in vitro by immunofluorescence (Tevethia et al., 1965). 
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Using unfixed tumor cells and sera from animals that have rejected a 
tumor transplant , a reaction at the membrane can be observed. Other 
changes also occur at the cell surface, including the appearance of plant 
lectin agglutination sites, embryonic antigens, and normal cell antigens. 
T h e relationship be tween the T S T A and antigens detected at the cell 
surface by various in vitro tests is unclear at this t ime (see Butel et al.y 

1972, for detailed discussion). 
However , without except ion, SV40-transformed cells do not con-

tain viral capsid antigens. T h e viral replicative cycle is blocked in the 
transformed cells prior to the synthesis of capsid antigen. Tha t is, early 
functions of the virus are expressed in the transformed cells, while late 
functions are not. 

3. Rescue of the Transforming Viral Genome 

Occasionally, SV40-induced tumors and transformed cell lines sponta-
neously release small amounts of infectious virus (Gerber and Kirsch-
stein, 1962; Ashkenazi and Melnick, 1963; Black and Rowe , 1963; 
Sabin and Koch , 1963a,b). Induct ion a t tempts using procedures known 
to induce lysogenic bacteria to produce infectious bacter iophages, such 
as exposure to mitomycin C, proflavine, hydrogen peroxide, and X ir-
radiation, were only minimally effective when applied to S V 4 0 tumor 
cells (Sabin and Koch, 1963b; Gerbe r , 1964; Rothschild and Black, 
1970). Combinat ions of inducing agents were not more effective at in-
duction of infectious S V 4 0 than were the individual agents alone. Only 
the very rare tumor cell was induced to release infectious virus in those 
experiments (Rothschild and Black, 1970). 

G e r b e r (1966) discovered that recovery of infectious S V 4 0 was more 
efficient if the tumor cells were placed in direct contact with susceptible 
indicator cells, such as primary African green monkey kidney ( G M K ) 
cells. T h e sensitivity of the indicator cell system was increased by the 
use of inactivated Sendai virus to form heterokaryons (Harr is and 
Watkins , 1965) of tumor and indicator cells (Gerber , 1966; Koprowski 
et ai, 1967; Watkins and Dulbecco , 1967). T h e fusion technique in-
creased the yield of virus about 1000-fold over simple cocultivation, but 
the vast majority of the he terokaryons were nonproduct ive (Koprowski 
et al.y 1967; Watkins and Dulbecco , 1967). Although one of the most 
sensitive means of virus rescue currently available, it succeeds in in-
ducing only a rare tumor cell to produce virus. T h e underlying mecha-
nism that allows the fusion technique to facilitate the rescue of S V 4 0 is 
not known, although it has been reported (Croce and Koprowski , 1973) 
that enucleated cell cytoplasms are also active in such fusion 
experiments. 
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Β. "DNA Transfer" Method of Virus Rescue 

/. General Methodology 

T h e above accumulation of knowledge about SV40-transformed cells 
prompted an investigation of the possibility of virus rescue mediated by 
transformed cell D N A . Chromosomal D N A was extracted by three dif-
ferent procedures from a series of SV40-transformed cell lines. In initial 
exper iments , preparat ions of cellular D N A with a concentrat ion of 
150-200 /xg/ml were mixed with an equal volume of diethylaminoethyl 
(DEAE)-dex t ran (1 mg/ml). About 0.2 ml of the mixture was then 
inoculated per culture containing 10

6
 cells of a permissive cell type 

( G M K or CV-1) . After 3 0 - 4 5 minutes incubation, the monolayers were 
washed gently and media added. T h e cultures were reincubated for 
12-14 days before being harvested and assayed for the presence of 
SV40. 

T h e procedure employed for the extract ion of the nucleic acid did not 
seem to affect the efficacy of virus rescue, but relatively large amounts 
of transformed cell D N A ( > 10 ^g/cul ture of 10

6
 cells) were necessary 

to detect rescue of SV40 by passage in monkey cells. Preparat ions with 
relatively high concentrat ions of D N A form a visible precipitate after 
mixture with the DEAE-dex t r an . Somet imes such a precipitate is dif-
ficult to pipet, and the nucleic acid probably fails to get distributed 
evenly over a series of replicate cul tures. Therefore , the procedure has 
been modified slightly. T h e host cells are pretreated briefly with D E A E -
dextran, then the D N A solution is inoculated and the D N A and D E A E -
dextran mixed in a corner of the up-ended flask of cells. T h e cultures are 
then incubated as detailed above. If ^ 2 0 μ% of D N A is to be inoculated 
per culture, it is added sequentially in two or three smaller aliquots with 
15-minute incubation periods between each addition. T h e cultures are 
not washed until after the final incubation. 

2. Recovery of SV40 from Yielder and Nonyielder Cell Lines 

Following the protocol described in the previous section, virus was 
recovered from three different species of SV40-transformed cells (Boyd 
and Butel, 1972). Representat ive results are presented in Table I. T h e 
efficiency of virus rescue varied from about 50 to 8 0 % of the trials using 
various cell lines as the source of the donor D N A . It was noteworthy 
that the D N A transfer method succeeded in rescuing virus from a 
number of cell lines that were nonyielders in fusion exper iments (e.g., 
S R H H , H-50 , and V L M ) . 

T h e virus that was rescued from the transformed cell lines was iden-
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TABLE I 0

Z
Recovery of Virus from Simian Cells Inoculated with DNA from SV40-Transformed Cells >

~

Yield of virus (PFUa / 106 cells) ~
Z
00

First GMK cell passage of cellular ~
ttl

No. positive DNA extracted by" ~

Species of Yield SV40 experiments/ >
Source of cellular DNA origin Transforming agent by fusion No. trials Method 1 Method 2 Method 3 Z

0

TSV-5 Hamster SV40 + 9/11 1.3 x 104 c 4.5 X 103 3.0 X 103 <:
;;

RIBS ll Hamster SV40 + 10/13 6.0 x 103 3.3 X 103 3.0 X 103 C
SRHH Hamster SV40 0 12/15 4.6 x 104 5.5 X 103 6.0 X 104 00

I

H-50 Hamster SV40 0 5/10 9.0 x 102 2.4 X 103 1.1 X 103 n
ttl

SV-3T3 Mouse SV40 + 4/5 8.5 x 102 NOd ND t""I
t""I

VLM Mouse SV40 0 6/10 1.0 x 103 1.1 X 103 1.1 X 103

~BSC-1-S Monkey SV40 0 2/4 8.0 x 102 1.1 X 103 ND
t""I

T-22 Monkey SV 40 (T fraction, irradiated) 0 0/3 <101 <101 ND >
DMBA Hamster Dimethylbenzanthracene ND 0/4 <101 <101 <101 ~

0
Ad 31 ts Hamster Adenovirus 3 1 ts ND 0/4 <101 <101 <10 1 Z
SHL-7 (39) Hamster PARA (39nT)-adeno 7 NO 0/4 <101 <101 <101 00

:I:
GMK Monkey - ND 0/6 <101 <101 <101 :;

SV40-infected GMK 6/6 4.1 x 106 3.5 X 107 3.0 X 106
00

- - -
(Hirt supernatant fluid)

a PFU, plaque-forming units.
b See Boyd and Butel (1972) for description of extraction methods.
C With each type of cellular DNA, no virus was recovered if the ONA were treated with deoxyribonuclease prior to passage or if the OEAE

dextran were omitted at the time the DNA was applied to the simian cells.
d NO, not done. w

.....,J
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TABLE II 

Identification of Virus Recovered from Transformed Cells as SV40 

First GM Κ cell passage Plaques induced 
by first GMK cell by first GMK cell 

Source of Plaque formation Papovavirus Induction of passage: induction 
cellular neutralized by particles by SV40 tumor and of SV40 tumor 
DNA" SV40 antiserum EM" viral antigens and viral antigens 

TSV-5 + (3/3r + + (3/4) + (3/4) 
RIBS,, + (3/3) + + (4/5) + (5/5) 
SRHH + (3/3) + + (5/5) + (4/4) 
H-50 + d / l ) + + (5/5) + (4/4) 
SV-3T3 + (1/1) + + (2/2) + (5/5) 
VLM + (1/1) +" + (4/4) + (3/4) 
BSC-l-S + (1/1) + + (3/3) + (2/3) 
T-22 ND" 0 0 (0/3) ND 
DMBA N D N D 0(0/1) N D 
Ad 31 ts N D N D 0(0/1) N D 
SHL-7 (39) N D 0 0 (0/2) N D 
SV40 virus + + + (6/6) N D 

stock 

" The data shown in this table were obtained using DNA prepared by a modification of the 
Hirt procedure. See Table I for list of transforming agents responsible for initiation of cell 
lines. 

b
 EM, electron microscope; ND, not done. 

c
 Numbers in parentheses: numerator, number of samples positive; denominator, number 

of samples tested. 
d
 Results obtained with second GMK cell passage material. 

tified as SV40 as shown in Table I I . Plaque formation was inhibited by 
pret reatment with SV40-specific ant iserum; the samples contained typi-
cal papovavirus-like particles when viewed by electron microscopy; and 
both SV40 Τ and viral (V) antigens were detected by immunofluores-
cence when G M K cells were inoculated with the rescued agents. T h e 
absence of Τ and V antigen induction by material from cells inoculated 
with D N A from cells transformed by a chemical carcinogen ( D M B A ) , 
by adenovirus type 31 (Ad 31 ts), or by a defective SV40-adenov i rus 7 
hybrid [SHL-7(39)] substantiates the conclusion that the virus was 
rescued from the SV40-transformed cells and was not introduced as a 
contaminant during the exper iments . 

At tempts were then made to ascertain the state of the infectious D N A 
in the transformed cell. Results are summarized in Table I I I . It ap-
peared that the D N A transfer method was recovering the integrated 
viral genome because (1) the infectious D N A from transformed cells 
was found in the Hir t pellet (1967) of precipitated cellular D N A rather 
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TABLE III 

State of the Infectious DNA in SV40-Transformed Cells 

Sample tested 

Sample should contain the following 
materials if present in the Recovery of 

transformed or infected cells infectious virus 

Transformed cells
0 

Cell lysate 
Hirt

ft
 supernate 

Hirt pellet 
Marmur

c
-extracted DNA 

Marmur-extracted DNA, 
100°C for 15 min 

Complete virus 
Free SV40 DNA 
Cellular DNA 
Total DNA 
Denatured linear DNA, intact 

circular SV40 DNA 

0 
0 
+ 
+ 
0 

SV40-infected GMK cells 
Hirt supernate 
Hirt pellet 
Hirt supernate mixed with Hirt 

pellet from control GMK 
cells, 100°C for 15 min 

Free SV40 DNA + 
Cellular DNA, trapped SV40 DNA 0

d 

Denatured linear DNA, intact + 
circular SV40 DNA 

a
 Identical results obtained with 3 different transformed hamster cell lines. 

b
 Salt precipitation method of Hirt (1967). 

c
 Method described by Marmur (1961). 

d
 If higher concentrations of infected GMK cells are extracted (>5 x 10

7
), some trapped 

SV40 DNA will be detected in the Hirt pellet. The infectivity of the trapped DNA is not 
abolished by heating. 

than the supernate where free S V 4 0 D N A appears and (2) the infectivity 
was inactivated by boiling which does not destroy free S V 4 0 circular 
D N A . This technique, therefore, provided additional evidence that the 
resident viral genome is associated with the cellular D N A . 

C. Significance 

T h e evidence is strong that in SV40-transformed cells the viral 
genome is integrated into the chromosomal D N A of the host cell. Fur-
thermore , it is probable that the complete viral genome is present in 
most transformed cell lines, although the absolute number of copies of 
that genome present per cell is still the subject of some controversy. 

One of the most intriguing of the unresolved areas pert inent to SV40-
transformed cells is the mechanism by which the integration of the viral 
genome is maintained. F o u r hypotheses can be proposed: (1) A virus-
specific " r ep re s so r " is synthesized and the presence of this material 
blocks the replicative cycle. Cass ingena and colleagues (1969; Cas-
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singena and Tournier , 1968) reported on the presence of a specific " re -
pressor , " protein in nature , in cells of different species transformed by 
SV40 , as well as in cells productively or abortively infected by SV40 . 
However , other investigators using a variety of cell lines and experi-
mental approaches have failed to obtain results compatible with the exis-
tence of a cytoplasmic virus-specific repressor (Jensen and Koprowski , 
1969; Swetly et ai, 1969; Barbanti-Brodano et ai, 1970; Butel et ai, 
1971; Kit et ai, 1971). (2) T h e transformed cells lack some essential 
factor required by the virus for replication. Several of the above studies 
showed that the majority of transformed monkey and human cell lines 
were susceptible to superinfection by SV40 D N A , even though some 
were resistant to challenge with complete SV40 . Therefore , it appears 
that transformed cells can possess all the necessary SV40 replication 
factors. (3) Defective viral genomes that are inherently unable to repli-
cate because of a lack of certain genetic information are the transforming 
agents. Some SV40-transformed monkey kidney cell lines, as well as 
many SV40-transformed human cell lines, will yield infectious virus 
under appropriate rescue conditions (Ashkenazi and Melnick, 1963; 
Koprowski et ai, 1967; Kit et ai, 1970; Boyd and Butel, 1972), so one 
cannot conclude that permissive cells can be transformed only by defec-
tive particles. (4) An excision system required to release the viral 
genome from integration is absent . 

Recent results by other investigators are encouraging in that they 
suggest the D N A transfer method may be applicable to other t rans-
formed cell sys tems, in addition to SV40 . A similar experimental ap-
proach recovered infectious Rous sarcoma virus (Hill and Hillova, 
1972; Montagnier and Vigier, 1972) and avian myeloblastosis virus 
(Lacour et al., 1972) from virus-free, t ransformed cells. 

III. Alteration of Hamster Cells by Exposure to Simian Cell DNA 

A. Selection of System 

It was described in the preceding section that the transfer of SV40-
transformed cell D N A into susceptible monkey cells resulted in the 
recovery of infectious SV40 , even from some transformed cell lines that 
had been nonyielders in fusion exper iments . Since the bulk of the D N A 
taken up by the permissive cells in such rescue experiments represents 
cellular genetic information rather than viral sequences , the possibility 
was considered that donor cellular genes might be expressed in the 
recipient cells. As mentioned before, in previous gene transfer experi-
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ments with mammalian cells it has been extremely difficult to detect 
expression of biological activity by the foreign D N A . 

Therefore , a virus-related marker , susceptibility to poliovirus, was 
selected to monitor for biological activity in such a gene transfer study. 
Nonpr imate cells, such as those of hamster or mouse origin, do not 
possess poliovirus receptor sites, while pr imate cells (e.g., those of 
monkey or human origin) readily adsorb and eclipse poliovirions 
(McLaren et al.9 1959; Holland and McLaren , 1959; Hol land et aL, 
1959). It was found that after exposure to D N A extracted from monkey 
kidney cells, hamster cells developed the capacity to at tach poliovirions 
(Boyd et al.f 1974a). 

B. Adsorption of Poliovirus by DNA-Treated Hamster Cells 

Cultures of hamster (BHK-21) cells were exposed to cellular D N A as 
described above. A t various time intervals, some of the t reated cultures 
were inoculated with poliovirus, while replicate cultures were t ryp-
sinized and passed before being challenged with poliovirus at different 
t imes after seeding. Cul tures were harvested 24 hours after inoculation 
with virus and assayed to determine the amount of recoverable virus 
(Fig. 1). In contrast to cultures of B H K - 2 1 cells t reated only with 
D E A E - d e x t r a n or with mouse 3T3 cellular D N A , B H K - 2 1 cells that 
had been exposed to monkey BSC-1 cell D N A and subcultured ap-

N U M B E R OF C E L L T R A N S F E R S A F T E R T R E A T M E N T W I T H DNA 

FIG . 1. Response of hamster (BHK-21) cells to poliovirus after treatment with 20-30 /xg 
of simian (BSC-1, GMK) cell or mouse (3T3) cell D N A in the presence of DEAE-dex-
tran. Replicate cultures were inoculated with virus at intervals after treatment with DNA 
before and after subculturing. Cultures were harvested 24 hours after infection, and the 
amount of recoverable virus determined by plaque assay in BSC-1 cells. 
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peared to yield increased amounts of poliovirus. Only background levels 
of virus were recovered from treated cells that had not been passed. 
Cells exposed to BSC-1 D N A that had been digested with D N a s e re-
sponded similar to the normal BHK-21 cells when challenged with virus 
(not shown on graph), indicating that the alteration was mediated by 
D N A . 

In some instances, the affinity of the treated cells for poliovirus was a 
" s t ab le" phenomenon and was expressed for about 20 passages. T h e 
cells then reverted and resumed their original characterist ic of resistance 
to poliovirus. In other exper iments , the increased susceptibility to polio-
virus was more transient and was observed for only a few passages (e.g., 
B H K / G M K D N A in Fig. 1). Exper iments utilizing G M K cell D N A 
were only performed two times, so it would be premature to interpret 
the curves in Fig. 1 as a reflection of different transforming activities by 
D N A ' s derived from G M K and BSC-1 cells. 

T h e reproducibility of the phenomenon is summarized in Table IV. 
BHK-21 cells exposed to BSC-1 cellular D N A exhibited increased sus-
ceptibility to poliovirus 8 times in 14 separate exper iments . Three t imes 
the alteration was a " s t ab le" phenomenon, lasting about 20 passages 
before the cells rever ted to normal. In both exper iments in which G M K 
cell D N A was employed as the donor D N A , recipient BHK-21 cells 
exhibited a transient susceptibility to poliovirus, while no change was 
observed in the virus susceptibility of BHK-21 cells t reated with mouse 
3T3 cell D N A . 

TABLE IV 

Reproducibility of Phenomenon of Alteration of BHK-21 Cells by Monkey Cell DNA" 

Increased susceptibility to poliovirus type I 

Donor No. of No. of times 
cellular No. of positive alterations 

Host cell DNA trials experiments^ stable
r 

BHK-21 BSC-1 14 8 3 
BHK-21 GMK 2 2 0 
BHK-21 3T3 2 0 0 

" Cultures containing 10
6
 BHK cells were exposed to 20-30 ßg of cellular DNA in the 

presence of 1 mg/ml DEAE-dextran. The cells were passed and challenged with poliovirus 
type I at various intervals after seeding. Twenty-four hours after inoculation the cultures 
were harvested and the yield of poliovirus determined by plaque assay in BSC-1 cells. 

b
 An experiment was designated positive if the yield of poliovirus from treated cultures 

was at least 10-fold greater than that from normal BHK-21 cells. 
c
 The alteration was considered to be "stable" if it persisted for at least 20 passages. In 

all 3 cases, the altered BHK-21 cells eventually reverted to normal. 
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T h e relative percentage of cells in a populat ion which were altered by 
the D N A transfer procedure was investigated using an infectious center 
assay. Cul tures were inoculated with poliovirus, incubated, and then 
treated with poliovirus antiserum. Known cell densities were plated on 
monolayers of BSC-1 cells, and the frequency of infectious center for-
mation was calculated from the number of plaques that developed rela-
tive to the number of cells plated (Table V) . With normal BHK-21 cells 
and B H K - 2 1 cells t reated with 3T3 cell D N A , not more than 0 .2% of 
the virus-exposed cells initiated plaque formation. In contrast , B H K - 2 1 
cells exposed to BSC-1 cell D N A exhibited increased frequencies of 
plaque formation, ranging from 1.2% in one experiment (B/B-II) to 8% 
with cells from a second experiment (B/B-I). Clonal lines derived from 
the B/B-II culture exhibited much higher levels of infectious center for-
mation ( 1 4 - 9 0 % ) . 

T o explain the increased susceptibility to poliovirus by the BSC-1 
D N A - t r e a t e d B H K - 2 1 cells, it was possible either (a) that the inoculum 
virus was tightly adsorbed to the hamster cells and was recovered 24 
hours later, or (b) that it was undergoing a complete cycle of replication. 
T w o of the derivative clonal cell lines (B/B-II clone 5 and B/B-II clone 
7) were selected to serve as hosts for poliovirus growth cycle studies 
(Fig. 2). A typical growth cycle was obtained in BSC-1 cells, while no 
virus growth was observed in normal B H K - 2 1 cells. N o evidence for 
eclipse and replication of poliovirus in either clone derived from the 
BSC-1 D N A - t r e a t e d BHK-21 cells was obtained. T h e s e results suggest 

TABLE V 

Frequency of Infectious Center Formation by DNA-Treated BHK-21 Cells 
after Exposure to Poliovirus Type I" 

No. of Average percent 
Cell line experiments plaque-forming cells 

BHK-21 3 0.1 
BHK-21/3T3 DNA 2 0.2 
BHK-21/BSC-1 DNA (B/B-I) 2 8.0 
BHK-21/BSC-1 DNA (B/B-II) 2 1.2 
B/B-II clone 5 1 14.0 
B/B-II clone 7 1 90.0 
B/B-II clone 8 2 75.0 

a
 Cultures of each cell line were inoculated with 1-5 PFU/cell of poliovirus type I, were 

incubated at 37° for 1 hour, and were washed with Tris buffer. Poliovirus antiserum was 
added, the cultures were reincubated at 37°C for 30 minutes, and were washed with Tris 
buffer. The cells were trypsinized, counted, plated on monolayers of BSC-1 cells, and over-
laid with agar after an adsorption period of 1 hour at 37°C. The percentage of plaque-forming 
cells was determined from the number of plaques which developed. 
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2 4 6 8 10 
H O U R S P O S T I N O C U L A T I O N 

FIG. 2. Kinetics of replication of poliovirus type I in monkey (BSC-1) cells, hamster 
(BHK-21) cells, and two clonal lines derived from BHK-21 cells exposed to BSC-1 cell 
DNA (B/B-II clone 5, B/B-II clone 7). Replicate cultures containing 10

6
 cells were 

inoculated with virus and were harvested hourly over a 10-hour period. The amount of 
virus recovered was determined by plaque assay in BSC-1 cells. 

that the increased "y ie lds" shown in Fig. 1 are actually due to an 

increased a t tachment of poliovirus to the cells. Although the at tached 

virions do not appear to be eclipsed (Fig. 2), the data in Table V 

suggest that they are in an antibody-resistant state. 

Since virus receptor sites are a membrane phenomenon , the altered 

hamster cells were analyzed using cytotoxic antibody prepared in rabbits 

against hamster and monkey cells and kindly provided by Dr . S. S. 

Teveth ia (Table VI) . T h e two anti-cell sera killed only 5 and 7 % of the 

TABLE VI 

Demonstration of Cell Surface Antigens on DNA-Treated BHK-21 
Cells by Cytotoxicity Tests" 

Percent cells killed by cytotoxic antibody 

Normal rabbit Anti-hamster Anti-monkey 
Cell line serum cell serum cell serum 

BHK-21 0 95 5 
BSC-1 0 7 87 
BHK-21/BSC-1 DNA (B/B-I) 6 80 90 
BHK-21/BSC-1 DNA (B/B-II) 0 67 17 
B/B-II clone 5 0 64 29 
B/B-II clone 7 0 70 50 
B/B-II clone 8 0 70 50 

a
 Cells were trypsinized and treated with antiserum and complement. The number of 

viable cells was determined by staining with trypan blue. 
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cells obtained from the heterologous species (BHK-21 and BSC-1 cells 
for the ant i-monkey and anti-hamster cell sera, respectively). However , 
the ant i-monkey cell serum did show significant levels of cytotoxicity 
against all the BSC-1 D N A - t r e a t e d B H K - 2 1 cell lines tested. Tha t the 
cell lines were of hamster origin was indicated by the high percentage of 
cells killed by the ant i-hamster cell sera, as well as by the fact that all the 
cells eventually reverted to their original hamster cell proper ty of resis-
tance to poliovirus infection. 

C. Significance 

This study demonstra ted that it is possible to transfer functional D N A 
from monkey cells to hamster cells in the presence of D E A E - d e x t r a n . 
T h e marker used to detect biological activity by the foreign D N A was 
the ability of hamster cells to adsorb poliovirus type I. T h e cells altered 
by the transforming monkey BSC-1 cell D N A appeared to have un-
coupled the phenomenon of a t tachment (and possibly penetrat ion) from 
that of uncoating of poliovirus, since the adsorbed virus did not become 
eclipsed. Such cells would be useful for a detailed study of the one phe-
nomenon (at tachment) in the absence of the second (uncoating). Cur-
rently, we have no knowledge of the intracellular state of the foreign 
D N A in the recipient cells. T h e fact that the membrane alterations that 
allowed a t tachment of poliovirions did not p rove to be permanent would 
suggest that the simian D N A was probably not incorporated into the 
hamster cell chromosomes . T h e factors that influence the stability of 
expression of biological functions coded for the transferred D N A re-
main to be determined. 

T h e r e is a burgeoning interest in the general area of gene transfer in 
mammalian cell systems. A variety of approaches have been a t tempted 
(Bhargava and Shanmugan, 1971). Some recent studies have ac-
complished the t ransduct ion of galactose-1-phosphate uridyltransferase 
in galactosemic fibroblasts by bacter iophage λ (Merril et ai, 1971), the 
introduction of a thymidine kinase gene into L cells lacking the enzyme 
by irradiated herpesvirus (Munyon et al., 1971), the synthesis after in-
fection by Shope rabbit papil loma virus of arginase in human fibroblasts 
from a patient with the enzyme deficiency (Rogers et ai, 1973), the syn-
thesis of melanin in skin cells from albino mice after exposure to nucleo-
protein from pigmented mouse cells (Ottolenghi-Nightingale, 1969), and 
the appearance of hypoxanthine-guanine phosphoribosyl t ransferase in 
mouse cells after exposure to metaphase chromosomes isolated from 
Chinese hamster cells (McBride and Ozer , 1973). T h e present study 
illustrates (a) the feasibility of using the D N A transfer method for ac-
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complishing gene-transfer between mammalian cells, as well as (b) the 
usefulness of virus-related markers for the detection of biological activ-
ity by the transferred D N A . 

IV. Formation of "Heterologous" SV40 Pseudovirions 

A. Description of Pseudovirions 

Pseudovir ions are viral particles which contain cellular D N A rather 
than the normal viral genome. They were first detected in preparat ions 
of polyoma virus by Michel et al. (1967) and subsequently in SV40 
stocks (Levine and Teresky , 1970; Trilling and Axelrod, 1970). Pseudo-
virions have at t racted attention because of their inherent potential for 
acting as t ransducing particles in mammalian cells. T h e possibility that 
pseudovir ions might t ransduce genetic information from one host cell to 
another is s trengthened by the following observat ions: (1) Pseudovir ions 
of polyoma virus are adsorbed to, and uncoated by, mouse embryo cells 
as evidenced by the susceptibility of the pseudovir ion D N A to digestion 
by pancreat ic D N a s e (Osterman et ai, 1970). (2) Monkey cell D N A 
carried by S V 4 0 pseudovir ions was detected in the nuclei of mouse cells 
after infection with the pseudovir ions and was still physically intact 
(Grady et ai, 1970). (3) Mouse D N A was introduced into the nuclear 
fraction of both human and mouse cells following exposure to labeled, 
purified polyoma pseudovir ions (Qasba and Aposhian , 1971). However , 
a major problem of the system with respect to t ransduct ion capabilities 
is a lack of specificity, since cellular D N A sequences are apparently 
incorporated randomly into pseudovirions (Grady et ai, 1970). 

As one approach to this problem, we hypothesized that mammalian 
cell D N A introduced exogenously during a viral replicative cycle might 
be encapsidated during viral maturat ion. Exper iments designed to test 
the hypothesis utilized the " D N A transfer" methodology shown to ef-
fect the recovery of SV40 from transformed cell D N A and to alter 
hamster cells so that they adsorbed poliovirions (Sections II and I I I ) . In 
this study, total cellular D N A from a heterologous species (hamster) 
was used rather than the ideal of a specific D N A sequence. Evidence 
was obtained that the product ion of such "he te ro logous" pseudovir ions 
is both biologically and technically feasible (Boyd et al., 1974b). 

Β. Incorporation of Hamster Cell DNA into SV40 Particles 

G M K cells infected with S V 4 0 and incubated in the presence of 
[

3
H]thymidine (TdR) were inoculated at 16 hours postinoculation (p.i.) 
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with 20 ^g/cul ture of
 1 4

C- labeled adenovirus-transformed hamster cell 
(Ad 12 Cl 4) D N A mixed with 1 mg/ml D E A E - d e x t r a n . Virus was har-
vested at 48 hours p.i., purified, and centrifuged to equilibrium in a 
gradient of cesium chloride (CsCl) (Fig. 3). A

 3
H- labe led peak was ob-

served at 1.330 gm/ml, while
 1 4

C label was detected in a peak that was 
almost coincident but was slightly lighter, nearer a density of 1.329 
gm/ml. T h e peaks of radioactivity were collected, dialyzed, incubated 
with 100 ^g /ml of D N a s e for 30 minutes at 37°C, and then treated with 
10% trichloroacetic acid (TCA) or ant i -SV40 monkey serum. A s can be 
seen in Table V I I , the majority of both the

 3
H - and

 1 4
C- labeled D N A 

remained acid-precipitable ( 7 5 % and 6 9 % , respectively). Nine ty percent 
of the

 3
H label and 8 0 % of the

 1 4
C label was precipitated by SV40-

specific ant ibody. T h e s e data indicate that the
 1 4

C- labeled D N A was 
enclosed in a deoxyribonuclease-resis tant state in particles having the 
antigenicity of S V 4 0 and a density near that of complete S V 4 0 virions. 
O n e interpretation of these results is that SV40 pseudovir ions carrying 
D N A from a heterologous species had been formed. 

T h e physical state of the
 1 4

C- labeled D N A carried by the pseudo-
virions was then characterized. D N A was extracted from purified prepa-
rations of pseudovirion-containing virus grown in G M K and CV-1 cells, 
and the D N A was analyzed by alkaline sucrose gradient centrifugation 
(Fig. 4). In samples from both G M K (Fig. 4A) and CV-1 (Fig. 4B) cells, 
the

 3
H- labe led D N A separated into two bands. T h e faster sedimenting 

band was in the region of 53 S, the sedimentat ion coefficient for S V 4 0 

4 r 

p -1.330 

Β 10 20 30 Τ 

FRACTION NUMBER 

F I G . 3. CsCl equilibrium gradient centrifugation of purified virus from GMK cells. In-
fected cultures were incubated in the presence of [

3
H]TdR for 16 hours, the [

3
H]TdR-con-

taining medium was removed, and 20 /xg/culture of [
1 4
C]TdR-labeled Ad 12 Cl4 hamster 

cell DNA added in the presence of 1 mg/ml DEAE-dextran. Virus was harvested at 48 
hours p.i., purified, and centrifuged in CsCl. 
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TABLE VII 

Precipitation of Radioactive Label in Purified Virus Obtained from SV40-Infected 
Cells Exposed to Adenovirus-Transformed Hamster Cell DNA" 

Reagent used for Radioisotope 
precipitation of Distribution of 
purified virus counts/minute 

3
H 

Trichloroacetic acid Total 20,540 1747 
Precipitate 15,410 1210 
Supernate 4,100 257 
% in precipitate 75 69 

SV40-specific antiserum Total 15,430 1057 
Precipitate 13,800 845 
Supernate 1,590 207 
% in precipitate 90 80 

" GMK cells were infected with SV40 in the presence of 3 /LtCi/ml of [
3
H]TdR. At 16 

hours p.i., the [
3
H]TdR was removed and 20 /u,g/culture of

 1 4
C-labeled Ad 12 Cl4 DNA 

added in the presence of 1 mg/ml DEAE-dextran. Virus was harvested 48 hours p.i., 
treated with DNase and RNase, and centrifuged to equilibrium in gradients of CsCl. The 
peak of radioactivity was collected, dialyzed, and divided into two samples. One sample 
was treated with DNase and then precipitated with cold 10% TCA. The other sample was 
exposed to SV40-specific antiserum and the precipitate removed by centrifugation. The 
percentage of each radioisotope which was precipitable under the above conditions was then 
determined. 

component I D N A under alkaline conditions (Vinograd et al., 1965). 
T h e second

 3
H- labe led band was slower sedimenting (16 S-18 S). 

U n d e r alkaline condit ions, the nicked form II S V 4 0 D N A separates 
into single-stranded circles (18 S) and single-stranded linear molecules 
(16 S). Monkey cellular D N A labeled during the 16-hour exposure to 
the [

3
H ] T d R and incorporated into the pseudovir ions would also be ex-

pected to appear in this region of the gradient (—14 S). All the
 1 4

C -
labeled D N A from the pseudovir ions in the virus preparat ions sedi-
mented in the 15 S -18 S region of the gradient, indicating it had a linear 
configuration. It can be seen by comparing Figs. 4A and 4B that much 
less

 1 4
C- labeled D N A was recovered from virus grown in CV-1 cells 

than from virus harvested from primary G M K cells. 

An aliquot of the D N A preparat ion extracted from purified virus was 
also centrifuged in CsCl gradients containing 250 μg/ml ethidium bro-
mide, while a second aliquot of the D N A was denatured and chromat-
ographed on a nitrocellulose column. Both these techniques confirmed 
that the

 1 4
C- labeled D N A incorporated in pseudovir ions was linear. 

T h e effect of the relative amount of inoculum of heterologous D N A 
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FIG . 4. Sedimentation analysis of DNA extracted from "heterologous" pseudovirion-
containing purified virus in 5-30% linear gradients of alkaline sucrose. Gradients were 
centrifuged at 21°C for 2 hours at 35,000 rpm using an SW 50.1 rotor. Virus was grown as 
described in Fig. 3. (A) Virus from GMK cells. (B) Virus from CV-1 cells. 

on the size of the pseudovir ion populat ion produced was then deter-
mined. T h e experiment was carried out as before, except that varying 
amounts of

 3 2
P - labe led A d 12 C l 4 D N A were added to SV40-infected 

G M K cells. D N A from purified progeny virus was analyzed by alkaline 
sucrose sedimentat ion (Fig. 5). Negligible counts of

 3 2
P were recovered 

from SV40-infected G M K cultures exposed to 1 /z,g A d 12 C l 4 D N A 
(Fig. 5A). Figure 5B shows results with D N A extracted from virus 
recovered from cells exposed to 10 μg Ad 12 C l 4 D N A . A

 3 2
P- labe led 

peak was observed in the 15 S -18 S region of the gradient. T h e results 
obtained when cells were inoculated with 50 μg of hamster cell D N A 
are shown in Fig. 5 C , where a larger

 3 2
P - labe led peak was observed at 

15 S-18 S. T h e relative amount of hamster cell D N A in the pseudo-
virions produced was directly related to the amount of heterologous 
cellular D N A added to the infected cells. 

C. Significance 

Pseudovir ions produced as "by -p roduc t s " of a normal viral replicative 
cycle resemble "general ized t ransducing" bacter iophage in that no spe-
cific region of the cellular genome appears to be preferentially incorpo-
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FIG . 5. Effect of amount of inoculum of heterologous DNA on production of "het-
erologous" pseudovirions. Varying amounts of

 3 2
P-labeled Ad 12 Cl4 hamster cell DNA 

(specific activity, 4 x 10
3
 cpm//xg) were added per infected GMK cell culture following the 

protocol outlined in Fig. 3. Three replicate cultures were pooled for each sample. DNA 
was extracted from purified virus and analyzed by alkaline sucrose sedimentation. Samples 
were centrifuged at 21°C for 4 hours at 25,000 rpm using an SW 25.1 rotor. (A) 1 μ% Ad 
12 Cl4 DNA added per SV40-infected GMK cell culture. (B) 10 μ% Ad 12 Cl4 DNA 
added per culture. (C) 50 /xg Ad 12 Cl4 DNA added per culture. 

rated within the papova viral capsids (Winocour, 1968; G r a d y et ai, 
1970). T o fulfill the ultimate goal of using pseudovir ions for the treat-
ment of human genetic defects, it is necessary that a "gene-enr ichment" 
technique be devised that would facilitate the preparat ion of pseudo-
virions containing the desired host ch romosome fragment. Although the 
mouse -hams te r hybrid cell line described by Basilico and Burstin (1971) 
accomplishes an enrichment in the proport ion of pseudovir ions in the 
polyoma virus yield, there is no evidence to suggest that any concomi-
tant enrichment in the incorporation of a specific host cell gene into the 
pseudovir ions occurs as well. 

T h e results described above reveal that exogenously added D N A can 
be encapsidated within S V 4 0 particles, indicating that the product ion 
and detection of heterologous pseudovir ions can be accomplished. T o 
add specificity, one must use a defined sequence of donor D N A rather 
than total cellular D N A employed in the current study. Biological activ-
ity has not yet been demonstra ted for the heterologous pseudovir ions, an 
obvious prerequisite before denoting them successful t ransducing 
agents. However , this problem should be minimized and probably sur-
mounted by the use of a specific donor gene or genes. 
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V. Discussion and Forecast 

T h e three studies described here serve to illustrate the promise that 
the D N A transfer method holds for the future with respect to the 
transfer of genetic information be tween mammalian cells. In all three 
studies, total cellular D N A from one species was inoculated into tissue 
cultures of cells derived from another species, and, in all three cases , it 
was possible to show that something happened to the foreign D N A once 
it was engulfed by the recipient cells. First , the S V 4 0 genome was ex-
cised and replicated, resulting in the formation of progeny virus. Second, 
the foreign (simian) D N A was at least transiently functional because a 
small fraction of the recipient hamster cells developed the capacity to at-
tach poliovirions. Third , the inoculated foreign D N A was cleaved in 
cells infected with S V 4 0 and encapsidated, producing what were desig-
nated "he te ro logous" pseudovir ions. 

It is apparent that more quest ions were raised by these observat ions 
than were answered. In none of the studies was evidence available to in-
dicate the underlying mechanism of action. A t this t ime, there is no need 
to speculate that a single basic mechanism is operat ive in all three cases . 
Never the less , the usefulness of the D N A transfer method as a tool for 
transmitting genetic information between somatic cells is probably lim-
ited primarily by a technical inability to monitor for numerous biologi-
cal markers in such systems. 

It would be premature to speculate at this t ime as to the relative 
merits of the three general approaches described in this report or to at-
tempt to predict which might ultimately be of more value. Exhaust ive 
quantitative studies need to be performed to determine the amount of 
foreign D N A that can be encapsidated and ultimately delivered to a new 
recipient cell by the heterologous pseudovir ions and contrast that with 
the amount of naked D N A taken up directly by a cell. 

D a t a obtained to date (Kelly and Butel, 1973; Boyd et ai, 1974b) 
suggest that a prime difficulty with the D N A transfer method is the inef-
ficient uptake of D N A by mammalian cells. Using D E A E - d e x t r a n as a 
facilitator, the most efficient compound current ly available, only a small 
fraction of the D N A inoculated into a culture appears to remain bound 
to the recipient cells. General ly , cultures containing 10

6
 cells will only 

take up 2 - 3 /xg of D N A , regardless of the quanti ty of nucleic acid 
inoculated. It is apparent , then, that to increase the extent of biological 
alterations in any type of transfer experiment methodology needs to be 
developed to increase the amount of foreign D N A introduced into the 
recipient cells. This should not be an insurmountable problem, however . 

A more complex problem that must be considered is the need for 
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greater specificity in the transfer studies. Known nucleic acid sequences 

coding for delineated gene products must ultimately be employed in 

order to make the technique practical as a means of efficiently adding 

new genetic information to deficient cells in the absence of the specter of 

adding, at the same t ime, vast numbers of foreign genes with un-

foreseeable consequences . 

Although the problems outlined above are many, it is not in-

conceivable that gene transfer studies are the wave of the future. 

Indeed, they may well be one of the more prominent legacies of the 

sophisticated virology practiced throughout the last decade. 
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I. Introduction and Nomenclature 

Since their first isolation over a decade ago there has been a rapid 
growth in the number of small viruses that contain single-stranded D N A 
(parvoviruses, picodnaviruses) . Recent isolates now include agents that 
infect various rodents , dogs, pigs, ca ts , catt le, mink, chickens, quail, 
geese, monkeys , and man. Because of this rapid burst of potential par-
vovirus candidates , the details of their sys tem of classification have not 
been finalized; however , many of their biological and biochemical prop-
erties are very similar. These viruses are all small (20 -25 nm in diame-
ter), contain single-stranded D N A , and display icosahedral symmetry . 

55 
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They are resistant to high temperatures (e.g., 56°C for 30 minutes) and 
contain no essential lipids, since their infectivity is resistant to t rea tment 
with chloroform or ether. They all show a relatively high density in 
cesium chloride (1 .38-1 .46 gm/cm

3
) . T h e known agents are currently 

divided into two subgroups. Subgroup A includes the autonomously 
replicating parvoviruses , with the pro to type virus being the Kilham rat 
virus, R V (Kilham and Olivier, 1959). Other examples are the hamster 
osteolytic viruses H 1 } H 3 (Toolan, 1960a,b), the X i 4 virus of rats (Payne 
et ai, 1963), minute virus of mice, M V M (Crawford, 1966), and feline 
panleukopenia virus (Johnson et al., 1967). Subgroup Β comprises the 
adeno-associated satellite viruses A S V , A A V (Mayor et al., 1965; 
Archet t i et al., 1966; Atchison et al., 1966; Smith et al., 1966), par-
voviruses which are defective and cannot multiply unless adenoviruses 
are present as helper viruses (Atchison et al., 1965; Parks et al., 1967a). 
Herpesvi ruses may act as partial helper viruses. Howeve r , in their pres-
ence, satellite structural antigens are made (Atchison, 1970; Blacklow et 
al., 1970, 1971) and infectious D N A is replicated (Boucher et al,, 1971). 
N o infectious particles are produced. 

Although some satellite virus serotypes are indigenous to man, these 
agents have not been associated with any disease process . D N A ex-
tracted from satellite virus by conventional methods acts as a double-
stranded helix (Parks et al., 1967b). H o w e v e r inside the virion the 
D N A reacts with formaldehyde and stains with acridine orange as a 
single-stranded species (Mayor et al., 1969a). Ei ther a " p l u s " or a 
" m i n u s " strand of complementary D N A is encapsidated in each virion. 
After extraction at high ionic strength (2 X SSC) , plus and minus strands 
anneal rapidly to yield double-stranded D N A (Mayor et al., 1969b; 
Rose et al., 1969). 

Viruses with propert ies similar to the parvoviruses described above 
also infect insects , plants and bacteria. O n e of these is the densonu-
cleosis virus ( D N V ) of the insect Galleria mellonella L (Meynadier et 
al., 1964). Many biophysical propert ies of this virus make it a candidate 
for inclusion among the parvoviruses . It is, however , unique in that 
although like the adeno-associated satellite viruses, D N V contains sep-
arately encapsidated " p l u s " and " m i n u s " single s trands of D N A in 
individual virions, the agent can replicate autonomously without partici-
pation of a helper virus. In addition a detailed electron microscopic 
examination of the capsid s t ructure of D N V (Kurstak and Cô té , 1969) 
indicates that the number of capsomeres may be 42 — a figure in excess 
of the largest count obtained for other parvoviruses (32 capsomeres) . It 
was , therefore, suggested that D N V might be more properly isolated in 
a separate group of its own, Densovir idae . This point has not been 
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settled and must await further scrutiny and compar ison with the nu-
merous parvovirus candidates that are currently appearing (see review 
by Hoggan, 1971). Howeve r , whatever the ou tcome there are still only 
two distinct groups of small D N A viruses in which the populat ion of 
virus particles contains separately encapsidated, complementary single 
D N A strands. T h e s e are the adeno-associated satellite viruses (ASV, 
A A V ) of man and animals and the densonucleosis virus ( D N V ) of the 
insect Galleria mellonella L . T h e s e viruses have a number of propert ies 
in common and a number of intriguing differences which we will pursue 
in the subsequent sections. 

II. Adeno-associated Satellite Viruses (ASV, AAV) 
and Densonucleosis Virus (DNV) 

A. Biological and Biophysical Properties 

Because of their ubiquity, physical stability, and defective nature , 
adeno-associated satellite viruses have proved excellent pro to type vi-
ruses , and a wide range of reliable biological and biophysical da ta has 
been assembled on the various serotypes . T y p e 4 satellite virus (Ito and 
Mayor , 1968) and the bovine satellite virus (Luchsinger et al., 1970) 

TABLE I 

Properties of Satellite Virus and Densonucleosis Virus 

Property Adeno satellite virus (ASV) Densonucleosis virus (DNV) 

Physical 
characteristics 

~ 20 nm diameter, icosahedral 
symmetry, 12 to 32 cap-
someres, 1.38-1.43 gm/cm

3 

in CsCl, heat stable, ether 
resistant 

~ 20 nm diameter, icosahedral 
symmetry, 42 capsomeres ?, 
1.40-1.44 gm/cm

3
 in CsCl, 

heat stable, ether resistant 

Immunological 
characteristics 

Types 1, 2, 3 human origin, 
type 4 simian origin (HA +) 
avian, canine, bovine types 

Chemical 
characteristics 

Protein 74%, single-stranded 
DNA 26%, + and - strands 
separately encapsidated 

Protein 63% single-stranded 
DNA 37% + and - strands 
separately encapsidated 

Replication 
characteristics 

Nonconditionally defective Autonomous 
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F IG. 1. Human adenovirus type 3 1 (larger particle 7 0 nm diameter) and type 1 satellite 
virus (smaller particle 2 0 nm diameter), x 1 2 7 , 5 0 0 . 

have been found to have an associated hemagglutinin, while types 1, 2, 
and 3 and densonucleosis virus have not demonst ra ted any hemagglu-
tinating activity using a wide range of red blood cells (Kurstak, 1972). 

Table I compares and contrasts some of the physical and biological 
propert ies of satellite viruses and D N A . 
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F I G . 2. (a) D N V 20 nm diameter purified by zonal centrifugation in sucrose gradients. 
Stained with uranyl acetate 1%. x 200,000. (b) Molecules of tangled viral D N A obtained 
after extraction at high ionic strength and moderate temperature. Spread and shadowed, 
x 44,000. 

Satellite viruses are spherical and 2 0 - 2 5 nm in diameter (Fig. 1). They 
display cubic symmetry of the icosahedral pat tern (Mayor and Melnick, 
1966), but because of their small size and uneven penetrat ion by nega-
tive stains used in electron microscopy it is difficult to determine the 
actual number of capsomeres making up the virus capsid. Current ly cap-
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somere counts of 12, 20, and 32 have been reported and all are possible 
solutions. Thei r significance has been discussed by Mayor in a recent 
review (Mayor , 1973). T h e D N V capsid has been examined by negative 
staining by Kurs tak and Côté (1969). Particles were approximately 20 
nm in diameter and exhibited icosahedral symmetry (Fig. 2a). Again it 
was difficult to discern the actual number of capsomeres , but even casual 
scrutiny indicated that in favorable images there were more capsomeres 
than in the case of satellite viruses. Kurs tak and Côté considered 42 to 
be the most likely solution. Empty capsid components void of D N A 
were also observed, but there did not appear to be any incomplete par-
ticles with a partial complement of D N A similar to those reported by 
Torikai et al. (1970). 

Both satellite viruses and D N V have a relatively high buoyant density 
in CsCl (1 .38-1 .44 gm/cm

3
) , with the type 4 satellite being the most 

dense and type 2 the lightest. D N V has a density equivalent to that of 
type 4, but , unlike type 4 virus, has no hemagglutinin activity. T y p e 4 
satellite agglutinates human, monkey, guinea pig, and sheep cells well at 
4°C but not at 37°C, while the o ther A S V types 1, 2, and 3 do not ap-
pear to agglutinate red cells either at 4°C or 37°C (Ito and Mayor , 
1968). Kurs tak (1972) has shown that D N V does not agglutinate 
erythrocytes of monkey, horse , cow, duck, goat, hamster , sheep, pig, 
mouse , or rooster . Compara t ive hemagglutination pat terns for some 
selected small D N A viruses are shown in Table I I . 

In comparat ive serological studies Hoggan (1971) has shown that 

TABLE I I 

Hemagglutination Patterns of Selected Picodnaviruses at 4°C with 
Various Red Blood Cells" 

Virus Guinea pig Human Rat Monkey Sheep 

H-l ++ ++ + + _ 
H-T ++ - - - -
H-3 ++ + ++ ++ -
RV ++ ++ + ++ -
X14 ++ - N.D.

0 
++ -

HB ++ - + - -
MVM ++ - + N.D. -
ASV 1 - - - — — 

ASV 2 - - - - -
ASV 3 - - - - -
ASV 4 + ++ N.D. + + 
DNV — — — — — 

a
 These data have been selected from a number of sources: Ito and Mayor (1968), Mirko-

vic et al. (1971), Toolan (1968), Hoggan (1970), Crawford (1966), and Kurstak (1972). 
b
 Not determined. 
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there is some immunological cross reactivity be tween satellites type 2 
and 3. This reactivity is demonst ra ted by both complement fixation ( C F ) 
and fluorescent antibody (FA) . N o cross react ions were observed 
between D N V and satellite viruses types 1, 2, 3 , and 4. 

B. Replication Cycles and Helper Viruses 

In the absence of viable adenovirus , morphological observat ions on 
infected cells coupled with quanti tat ive fluorescent ant ibody studies 
show that adeno-associated satellite virus does not synthesize its own 
structural antigens, indicating a noncondit ional dependence on the 
helper for full expression of satellite virus genes (Ito et al., 1967; 
Blacklow et al., 1967). Although the exact nature of satellite defec-
t iveness is not currently unders tood, it is clear that events in the adeno-
virus replication cycle requiring approximately 10 hours must take place 
before satellite virus synthesis can proceed to completion. This repre-
sents a fairly late s tep in adenovirus replication, certainly later than Τ 
antigen product ion or synthesis of adenovirus D N A . Multiplication of 
satellite virus appears to take place in the nuclei of infected cells 
(Atchison et ai, 1965; Archet t i et al., 1966; Mayor et al., 1967) but in 
discrete regions that are not usually in close juxtaposi t ion (Fig. 3). H O W -

FIG. 3. Monkey kidney tissue culture monolayer infected with simian adenovirus ( A ) 
and adeno-associated satellite virus (S). Viruses appear to form separate inclusions, 
x 5 6,000. 
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ever, Henry (1973) has recently reported that large crystalline arrays of 
satellite virus may be observed in the same nucleus at the periphery of 
adenovirus crystals , suggesting coincident maturat ion of satellite and 
adenovirus . Once initiated, satellite virus synthesis interferes with ade-
novirus replication (Casto et al., 1967a,b; Parks et al., 1968). Satellite 
viruses also interfere with one another (Torikai and Mayor , 1969). 

A recent important finding is that , in presence of herpesvirus as 
helper, satellite virus can synthesize its own antigens (Atchison, 1970; 
Blacklow et al., 1971) and replicate infectious D N A (Boucher et al., 
1971). H o w e v e r no infectious virus particles or complement fixing ( C F ) 
antigens are formed. T h e s e findings suggest that there is a two-step 
defectiveness for satellite and that only adenovirus can trigger the matu-
ration step. 

Fur the r dissection of the defective satellite replication cycle will de-
pend on experiments using conditionally defective adenoviruses and her-
pesvirus helpers to determine the specific genes required by satellite 
virus to complete its replication. I to and Suzuki (1970) have made a 
move in the right direction in a set of exper iments using a tempera ture-
sensitive mutant of adenovirus type 3 1 , ts 13, a mutant that is defective 
in viral D N A synthesis and adenovirus capsid product ion, but that could 
still complement a cycle of satellite virus replication at the nonpermis-
sive temperature . T h e ts mutant synthesizes Τ antigen, thymidine 
kinase, and D N A polymerase whose functions might presumably be 
required for satellite virus synthesis. H o w e v e r studies by Hoggan (see p. 
65) indicate that presence of Τ antigen is not sufficient for satellite 
virus replication. In addition, temperature-sensi t ive herpesvirus mutants 
(Schaffer, 1973) are now available for complementat ion studies (Drake 
and Mayor , 1973). 

In general conditionally defective helper activities fall into 3 broad 
groups. 

7. Genetically Controlled Complementation 

This includes all potential conditional lethal mutants of adenovirus 
(Ito and Suzuki, 1970; Mayor and Ratner , 1972) (see Section I I ,C) and 
herpes virus and systems in which, by juggling the order and time of 
inoculation of herpesvirus and adenovirus helpers , the kinetics of the 
three component system satellite, herpesvirus, and adenovirus can be 
evaluated. 

D r a k e and Mayor (1973) have recently demonst ra ted the ability of a 
temperature-sensi t ive mutant of herpes simplex virus (ts 343) (Schaffer et 
al., 1971) to complement satellite D N A replication and transcription of 
structural protein in tissue culture cells of African green monkey kidney. 
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T h e mutant ts 343 does not synthesize any detectable viral D N A at the 
nonpermissive tempera ture of 40°C. It was , therefore, a relatively simple 
task to isolate infectious satellite virus D N A from the system at the non-
permissive tempera ture . Satellite virus particles were not isolated from 
the infected cul tures , indicating failure of the maturat ion step. H o w e v e r 
the results showed clearly that demonstrable replication and/or assembly 
of the helper virus structural components was not a necessary condition 
for potentiat ion of its helper function. T h e system is now under exten-
sive analysis at the molecular level. 

2. Environmentally Controlled Complementation 

This includes systems where the helper virus is rendered defective 
through a nutritional deficiency, e.g., adenovirus in arginine-free medium 
(Mayor and Ratner , 1972), and infections where the ambient tempera-
ture differs from optimal (Lefebvre et al., 1973; D r a k e and Mayor , 
1974). 

Studies on the assembly processes during product ive adenovirus in-
fections have involved systems using t issue culture media deprived of 
arginine. In these condit ions adenoviruses fail to mature although viral 
D N A is synthesized and capsid antigens are produced (Rouse and 
Schlesinger, 1967). Arginine-rich proteins are believed to be structural 
components of the adenovirus core (Russell , 1971). Recent studies have 
revealed that in contrast to the case of helper adenovirus there is no 
arginine-rich structural component in satellite virus (Rose et al., 1971). 
These studies provided the rationale for an investigation by Mayor and 
Ratner (1973). Thei r system comprised either human embryo kidney 
( H E K ) cells in their second or third passage inoculated with oncogenic 
human adenovirus type 31 and type 1 satellite virus, or BSC-1 cells 
inoculated with simian adenovirus SV15 and type 4 satellite and main-
tained in medium lacking arginine. 

Tissue cultures of human embryo kidney ( H E K ) cells or stable green 
monkey cells (BSC-1) were used in stat ionary phase . A t least 2 hours 
before inoculation, cultures dest ined for incubation in arginine-minus 
condit ions were changed to arginine-free Eagle 's synthetic medium. 

In the H E K system viruses used were human adenovirus type 31 and 
type 1 satellite. T h e A S V 1 and adenovirus type 31 were pelleted at 
40 ,000 rpm for 1 hour and resuspended in 1 ml of arginine-free medium. 
Individual bott les were inoculated with both viruses separately and in 
combination in arginine-containing and arginine-free media. During the 
incubation period

 3
H- labe led thymidine (50 /xCi per bottle) was added, 

and the cultures were harvested 48 hours after inoculation when marked 
adenovirus C P E was present in the arginine-positive adenovirus cul-
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tures . T h e harvests were analyzed by density gradient centrifugation in 
cesium chloride (Fig. 4). 

Frac t ions with peak activity were pooled and dialyzed against 
0.1 X SSC before electron microscopic identification, particle counting, 
and infectivity assay. In arginine-minus condit ions a peak of radioac-
tivity was obtained at a density of about 1.36 gm/cm

3
 (Fig. 4), and only 

satellite particles were seen in the electron microscope. In arginine-plus 
conditions a sharp peak of radioactivity coincided with satellite particles 
at 1.37 gm/cm

3
 and a shoulder at 1.34 gm/cm

3
 with numerous adeno-

virus particles. N o radioactivity or physical particles were found in 
gradients run after inoculation with adenovirus alone and arginine-minus 
condit ions. Similar results were obtained with BSC-1 cells, SV15 adeno-
virus, and type 4 satellite virus. In these exper iments the major peaks of 
satellite virus activity coincided with densities around 1.42 gm/cm

3
. T h e 

infectivity of this material was greater than 10
6
 hemagglutinin-producing 

units ( H A U ) per ml, indicating that viable satellite virus was being 
replicated in absence of arginine in condit ions where adenovirus was not 
isolated. These findings indicate that arginine is not necessary for satel-
lite maturat ion and that there is no significant arginine-rich protein in 
satellite virus cores . 

6 r 

1 3 5 7 9 11 13 15 17 19 21 23 
F R A C T I O N N U M B E R 

FIG . 4 . Density gradient fractionation of harvests from cells infected with adenovirus 
type 31 maintained in arginine-free medium ( ), adenovirus type 31 and A S V 1 
maintained in arginine-free medium (—), and adenovirus type 31 and A S C 1 maintained 
in medium containing arginine (—). 4 to 5 hours after inoculation

 3
H-labeled thymidine 

( 5 0 μΟ\ per bottle) was added, and incubation continued until harvest (usually 4 8 hours 
after inoculation). Gradient fractions were collected by bottom puncture and assayed for 
3
Η radioactivity and buoyant density. 
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3. Host-Controlled Complementation 

a. The Cell Is Influencing Satellite Virus. Boucher et al. (1969) stud-
ied the enhancement of satellite virus by human and simian adenoviruses 
in a variety of t issue culture cells. Satellites 1 and 3 were enhanced with 
human adenoviruses 7 or 12 in human kidney cells, whereas satellite 4 
grew poorly in any cell that was not of simian origin. D r a k e and Mayor 
are currently studying a number of host cell systems infected with 
selected adenovirus helper viruses and satellite virus. Simian adenovirus 
S A 7 , which grows well in BSC-1 cells, does not enhance A S V 4. A S V 4 
appears to grow well in BSC-1 cells with a variety of helper adeno-
viruses but is poorly enhanced in V E R O cells, although both BSC-1 and 
V E R O are cells of green monkey origin. In contrast A S V 1 is readily 
enhanced in V E R O cells. In human embryonic kidney cells ( H E K ) 
simian adenovirus SV15 grows well, and the activity of A S V 1 is 
enhanced but not the activity of A S V 4. It is apparent that the host cell 
is related to the enhancing potential of satellite virus, and this important 
interaction should be further studied. 

b. Cell Causes Helper Virus to Be Defective. T h e helper virus may 
itself be conditionally defective in the host cell chosen. Smith and Geh le 
(1967) found that a canine adenovirus I C H , which did not replicate in 
human cells, could be used to pass satellite virus serially if the passage 
was reinfected each t ime with helper virus. Mayor and Ratner (1972) 
were able to potent iate satellite virus in hamster embryo fibroblasts 
using human adenoviruses 2 and 1 as helpers . Adenovi rus 7 does not 
replicate at all in stat ionary cul tures of hamster cells, and adenovirus 2 
replicates very poorly. These abort ive adenovirus infections warrant 
closer investigation at the molecular level to determine which early virus 
gene products are being synthesized. 

c. The Transformed Cell Is Host. In addition the reactions of cells 
transformed by oncogenic adenovirus to satellite viruses should be con-
sidered here . Hoggan et al. (1966) were unable to produce satellite par-
ticles in adenovirus 12-transformed hamster cells. These cells contain 
virus-specific Τ antigen (Huebner et al., 1964; Levinthal et al., 1966); 
this early adenovirus function is clearly not sufficient for satellite virus 
replication. Apparent ly neither of the two distinct defective steps in sat-
ellite replication can be complemented by adenovirus-transformed cells. 
Henry (1973) has carried out further exper iments that indicate that 
adenovirus-transformed hamster cells are nonpermissive hosts for satel-
lite growth even in the presence of apparent ly sufficient adenovirus 
"he lpe r" activity. Lefebvre et al. (1973) have a t tempted a mixed infec-
tion of adenovirus-transformed hamster cells with satellite plus herpes 



66 H. D. MAYOR AND E. KURSTAK 

simplex virus and were able to detect satellite antigens, but only at 35°C 
and not 37°C —in nontransformed cells the complementat ion occurred at 
both 37° and 35°C. These authors suggested a herpesvirus-induced prod-
uct, which was cellular, ra ther than viral, and thermosensi t ive in t rans-
formed cells, was necessary for satellite antigen synthesis . 

4. Replication of Densonucleosis Virus 

Densonucleosis virus ( D N V ) was originally isolated from larvae of G. 
mellonella (Meynadier et ai, 1964), and in its host of origin D N V in-
fects practically all t issues (Kurstak et ai, 1968a,b). D N V has also been 
adapted to infect mammalian cells, such as the L cells of the mouse 
Kurs tak et al., 1967, 1969b). A s in the case of satellite virus, the main 
lesions are also in the nucleus of infected cells, and their development 
has been studied by fluorescence microscopy (acridine orange, fluores-
cent antibody) and electron microscopy including autoradiography. Lo-
calization of D N V early antigens by immunofluorescence was first ob-
served in the cytoplasm of cells of G. mellonella 4 hours after infection. 
This pat tern was replaced by one of nuclear antigen by 8 hours after 

F I G . 5 . Intracytoplasmic vesicle sequestering virions of TIV and DNV (arrow). 
X 5 5 , 2 5 0 . 
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infection. These findings have been confirmed by the use of the im-
munoperoxidase technique and electron microscopy (Kurstak et al., 
1969a, 1970a,b). 

T h e replication of D N V in the nucleus of G. mellonella cells in large 
quantit ies can also be detected in the case of double infections with 
D N V and a large D N A virus — Tipula i rr idescent virus (TIV) (Kurstak 
and Garzon , 1971; Kurs tak et al., 1972). T h e replication of T I V pro-
ceeded to complet ion in the cytoplasm, whereas D N V followed the pat-
tern described above . La te in the infection both virions were located in 
cytoplasmic vesicles (Fig. 5). In contras t with the adeno-associated sat-
ellite virus replication cycle, there was no interference demonst ra ted 
be tween the two agents and no helper action. T h e replication cycle of 
D N V has not been explored at the molecular level or dissected with the 
use of radioactive isotopes. T h e genome of D N V is either a " p l u s " or a 
" m i n u s " strand of D N A , and yet D N V can replicate autonomously . In-
tensive future studies at the molecular level, in the absence of the helper 
virus activity necessary in the satellite virus system, should yield 
unequivocal basic information concerning this novel type of D N A . 

C. Properties of Viral Nucleic Acids 

Satellite virus and densonucleosis virus are the only small D N A 
agents in which virions contain complementary single D N A strands. 
T h e D N A of satellite virus is defective and needs a helper for its full 
expression, whereas the D N A of D N V is au tonomous . Compar i son of 
these two viral genomes and their propert ies would appear to be of fun-
damental impor tance (Table I I I ) . 

TABLE I I I 

Properties of the DNA of Satellite Virus and Densonucleosis Virus 

Densonucleosis Satellite virus 
Property virus DNA DNA 

Conformation Linear Linear 
Percent G + C 42 58 
Density (gm/cm

3
) 

Single stranded 1.711 1.728 
Double stranded 1.701 1.718 

Molecular weight (daltons) 
Single stranded 2 x 10

6
 1.5 x 10

6 

Double stranded 4 x 10
6
 3 χ 10

6 

Sedimentation coefficient 16 16 
( % ) , w ) 
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FIG. 6. Single-stranded DNA shocked from individual dense satellite virions by using 12 
M ammonium acetate and spread in the presence of urea, x 35,700. 

D N V appears to contain a greater complement of D N A (2.0 x 10 6 

daltons) (Fig. 2b) compared with satellite virus (1.5 X 10 6 daltons), and 
it is possible that these additional nucleotide sequences could be partly 
responsible for the fact that D N V can replicate autonomously while sat-
ellite virus is nonconditionally defective in every host cell sys tem that 
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has been investigated. Electron microscopic examination of satellite 
D N A released from individual virions by osmotic shock with 12 M am-
monium aceta te and spread in the presence of urea (Torikai et al., 1970) 
has revealed single-stranded D N A of modal length 1.6 μτη (Fig. 6). 
Even on renaturat ion these strands rarely remain associated with the 
empty capsids from which they came. By contrast D N V D N A of op-
posite polarity shows a marked tendency to reassociate in conjunction 
with two empty capsids, one at each end of the double-stranded helix 
(Figs. 7 and 8). T h e contour length of this strand is 1.95 μπι , a figure fit-
ting to its greater molecular weight compared to satellite virus D N A . In 
agreement with the previous findings of Mayor et al. (1969b), the D N A 
of D N V remained single s t randed at low ionic strength, but when heated 
a high ionic strength reassociated it to double-stranded D N A (Kurstak 
et al., 1973a). T h e G + C content of D N V D N A (42%) is certainly in 
line with that of the au tonomous parvoviruses with varying molecular 
weights (Table IV) and significantly different from that of defective sat-
ellite virus D N A ( 5 8 - 6 2 % ) . It might be suggested that regions involved 
in initiating D N A replication might be rich in A T sequences and that 
suitable sequences are present in D N V but lacking in satellite virus 
D N A . Curren t active work on detect ion of specific mutat ion sites for 
S V 4 0 D N A replication (Danna and N a t h a n s , 1972; Thoren et al., 1972) 
may soon provide data of general significance on this important point. 

T h e utility of studies using temperature-sensi t ive helper adenoviruses 
as tools in dissecting the replication cycle of satellite virus has been re-
cently demonst ra ted in cells infected with human adenovirus ts 13 mu-
tant and satellite virus type 1 at a tempera ture of 40°C — nonpermissive 
for adenovirus D N A synthesis but permissive for satellite D N A replica-
tion (Mayor and Ratner , 1973). Infectious satellite D N A was isolated 
and analyzed. T h e D N A was a linear, 16 S species approximately 1.5 
μπι in length. N o naturally occurring circular molecules were detected 
either by electron microscopy or nitrocellulose chromatography. 

Koczo t et al. (1973) have examined purified D N A for satellite virions 
and have found that at least 7 % of plus and minus strands of satellite 
virus D N A contain self-complementary sequences at or near their ter-
mini. Self-annealing of these sequences generated circular molecules that 
were closed by duplex hydrogen-bonded segments . T h e same laboratory 
reported previously (Garon et al., 1972) that denatured adenovirus 
D N A could also self-anneal to form single-stranded circles. This finding 
is of great interest in view of the fact that satellite replication is uncondi-
tionally dependent on adenovirus as helper. Of even greater interest 
would be similar experimentat ion on the au tonomous D N A of D N V to 
determine whether similar self-complementary sequences are found 
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FIG. 7 . D N A of densonucleosis virus ( D N V ) . Stained with 1 % uranyl acetate x 4 2 , 0 0 0 . 
(a), (b), and (c) Molecules of D N A double stranded in appearance with empty capsids of 
D N V at each extremity. This suggests probably a reassociation of complementary single 
strands of opposite polarities (+ and —) in a solution of high ionic strength. Each strand 
would be encapsidated separately giving two types of virions each with either a + or — 
strand of D N A . 
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A θ θ 

c Q ; Ο 
F I G . 8 . Schematic representation of complementary strands of opposite polarities (+ and 

—). (A) As separate single strands encapsidated in virions of DNV, (B) after extraction not 
reassociated in a solution of low ionic strength, and ( C ) reassociated by complementarity 
in a solution of high ionic strength giving a molecule of double-stranded DNA connected 
to two empty virus capsids as shown in Fig. 7 . 

there or whether they are unique to the satel l i te-adenovirus replication 
system. 

Hadidi et ai (1973) have shown recently that without helper virus 
participation defective satellite virus can induce de novo D N A synthesis 
in nongrowing BSC-1 cells. T h e D N A was revealed by autoradiog-
raphy to be nuclear in origin, and D N A - D N A hybridization indicated 
that it was of cellular ra ther than of viral origin. In contrast , Tennan t 
and H a n d (1970) have shown that a number of au tonomous parvo-
viruses, R V , H , M V M , require participation of a preexist ing radiosen-
sitive cellular D N A . This D N A was not required by satellite virus, 
which, in this respect , is less defective than the au tonomous par-
voviruses . D o e s D N V stimulate de novo host cell synthesis like A S V or 
is it, like the au tonomous parvoviruses , dependent on UV-sensi t ive 
cellular D N A sites? T h e s e quest ions remain to be answered. 

TABLE IV 

Guanine and Cytocine Content of Small DNA Viruses 

Virus G + C (moles %) Molecular weight ( 1 0
6
 daltons) 

H-l 4 5 . 2 1.7 

RV 4 3 . 5 1.2 

MVM 4 0 . 9 1.5 

Φ Χ 1 7 4 4 2 . 6 1.7 

ASV 1, 2 , 3 5 8 1.8 

ASV 4 5 8 1.4 

DNV 4 2 2 . 0 
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D. Properties of Viral Structural Proteins 

T h e structural proteins of types 1, 2, and 3 adeno-associated satellite 
virus have been analyzed by acrylamide gel electrophoresis (Rose et al., 
1971; Johnson et al., 1971). In each case one major (C) and two minor 
components (A and B) have been identified. T h e major component had a 
molecular weight of about 62,000 dal tons, while the molecular weights 
of A and Β were found to be 87,000 and 73,000, respectively. Compo-
nent C appeared to be the major unit of capsid s tructure, accounting for 
8 6 % of the total protein. It was suggested that A and Β might be internal 
proteins. Compar ison of the three satellite types reveals a close similar-
ity in their pat terns of electrophoret ic motility. T h e combined molec-
ular weight of the satellite polypeptides, 222,000 daltons appears to be 
in excess of the est imated coding capacity of the satellite genome — 
170,000 daltons. This may indicate that virion structural proteins may 
arise from posttranslational cleavage of a large precursor protein de-
rived from a polycistronic message in a manner analogous to that re-
ported for poliovirus structural proteins (Summers and Maizel , 1968; 
Baltimore, 1971). 

In a current study (Kurstak et al., 1973b), D N V proteins have been 
examined and characterized by their molecular weights (MW). The 
M W was determined by analyzing the retardation of the proteins in 
Polyacrylamide gel electrophoresis in different total Polyacrylamide per-
centages. 

T h e proteins were dissolved in S D S and reduced with mercap-
toethanol. Following S D S electrophoresis , one minor and three major 
proteins were detected. This pat tern did not change after carboxy-
methylation, cyanoethylat ion, or oxidation of the protein sulfhydryl 
groups by iodoacetamide, acrylonitrile, and performic acid, respectively. 

As shown in Table V the minor protein δ has a M W twice that of the 
a molecule and may prove to be an a dimer. T h e quanti ty variance 

TABLE V 

Protein Components of DNV 

MW ± moles/virion ± moles/virion if δ = 2a 

a 48,700 49.3 50.2 
β 58,500 8.9 8.9 
y 69,000 7.6 7.6 
δ 98,000 0.46 

Total molecules 66.26 66.7 
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( 0 . 2 - 7 % of δ) in each sample was greater than that observed for the o ther 
three proteins. Howeve r , this may be due to the small quanti ty involved. 

T h e M W of D N V D N A is 1.69 Χ 10
6
 to 2 X 10

6
 (Kurstak et al, 

1973a). T o code for four proteins a D N A with a M W of 2.46 x 10
6 

would be required. F o r a three protein system a D N A with a M W of 
1.59 x 10

6
 would be necessary . A s supplementary protein coding is nec-

essary for viral reproduct ion, these values are substantially higher than 
expected for a feasible viral system and similar to the results obtained 
for satellite virus structural proteins. This problem is one common to all 
parvoviruses so far studied. 

III. Adeno-associated Satellite Viruses and 
Densonucleosis Virus and Disease 

There is no evidence that infections with adeno-associated satellite 
virus lead to any clinical disease (Blacklow et ai, 1968; Hoggan, 1971). 
F o r current information on the ecological aspects of distribution of satel-
lite virus and ant ibody in the human populat ion the reader is referred to 
recent reviews by Hoggan (1970), H e n r y (1973), and Mayor (1973). 

In contrast Meynadier et ai repor ted in 1964 that D N V was responsi-
ble for a fatal disease of larvae of the ar thropod Galleria mellonella. 
Larvae were killed by D N V in 4 - 6 days at 28°C (Vago et al., 1964). Al-
most all t issues of the natural host are infected by D N V , and virus can 
be isolated from them. D N V has been adapted to infect mammalian cells 
such as the L cells of the mouse (Kurs tak et al., 1967, 1969b; Belloncik, 
1969). Howeve r , after administration of virus to newborn mice and 
rabbits , Gi ran (1966) found no evidence that D N V was virulent from 
these animals. D N V has , in fact, been used as a living insecticide (Lavie 
et al., 1965; Giauffret, 1966), but the probable danger of this enterprise 
has been emphasized by Kurs tak (1972). 

IV. Adeno-associated Satellite Viruses and 
Densonucleosis Virus and Cancer 

T h e inhibitory action of adeno-associated satellite virus on adenovirus 
oncogenesis has been demonst ra ted (Kirchstein et al., 1968). More 
recently Mayor et al. (1973) have studied the development of tumors in 
newborn hamsters inoculated with highly oncogenic human adenovirus 
type 3 1 . In these exper iments prior inoculation of newborns with satel-
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lite virus before challenge with adenovirus reduced the level of tumor in-
cidence from 5 0 % to 0 % . When satellite virus was introduced in simple 
mixtures with adenovirus the reduction in oncogenesis was not as 
marked. N o inhibitory effects were noticed when satellite virus was 
inoculated prior to challenge with oncogenic simian virus, SV40 , in-
dicating that the phenomenon was adenovirus-specific. Additional 
studies carried out by Cas to (1973) have demonst ra ted in vitro inhibition 
of adenovirus transformation by satellite virus, and important studies 
have been carried out in an effort to quanti tate the inhibition of transfor-
mation as compared with inhibition of infectivity in permissive systems. 
These studies showed that inhibition of adenovirus 12 transformation 
required from 2 - 3 t imes as much satellite virus as was required for 
inhibition of plaque formation in hamster embryo fibroblasts by adeno-
virus type 1. Inhibition of oncogenic simian adenovirus SA7 transforma-
tion required 7 - 9 t imes as much satellite as was needed for inhibition of 

F I G . 9. Transformed rat embryo fibroblasts following D N V infection. Aspect of foci 
(arrows) after the fifth passage without new experimental reinfection with D N V . 
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infectivity. All these exper iments indicate the importance of making a 
complete analysis of the oncogenic inhibitory effect in stat ionary t issue 
culture sys tems where the mechanisms of abrogation and inhibition can 
be studied in a quanti tat ive way and where the phenomenon of prior 
inoculation with satellite virus can be completely explored. 

In contras t to the anti- tumor effect of A S V , D N V appears to demon-
strate a transforming ability in mouse L cells (Kurs tak et ai, 1969b). By 
day 3 or 4 after infection with D N V , the regular growth pat tern of L 
cells was disrupted, and by days 7 to 8 characteristically transformed 
cells were observed and D N V antigens could be detected in their nuclei 
by immunofluorescence. Similar results were obtained with rat embryo 
cells (Kurs tak and Onji, 1972) (Fig. 9). In addition to D N V antigens, 
R N A type C particles were also evident in electron micrographs of 
these t ransformed cells. The i r significance, possible latency, and activa-
tion by D N V and relation to the transformation phenomenon are not 
currently unders tood. 

V. Conclusions 

This review has stressed the obvious similarities be tween adeno-as-
sociated satellite viruses and densonucleosis virus and the less obvious, 
but possibly even more important , differences both in their modes of 
genetic expression and their fundamental archi tecture. T h e spectrum of 
disease, both in the natural and artificial hos ts , ranges from complete ab-
sence of any clinical findings through abrogation of oncogenesis , t rans-
formation of t issue culture cells to fulminating disease with protean 
manifestations, and death. T h e r e is much still to be learned from these 
apparently contradictory states. T h e fact that a wealth of data has been 
accumulated on the satellite viruses is a bonus that should yield an abun-
dant harvest when applied to the densonucleosis agent. W e can expect 
to see the fruit of this harvest in the very near future. 
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T h e Epstein-Barr virus, the only virus of man that has been consis-
tently associated with certain human malignancies, poses a classic chal-
lenge, namely, the establishment of an etiologic relation between virus 
and neoplasia. In this chapter I review the evidence mainly from this 
laboratory that sets forth the relation between the Epstein-Barr virus 
and human cells and t issues. O n e way out of the di lemma of distin-
guishing between association and a causal relation is by an under-
standing of the molecular interaction between the viral genome and the 
mammalian D N A . T h e techniques elaborated recently to detect and 
to quanti tate the viral D N A of the Epstein-Barr virus in cells help in 
that they provide an insight also into mechanist ic aspects of the inter-
action between virus and cell. In other words , the presence of the viral 
genome in a given t issue is significant, but the demonstra t ion of a con-
sistent state of the viral genome in relation to the cellular chromosome 
in biophysical terms establishes a second level of significance to the 
association of virus and cell. Work in this latter area is jus t beginning. 

I. The Virus 

T h e Epstein-Barr virus is the most recently discovered member of the 
group of human herpes-type viruses that include the herpes simplex 
viruses, varicella-zoster virus, and the human cytomegaloviruses (Ep-
stein et ai, 1964). All are large DNA-conta in ing viruses with an outer 
lipid-containing envelope and a nucleocapsid with 162 capsomeres 
(Hummeler et ai, 1966). T h e core of the Epstein-Barr virus is believed 
to contain linear double-stranded D N A of molecular weight 100 X 10

6 

dal tons, although this value has not yet been firmly established. T h e den-
sity of the viral D N A is 1.718 gm/cm

3
, making the guanine + cytosine 

content of the genome 5 8 % (Weinberg and Becker, 1969; zur Hausen 
and Schul te-Holthausen, 1970; N o n o y a m a and Pagano, 1971). There is 
some evidence that the viral D N A contains a number of single-stranded 
nicks in either strand in the native state (Nonoyama and Pagano, 1972a), 
but these strand interruptions may be introduced upon extraction and 
storage of the virus or its D N A . 

T h e virus is obtained from virus-producing cultures of a lymphoblas-
toid line of cells ( H R 1 K ) derived from a Burkit t 's lymphoma. These 
cells when maintained in cont inuous culture discharge virus into the ex-
tracellular fluid. T h e cells grow with clumping in suspension in sta-
tionary cul tures, with a doubling t ime of approximately 24 hours despite 
the fact that the cells that produce virus are killed. This apparent 
paradox is explained by the fact that only a fraction of the cell popula-
tion is producing virus at a given t ime, although all of the cells probably 
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carry the viral genome as shown by cloning exper iments . Between 7 % 
and at most 1 1 % of the cells display viral capsid antigen by im-
munofluorescent staining. Approximately 7 % of the cells show evidence 
of viral D N A replication by the in situ cytohybridizat ion technique 
carried out by hybridization of virus-specific complementary R N A to 
the cellular D N A and autoradiography (Fig. 1). 

It appears that viral replication involves a transition from a latent 
state of the genome in a majority of the cell population to the virus-
producing state. The re is a balance; cells in which the genome is in the 
repressed state are able to divide, and the culture cont inues despite the 
product ion of virus. 

Other virus-producing lymphoblastoid cell lines are available, but 
none yields as much virus as do the H R I K cells which are a subline of 
the P 3J cells (Hollinshead et al., 1971). Product ive lines include some 
derived from the peripheral blood of patients with infectious mononu-
cleosis as well as from other expiants of Burkit t 's lymphoma. 

FIG. 1. Cytohybridization with Epstein-Barr viral complementary RNA in the HR I K 
line of Burkitt's lymphoma lymphoblastoid cells. EBV cRNA (2 x 105 cpm; specific activ-
ity, 107 cpm/^g) was hybridized to the DNA of the isolated nuclei for 22 hours at 66°C 
after the cellular DNA had been denatured in situ by dipping in sodium hydroxide. The 
preparation was washed extensively with buffered solutions and treated with RNase to 
remove nonspecifically bound cRNA before autoradiography (from Pagano and Huang, 
1974). 
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Recently a line of simian leukocytes that sheds a large amount of virus 
has been described by Miller et al (1972) and Miller and Lipman 
(1973). This cell line (B95-8) was established by transformation of mar-
moset leukocytes with extracts of a lymphocyte line from a patient with 
posttransfusion mononucleosis . W e are studying the degree of homol-
ogy between the virus shed from these cells and virus from H R 1 K cells 
because of the possibility that the virus harvested from the B95-8 cells 
may contain a simian agent related to E B V but indigenous to the mar-
moset leukocytes . Another possibility is that these cells are replicating 
the original infecting "mononucleosis v i rus" which differs from the stan-
dard H R I K virus. 

With the agar pseudorepl ica technique for quanti tat ion of virus par-
ticles by electron microscopy (Sharp, 1960), we have found that there 
are higher yields from the marmoset line, B95-8. T h e yield of particles 
appears to be ten times greater than from a comparable volume of t issue 
culture fluid from the H R I K cells. 

With the same counting technique we are now comparing the recovery 
of viral particles from H R I K cells at the earlier stages in two purifica-
tion procedures . T h e EBV-containing fluids are harvested after a tem-
perature shift to 32°C for 10 days and then clarified by low-speed cen-
trifugation. In the next step, pelleting in the T 1 9 rotor (Beckman), there 
is some difficulty with quantitation of virus because of clumping. If con-
centrat ion by centrifugation in the cont inuous flow rotor (CF32) is sub-
stituted for this step there is little clumping of part icles, and the recovery 
of virus appears to be improved. T h e final step of purification is centrifu-
gation through a sucrose gradient (Nonoyama and Pagano, 1971). A 
newer method devised for purification of human cytomegalovirus in-
volving centrifugation on a preformed gradient of CsCl appears to be a 
promising way of reducing carryover of cellular D N A (Huang et al, 
1973). 

II. Viral DNA 

T h e release of viral D N A from the virus particles and the purification 
of the viral D N A have been described (Nonoyama and Pagano, 1971). 
W e have had little success with the use of D N a s e to rid the viral par-
ticles of cellular D N A before extract ion; there is substantial loss of viral 
D N A even when apparently intact virions are exposed to enzyme, and 
the D N a s e is then inactivated with S D S before extraction of the viral 
D N A with pronase . 
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T h e liability of the viral D N A to shearing and its scarcity (only 6 to 
10 ^ g of viral D N A from 20 to 40 liters of tissue culture fluid) has de-
terred exact characterizat ion of the D N A . 

III . Techniques of Nucleic Acid Hybridization 

A. Complementary RNA-DNA Hybridization on Membrane Filters 

Synthesis of virus-specific c R N A is carried out in vitro with D N A -
dependent R N A polymerase from E. coli on a template of pure Epstein-
Barr viral D N A . About 4 - 5 ^ g of viral D N A is needed, and we prefer 
synthesis t imes limited to 2 hours . T h e purified polymerase contains σ 
factor. T h e radioactive label is tritiated uridine nucleoside t r iphosphate ; 
we are experimenting with the use of all four labeled nucleoside tr iphos-
phates in order to increase the specific activity of the c R N A , which 
usually ranges be tween 7 and 10 x 10

6
 cpm/^g . W e have not determined 

the percentage of the genome that is t ranscribed by the bacterial poly-
merase , nor do we know whether some regions of the genome are under-
or over-represented in the t ranscripts . H o w e v e r this does not preclude 
the use of these preparat ions of c R N A not only as probes but also for 
estimation of number of genome equivalents based on reconstruct ion 
curves . T h e c R N A is used for hybridization with known quantit ies of 
unlabeled viral D N A mixed with unlabeled carrier D N A after dena-
turation and fixation on membrane filters. T h e est imates based on this 
type of reconstruct ion curve are in good agreement with the exact quan-
titation of viral D N A that is provided by D N A - D N A renaturat ion 
kinetics analyses (see Section I I I ,C) (Nonoyama and Pagano, 1973). 

T h e c R N A - D N A hybridization technique is convenient because it is 
relatively easy to perform, quite reproducible , and does not require large 
amounts of cellular D N A from the t issues or cells under test. T h e test is 
most useful when the average number of genome equivalents per cell is 
above three or four. T h e limits of sensitivity of the test are in the vicinity 
of 1 to 2 genomes per cell. A t this level there is ambiguity because of 
background radioactivity from residual c R N A or nonspecific hybridiza-
tion. 

B. Cytohybridization in Situ with cRNA 

In this technique adapted from Gall and Pardue (1971) and Jones 
(1973) and described in Huang et al. (1973) and Pagano and Huang 
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(1974) smears of cells or tissue sections that have been fixed to slides 
with glacial acetic acid are exposed briefly to alkali under conditions that 
make denatured cellular D N A available for hybridization with the virus-
specific c R N A without severe disruption of the cytoarchi tecture. After 
extensive washing and R N a s e t reatment to remove residual nonhybri-
dized c R N A , an autoradiogram is prepared to disclose the intracellular 
location of both virus and viral D N A . This technique can obviously 
yield unique information not possible with membrane hybridization. T h e 
power of the technique is in the localization to site and not in its sensi-
tivity. H o w e v e r if the viral D N A is confined to a few cells in a popula-
tion, then the technique may be relatively sensitive, since the membrane 
hybridization technique averages the D N A extracted from the whole 
population of cells, whether they contain viral D N A or not. We are 
experimenting with technical variations to increase the sensitivity and 
enable rapid screening for the presence of virus or viral D N A both in 
Epstein-Barr virus and cytomegalovirus systems. 

C. DNA-DNA Renaturation Kinetics Analyses 

This technique requires pure viral D N A of high specific radioactivity. 
Since viral D N A of specific activity above 5 x 10

4
 cpm/ju,g is difficult to 

prepare in the cell cultures (radioisotopes other than tritium are imprac-
ticable because of the large volume of culture fluid), we devised a tech-
nique for labeling the viral D N A in vitro (Nonoyama and Pagano, 1973). 

T h e pure viral D N A is first t reated with low concentrat ions of pan-
creatic D N a s e I in order to introduce single-stranded nicks. T h e viral 
D N A is then labeled by repair synthesis with R o m b e r g ' s D N A poly-
merase I, fraction V I I (Jovin et ai, 1969) (termed fraction I X by 
Richardson et ai, 1964) in the presence of tritiated thymidine tr iphos-
phate and the other unlabeled t r iphosphates . D N A replication proceeds 
by 3 ' polymerization and 5 ' -exonuclease activity at the nicked points. 
T h e reaction is carried out at relatively low tempera ture (17°-19°C) in 
order to prevent branching and redundancy. U n d e r these conditions 
replication is restricted to the filling in of the gap produced by D N a s e I 
and extended by the 5 ' -exonuclease activity of the repair enzyme. A 
comparison of the repaired D N A and the D N A labeled in the cell cul-
tures did not disclose altered velocity sedimentat ion propert ies , but 
more precise experiments to determine the character of the D N A la-
beled in this way are in process . T h e label is assumed to be evenly dis-
tributed throughout the genome because D N a s e I produces random 
nicks. T h e specific activity of the labeled D N A obtained by this tech-
nique is in the range of 3 to 4 X 10

6
 cpm/jug. T h e D N A is fragmented by 
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sonic vibrations to ~ 5 S (1 to 2 X 10
5
 daltons) before use in the rena-

turat ion assay. 
T h e procedure for renaturat ion kinetics analysis has been described 

for Epstein-Barr virus and also for cytomegalovirus ( N o n o y a m a and 
Pagano, 1973; Kawai et ai, 1973; H u a n g et ai, 1973). T h e principle of 
the method is that after denaturat ion a precisely defined amount of tri-
tiated viral D N A in a low concentrat ion is allowed to renature (Kohne 
and Britten, 1971). T h e renaturat ion follows characterist ic kinetics de-
pendent on the concentrat ion of homologous D N A , so that the effects of 
various added cellular D N A ' s can be analyzed by the deflection of the 
slope of the renaturat ion of the index D N A that they produce . T h e 
unreannealed and duplex molecules are separated by elution at different 
salt concentra t ions from small hydroxyapat i te columns at 60°C: 0.14 M 
phosphate buffer for single-stranded and 0.4 M buffer for double-
stranded D N A . T h e hydroxyapat i te must be screened by product ion 
lot; some lots give much bet ter separation. 

Double- and single-stranded D N A can also be distinguished by diges-
tion with the S I enzyme, a single-stranded exonuclease derived from A s-
pergillus oryzae, or by the single-stranded nuclease with similar activity 
from Neurospora crassa. T h e s e enzymes not only digest unrenatured 
s t rands, but also a t tack the single-stranded regions of imperfect duplex 
molecules, so that the use of the enzyme provides a more exact measure 
of homology be tween D N A species than does hydroxyapat i te chroma-
tography. T h e enzyme preparat ion must be screened for at least 9 5 % 
preference for single-stranded nucleic acid (Huang and Pagano, 1974). 

T h e technique of D N A renaturat ion kinetics has great power by 
virtue of its sensitivity (as little as 0.1 viral genome with index D N A of 
sufficiently high specific activity and 2 mg of test cell D N A ) and its 
specificity. When related or identical species of nucleic acids are com-
pared up to 9 5 % homology can be established, but with double-stranded 
D N A there is an inevitable 5 % ambiguity. This is due to slight double-
stranded D N a s e activity in the SI enzyme, imperfect separat ion of 
single and double s t rands by chromatography, slowing of the reaction 
when the very dilute concentra t ions of index D N A needed for u tmost 
sensitivity are being used, and self-annealing of the index viral D N A . 
T h e r e may also be small s t re tches of mismatching of bases be tween 
homologous sequences which would be protected from digestion even 
with S I enzyme. This problem is diminished by fragmentation of the 
D N A to small pieces , for example , 10

5
 dal tons . 

T h e analysis can also be used to determine fractional homology 
between D N A species, but if the degree of homology is less than 5 % , 
heteroduplex formation is a more sensitive technique, although more 
cumbersome because it requires electron microscopy. 
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T h e kinetic hybridization technique also permits the determination of 
the presence of specific fractions of the viral genome. F o r this type of 
analysis the equation Do\Dt = 1 + Κ Cot, in which Do is the original 
concentrat ion of single-stranded D N A and Dt is the remaining single-
stranded D N A at a point in t ime, is used in order to permit this second 
order reaction to be plotted as a straight line. Do\Dt = 2 indicates that 
5 0 % of the molecules have been reannealed (the Cot50 value in the con-
ventional plot). T h e point at which the straight line of renaturat ion is 
interrupted signifies the percentage of the genome that is present . 

T h e existence of a fraction of the viral genome can be discerned by a 
careful analysis of the early points in the time course of the renaturat ion, 
since the presence of any viral sequences in excess of those of the index 
D N A is reflected in an initial acceleration of the renaturat ion of the 
index D N A . F r o m work with similar analyses of human cervical car-
cinomas for the presence of herpes simplex viral D N A type II we es-
timate that it is possible to detect the presence of as little as 2 0 % of the 
viral genome (N. S.-T. Chen , E.-S. Huang, J. Shaw, and J. S. Pagano, 
unpublished). 

IV. Interactions of the Viral Genome in Various Tissues 

A. African Burkitt's Lymphoma 

In order to determine the relation of the Epstein-Barr virus to Bur-
kitt 's lymphoma, we employed the c R N A - D N A hybridization tech-
nique to search for viral D N A directly in malignant t issues obtained at 
biopsy (Nonoyama et ai, 1973). Such tissues give no clue to the pres-
ence of virus by electron microscopy or by immunofluorescent staining 
for viral antigens, although if cell lines are established from the t issues 
they often, but not always, disclose the virus. W e chose to study the 
original malignant t issue rather than cell lines derived from it in order to 
avoid disturbing the latent relation between virus and cell, since reac-
tivation of the genome was likely to occur under cultural condit ions. 

Our findings to date , summarized in Table I, indicate that 24 of 26 
specimens of the Burkit t 's t issue, obtained from S. Singh of the Ken-
yatta Nat ional Hospi tal through a collaboration with Professor George 
Klein, Stockholm, disclosed the presence of Epstein-Barr virus D N A in 
appreciable amounts ranging from 113 to 5 genome equivalents per cell 
on the average. One of the two negative specimens (from the patient 
Faus ta Mswema) was also tested by the D N A - D N A renaturat ion kinet-
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ics analysis, which confirmed the absence of viral D N A (less than 0.4 
genome) (Kawai et ai, 1973). Both this specimen and the other negative 
specimen (from the patient Josephine Adiambo) also did not contain the 
Epstein-Barr virus-specific complement-fixing antigen as detected by an 
indirect fluorescent technique (the Epstein-Barr nuclear antigen or 
" E B N A " test) (Reedman and Klein, 1973). T h e specimen from the first 
patient was from the ovary , and the patient had a high serum antibody 
titer to viral capsid antigens as did the second negative patient. It is pos-
sible that the case of F . M. was atypical in that there was extensive infil-
tration of the bone marrow with neoplastic cells, and there is a similar 
question about the second patient. 

When all the specimens of African Burkit t 's lymphoma, tested either 
in this laboratory or in zur H a u s e n ' s by c R N A - D N A hybridization (zur 
H a u s e n et ai, 1972) or in Klein 's laboratory by the E B N A tests , were 
summed up only 2 of 91 failed to disclose direct evidence of the pres-
ence of the Epstein-Barr viral genome (G. Klein, personal com-
munication). 

B. African Nasopharyngeal Carcinoma 

This malignancy is also associated with high Epstein-Barr virus an-
tibody titers in patients with the disease (Henle et ai, 1970b). Being a 
carcinoma, the malignant cells are of epithelial origin, but the neo-
plasm is also heavily infiltrated with lymphocytes . T h e association of 
the tumor with the Epstein-Barr virus is of particular interest because 
the virus otherwise has an exclusive association with lymphoid tissue. 

A s shown in Table I I the associat ion of the viral D N A with this 
malignancy is as consistent as with the Burkit t ' s lymphoma, 32 out of 38 
specimens having been shown to harbor the viral D N A in amounts 
ranging from 85 to 5 genome equivalents . W e have retested at least one 
of the nasopharyngeal carc inoma specimens without Epstein-Barr viral 
D N A by D N A - D N A renaturat ion kinetics and again failed to detect 
viral D N A (Kawai et ai, 1973). O n the other hand, the homologous 
D N A in a positive specimen of nasopharyngeal carc inoma selected at 
random bore at least 9 0 % identity to the viral D N A of Burkit t 's lym-
phoma (Nonoyama and Pagano, 1973). 

It now appears that if only those specimens of nasopharyngeal car-
cinoma independently confirmed as meeting the histopathologic criteria 
for the disease are tested and the o thers , for example those without 
tumor infiltrate, are excluded, 100% of the specimens of nasopharyngeal 
carc inoma contain Epstein-Barr viral D N A by c R N A - D N A hybridiza-
tion (H. zur Hausen , personal communicat ion) . 
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TABLE I

Epstein-Barr Viral DNA in African Burkitt's Lymphoma":"

Serum antibody titers
cpm hybridized/ No. of EBV genome

Patients KCC No. tests 50 JLg DNA equivalents/cell VCA EA-D EA-R

I.R. 1225 2 4311 113 1280 320
P.A. 1343 2 3381 92 1280 80
0.0. 1349 2 2148 57 180 20 320

1 1054 23
0.0. 2 1197 27 ~

K.K. 1464 2 2027 52 160 <10 0
00

N.B. 1315 2 1818 48 640 -- 160 c <10 80 m
~

M.C. 1260 2 1877 47 320 -- 160 <10 80 :t:
R.W. 1166 2 1761 45 640 -- 160 10 -- 40 40 sn
A.M. 2 1490 38 ~

N.K. 1393 2 1482 38 40 <10 :>
0

K.S. 1364 2 1451 37 320 <10 160 :>
Z

M.N. 2 1413 36 0



0.0. 1373 2 1415 36 640 <10 320 ~
M.A. 1367 2 1365 34 1280 320 trl

2 910 22 ~
(J'J

A.O. 1311 2 1363 34 640 10 - 20 160 - 320
...,
trl

M.N. 1223 2 1160 26 640 - 1280 80 - 320 Z
J.C. 1305 2 1055 25 640 - 80 10 - 40 160 - 320 I

t:;g

s.o- 1442 2 793 18 160 <10 160 >:;:g
N.K. 1397 2 693 15 320 <10 160 :;:g

P.N. 1413 4 242 4 160 <10 <10 <:
F.M.d 1143 4 152 <2 640 - 2560 20 - 40 160-320 ;a

>J.A.d 1450 2 102 <2 320 <10 <10 ~

O.S.O. 1513 1 401 7 160 10 10 0
F.K. 1517 1 356 5 10 <10 <10 trl

Z
s.o- 1442 1 389 6 0

~

a Data from J. S. Pagano, G. Klein, and S. Singh. Published in part in Nonoyama et a/. (1973).
trl

b Tissue obtained at biopsy.
C Titers given as a range are from sera collected over a period of months.
d F.M., is Fausta Mswema; J.A., Josephine Adiambo.
e Same patient.

00
\0
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TABLE II

Epstein-Barr Viral DNA in Tissues From Nasopharyngeal Carcinoma":"

Serum antibody titers
cpm hybridized/ No. of EBV genome

Patients KCC No. tests 50 J.tg DNA equivalents/cell VCA EA-O EA-R

R.K. 1444 2 3131 85 160 <10 40
D.R. 1452 2 1813 46
J.A. 2 1018 24
K.M. 1434 2 983 23 160 20 20
M.E. 2 901 20 1280 160
W.M. 2 935 20
O.K. 2 911 20 640 160
K.T. 1232 2 801 17 640 -- 1280c 320
K.C. 1278 4 786 16 c...

K.M. 1268 2 710 14 320 -- 160 40 320 -- 160
0
00

N.K. 1262 2 675 13 640 -- 320
tTl
~

J.A. 1326 2 661 13 2560 1280 ::c
K.A. 4 476 8 ~

M.K. 1279 4 442 7 160 20 -- 40 -e
>R.K. 2 358 5 0

A.D. 1352 4 352 5 320 <10 >
Z

N.R. 1433 2 342 5 160 20 -- 40 0



M.P. 2 348 5 160 <10 <10 ~
N.M. 2 178 <2 m
E.W. 1385 2 158 <2 160 I-d

~

B.M. 4 161 <2 80 <10 <10 ~m
J.N. 4 138 <2 40 <10 <10 Z
C.M. 2 141 <2 I

t:x:l
T.M. 1402 2 481 10 >:=
S.N. 1472 2 819 18 :=
O.A. 46341 2 760 16 1280 -- 2560 320 640 -e
M.W. 1511 1 978 23 ~OJ. 1515 1 672 13 640 160 r-
K.N. 1516 2 126 <2 0
J.O. 1494 2 1238 30 m

Z
J.K. 1496 2 1036 25 0
LA. 1495 1 356 5 ~

m
C.G. 1377 1 1080 27 320 80 -- 320
M.M. 1497 2 714 14
J.O. 1494 1 513 12
J.K. 1496 1 956 22
LA. 1495 1 504 11
M.M. 1372 1 348 5 640 -- 1280 <10 80

a From J. S. Pagano, G. Klein, and S. Singh. Published in part in Nonoyama et ale (1973).
b Tissue obtained at biopsy.
c Titers given as a range are from sera collected over a period of months.
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TABLE III

Epstein-Barr Viral DNA in Tissues from African Tumors":"

No. of EBY
cpm genome Serum antibody titers

No. hybridized/ equivalents/
Patients KCC Disease tests 50 J1.g DNA cell YCA EA-D EA-R

P.W. Adenocarcinoma (mandible) 2 1782 45
J.M. 1265 Melanoma (nose) 4 581 11 840 320
N.M. Carcinoma (antrum) 2 391 6 320 < 10 <10
S.N. 1408 Reticulum cell sarcoma 2 574 11 1280 320
T.M. 1419 Adenocarcinoma (mandible) 2 399 6
C.S. 1237 Carcinoma (maxilla) 4 151 <2 20 <10 <10
N.M. 1423 Carcinoma (maxilla) 4 161 <2 320 <10 80 -- 160
S.N. Cervical lymph node

(tuberculous) 4 143 <2 160 <10 <10
M.K. Carcinoma (antrum) 2 158 <2 20 < 10 <10
G.M. 1439 Carotid body tumor 2 131 <2 20 <10 <10
N.N. Carcinoma (leg) 2 152 <2
M.M. 1334 Epidermoid carcinoma

(nose) 2 128 <2 20 <10 <10
N.M. Carcinoma (maxilla) 2 148 <2 c....

0
D.N. 1240 Myosarcoma (maxilla) 2 169 <2 10 -- 40 VJ

G.M. 1104 Leukemia 2 153 <2 80 <10 <10
rn
~

M.N. Malignant lymphoma 2 171 <2 640 <10 <10 ::c
N.N. Carcinoma (esophagus) 2 132 <2 <10 <10 <10 ~

W.W. 1461 Lymphoblastic lymphoma ~

>(mandible) 2 145 <2 20 <10 <10 a
A.M. 1455 Squamous cell carcinoma >

Z
(mandible) 2 167 <2 20 <10 <10 0



R.S. Carcinoma (tongue) 2 147 <2 320 <10 <10 ~
J.M. 1400 Lymphosarcoma (mandible) 2 143 <2 160 <10 <10 tt1
M.K. 1424 Carcinoma (tonsil) 4 157 <2 40 <10 <10 ""C

00

C.M. 1264 Lymphoblastic lymphoma 2 147 <2 40 ~
tt1

K.M. Carcinoma (maxilla) 2 153 <2 Z
N.M.A. 767/72 Malignant sarcoma (orbit) 2 147 <2 I

t:=
K.M. 1474 Adenocarcinoma (cystic) 2 118 <2 >

~
W.J. 1484 Squamous cell carcinoma 2 148 <2 ~

M.L. 1489 Carcinoma (antrum) 2 123 <2 <=
M.N. 1433 Squamous carcinoma 2 119 <2 ~M.M. 1493 Squamous carcinoma r-

(tongue) 2 107 <2 0
W.M. 47443 Squamous carcinoma 1 115 <2 tt1

Z
F.N.c 1499 Squamous carcinoma 1 146 <2 160 <10 <10 0
M.W. 33905 Carcinoma (tongue) 1 133 <2 ~

tt1
K.N. 1510 Squamous carcinoma

(mandible) 1 153 <2
F.N.c 1499 Squamous carcinoma 1 110 <2
K.A. 34989 Squamous cell carcinoma 1 117 <2
N.N. 1479 Carcinoma (tonsil) 1 125 <2
K.T. 1482 Carcinoma (antrum) 1 171 <2 80 <10 <10
M.E. 1476 Squamous carcinoma 1 143 <2

Raji Burkitt lymphoma line, 4 2323 60
non-virus-producing,
established in vitro

HEp2 Human fibroblastic cells, 6 152 ± 23
established in vitro

a From J. S. Pagano, G. Klein, and S. Singh. Published in part in Nonoyama et al. (1973).
b Tissue obtained at biopsy.
C Same patient. \0

w
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Wolf et al. (1973) have evidence obtained by the cytohybridization 
technique that the viral D N A in the tumor tissue appears to be located 
predominantly, if not exclusively, in the epithelial (carcinomatous) ele-
ments , and these cells also appear to contain viral antigen determined by 
the E B N A test. This important result requires confirmation, and similar 
studies are under way in this laboratory. 

C. Other African Tumors 

We have tested a variety of other malignant t issues from sarcomas, 
carcinomas, and lymphomas for the presence of Epstein-Barr viral D N A 
by c R N A - D N A hybridization. These t issues came from patients from 
the same region of Kenya, and several (5 of 39) of the specimens con-
tained Epstein-Barr viral D N A (as shown in Table I I I ) . With a single 
exception the amount of viral D N A tended to be somewhat lower than 
in the Burkit t 's lymphoma or nasopharyngeal carcinoma. A determina-
tion of the degree of homology of the D N A in one of the specimens to 
the D N A from the H R I K virus did not disclose a difference (Kawai et 
al., 1973). It will be important to determine the biophysical state of the 
viral genome in these tissues in which the Epstein-Barr virus is only oc-
casionally, rather than consistently, detected. Also , mistaken diagnoses 
are a real possibility. 

TABLE IV 

Tests for Epstein-Barr Viral DNA in Peripheral Lymphocytes from Kenya"'' 

No. of EBV 

Patients Code no. Diagnosis 

cpm genome 
No. hybridized/ equivalents/ 
tests 50 μg DNA cell 

J.A. 39656 Burkitt's lymphoma 
K.N. 2718/72 Burkitt's lymphoma 
P.O.

c
 KCC1459 Burkitt's lymphoma 

P.O.
c
 KCC1459 Burkitt's lymphoma 

P.O.
c
 KCC1459 Burkitt's lymphoma 

J.W. KCC1484 Carcinoma, meatus 
N.W. 57937 Sarcoma (orbit) 

112 
104 
137 
157 
178 
108 
163 
139 
188 

< 2 
< 2 
< 2 
< 2 
<2 
<2 
< 2 
<2 
< 2 

M.N. 29150 Carcinoma (palate) 
M.M. 37102 Squamous carcinoma (tongue) 

a
 From J. S. Pagano, G. Klein, and S. Singh (unpublished). 
b
 30-40 μ% leukocyte DNA tested in each case. 

c
 Same patient. 
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W e have also examined a number of samples of leukocytes collected 

from the peripheral blood of African patients , but we have not detected 

Epstein-Barr viral D N A thus far (Table IV) . 

D. American Tumors 

Assor ted specimens from patients in the Uni ted States with various 

malignancies have also been tested. These t issues come from the Sloan-

Kettering Insti tute through Dr . Yasha r Hirshaut . As shown in Table V, 

none of the 19 specimens, whether tested by c R N A - D N A hybridization 

or D N A - D N A renaturat ion kinetics analyses , harbor detectable Ep-

stein-Barr viral D N A . W e have not yet tested the lymphocyte-depleted 

form of Hodgkin ' s disease. 

TABLE V 

Lack of Detectable Epstein-Barr Viral DNA in Tumors of American Origin 
Tested by DNA-cRNA or by DNA-DNA Renaturation Kinetics" 

No. of EBV 

Patients 
Code 
No. Disease 

cpm 
hybridized/ 

50 μ% DNA 

genome 
equivalents/ 

cell 

S.S. 
S.S. 
A.L. 
E.K. 
E.V. 
Y.C.N, 
E D . 

Ti784T 
Ti767T 
TÎ740T 
Ti678T 
ΤΪ684Τ 
ΤΪ662Τ 
TÎ754T 
TÎ780T 
Ti775T 
TÎ794T 
Ti742T 
TÎ730T 
TÎ760T 
TÎ817T 
TÎ802T 
TÎ801T 
Ti690T 
Ti748T 
TÎ805T 

Lymphoma 
Lymphoma 
Carcinoma, laryngeal 
Mammary carcinoma, metastatic 
Recto-sigmoid carcinoma 
Carcinoma of parotid 
Carcinoma (neck) 
Giant cell tumor 
Malignant teratoma 
Carcinoma, parotid 
Hodgkin's disease 
Hodgkin's disease 
Hodgkin's disease 
Hodgkin's disease 
Hodgkin's disease 
Hodgkin's disease 
Malignant melanoma 
Malignant melanoma 
Malignant melanoma 

117 
138 
115 
127 
116 
129 
118 
140 
119 
102 

< 2 
< 2 
< 2 
< 2 
< 2 
< 2 
< 2 
< 2 
< 2 
< 2 
<0.4 
<0.4 
<0.4 
<0.4 
<0.4 
<0.4 
<0.4 
<0.4 
<0.4 

C. son 
J.K. 
L.D. 
W D . 
D.McC. 
L.N. 
R.W. 
J.M. 
W.P. 
K.S. 
J.I. 
M.DeD. 

a
 From J. S. Pagano and Y. Hirshaut (unpublished); see also Fig. 2. 
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TABLE VI 

Lack of Epstein-Barr Viral DNA in American Burkitt's Lymphomas 
Analyzed by DNA-DNA Renaturation Kinetics" 

Patients Code No. Tissue EB viral DNA 

R.McC BRL 2613 Kidney <0.4 
R.McC. BRL 2618 Spleen <0.4 
R.McC. BRL 2619 Tumor <0.4 
K.W. 1649 Ρ Omentum <0.4 
M.D. None Liver <0.4 
M.D. BRL 1512 Liver <0.4 
T.O. BRL 2879 Liver <0.4 
T O . BRL 2880 Spleen <0.4 

" From Pagano et al., 1973b; see also Fig. 2. 

40 

30 

American tumors: 

Hodgkin's disease and Melanoma 

3.0 

2.0 

American Burkitt's lymphoma 

Control level of EBV DNA 0.4 

FIG. 2. (a) Analysis of the cellular DNA of American malignancies for Epstein-Barr 
viral DNA by D N A - D N A renaturation kinetics. The index radiolabeled DNA (0.02 /i,g 
of purified tritiated EBV DNA, equivalent to 0.4 genome) was renatured in the presence 
of 2 mg of cellular DNA from three tissue specimens of malignant melanoma (Δ) or six 
specimens of Hodgkin's disease (O). The rate of renaturation of the index DNA was unaf-
fected, (b) The DNA (2 mg) from eight specimens of tumor-infiltrated tissue from four pa-
tients (see Table VI) with American Burkitt's lymphoma was analyzed under the same 
conditions as in (a). Double-stranded and single-stranded DNA were separated by hydroxy-
apatite chromatography. There was no detectable viral DNA (less than 0.4 genome) in 
the tissues. From Pagano et al. (1973b). Reprinted by permission from N. Engl. J. Med. 
289, 1395. 
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E. American Burkitt's Lymphoma 

Since the association of Epstein-Barr virus with malignant condit ions 
seems to be restr icted to Africa thus far, the rare Amer ican specimens of 
Burkit t 's lymphoma have a special importance. T h e material that we 
studied was from cases regarded by the Amer ican Burkit t 's L y m p h o m a 
Registry Board of the Nat ional Cance r Inst i tute , Bethesda as histologi-
cally indistinguishable from the African variety of Burkit t 's lymphoma 
(Table VI ) . T h e disease in the Uni ted States perhaps exhibits t i m e -
space clustering, an epidemiologic feature characterist ic of the tumor in 
Eas t Africa and suggestive of a transmissible etiology, although the rar-
ity of cases makes the definition of epidemiologic pat terns difficult in the 
Uni ted States . 

T h e eight specimens of t issue, most of them infiltrated with tumor 
cells, from four patients contained no detectable Epstein-Barr viral 
D N A (less than 0.4 and probably less than 0.2 genome per cell) when 
tested by D N A - D N A renaturat ion kinetics analyses (Fig. 2). Analyses 
of the renaturat ion of three concentra t ions of the radiolabeled index 
D N A , as well as Raji cell D N A (a non-virus-producing cell line known 
to contain a fixed amount of Epstein-Barr viral D N A ) and examples of 
African Burkit t 's lymphoma and nasopharyngeal carcinoma, are shown 
by way of contrast (Figs. 3 , 4 , and 5). A s shown in earlier publications 
the addition of either H E p - 2 , H e L a cell, calf thymus , or E. coli D N A 
had no effect on the course of renaturat ion of the purified labeled viral 
D N A (Pagano et ai, 1973b; Kawai et al.y 1973). T h e total D N A con-
centrat ion in the renaturat ion reaction mixtures is equalized by the addi-
tion of one of these inert D N A ' s , usually calf thymus . 

T h e antibody titers in these 4 patients were not especially high, 1:40, 
1:160, 1:160, and < 1 : 1 0 . 

F. Nasopharyngeal Carcinomas from Other Regions 

This tumor is widely distributed, especially among persons of Asiatic 
origin. In contrast to patients with Burkit t 's lymphoma, patients with 
nasopharyngeal carc inoma in par ts of the world o ther than Africa also 
have high antibody titers to viral capsid antigens of the Epstein-Barr 
virus. It is most important to determine whether these t issues from non-
African sources contain Epstein-Barr viral D N A , and such studies are 
in progress . W e have preliminary evidence that t issues from naso-
pharyngeal carc inoma from Tunis and Taiwan do in fact contain E B V 
D N A (J. S. Pagano, G . de T h é , and C. S. Yang, unpublished). 
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FIG. 3. D N A - D N A renaturation kinetics analysis of Epstein-Barr viral DNA. The 
kinetics of reannealing of different concentrations of the same radiolabeled Epstein-Barr 
viral DNA shown in Fig. 2 was determined in the presence of E. coli DNA (Ο) or HEp-2 
DNA (• ) . Doubling and quadrupling of the amount of tritiated viral DNA in the system 
gave proportional increases in the kinetics of renaturation of the index DNA. The Cot50 

for 0.4 genome (0.02 /xg) was 5.76 x 10~
2
 mole second/liter; for 0.8 genome (0.04 μg), 

2.88 x 10"
2
mole second/liter; and for 1.6 genome (0.08/xg), 1.44 x 10~

2
mole second/liter. 

The total DNA concentration in each reaction mixture was equalized by the addition of E. 
coli DNA to 2 mg. The results established that as little as 0.2 of the viral genome in 2 mg 
of cellular DNA is detectable. 

G. Epstein-Barr Virus and Lymphocytes 

Direct and indirect evidence (summarized by Klein, 1972) suggests 
that human lymphocytes cannot be maintained in cont inuous culture in 
vitro unless the Epstein-Barr viral genome is present . W e have tested by 
c R N A - D N A hybridization a number of lymphoblastoid cell lines es-
tablished from the peripheral blood. These cell lines were from J. Mino-
wada. All except one of the immunoglobulin-synthesizing lines con-
tained Epstein-Barr viral D N A in amounts ranging between 510 and 5 
genome equivalents regardless of whether there was other evidence of 
the presence of the virus (Table V I I ) . T h e single cell line without detect-
able Epstein-Barr viral D N A ( R P M I 8226) turns out to be of plasma 
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FIG . 4. Analysis of the Raji non-virus-producing cell line for its Epstein-Barr viral DNA 
content. The conditions were the same as in Figs. 2 and 3. Three concentrations of Raji 
DNA (40, 150, and 1000 μg) contain 1.2, 4.3, and 32 genomes, respectively. The amount 
of tritiated EBV DNA used as the index of renaturation was again 0.02 /ig, and the total 
DNA concentration was 2 mg, equalized by the addition of E. coli DNA. 

cell ra ther than lymphocyte origin; it is the so-called Simpson line 
(Minowada et al.y 1974). 

Therefore all lymphocytic lines with Β cell characterist ics that we 
have tested so far harbor Epstein-Barr viral D N A . Leukocytes taken 
from the umbilical cord of newborn infants cannot be established in cul-
ture unless they are first t ransformed by exposure to Epstein-Barr virus; 
the transformed lines then contain the viral genome. Lymphoblastoid 
cell lines originating from tissues of Burkit t ' s lymphoma are always of Β 
cell origin; the cells harbor Epstein-Barr viral D N A . 

Η. Β versus Τ Cells 

We have discovered that an additional lymphoblastoid cell line, the so-
called Molt cells, also does not harbor Epstein-Barr viral D N A . These 
cells are thymus derived in type, as shown by their capacity to provoke 



100 JOSEPH S. PAGANO 

FIG. 5. African Burkitt's lymphoma and nasopharyngeal carcinoma: representative anal-
yses by D N A - D N A renaturation kinetics. The conditions are the same as in the pre-
ceding figures. The nasopharyngeal carcinoma DNA (Δ) contained 9.6 EBV genomes in 
0.4 mg of cellular DNA (48 genomes/cell), and the Burkitt's lymphoma DNA (---) con-
tained 57 genomes in 2 mg of cellular DNA. 

roset te formation with sheep red cells and by surface membrane markers 
such as complement receptor sites. Cont inuous lines of lymphocytes of Τ 
cell origin are exceedingly rare , but recently we have had the opportu-
nity to study a clone of Τ cells derived from a line established from a 14-
year-old girl with acute lymphocytic leukemia. T h e cells were es-
tablished by Dr . George Moore with J. Minowada. Cell lines with Β cell 
characterist ics were established from the same patient. Table V I I I 
shows that all three clones of Β cell origin contained relatively abundant 
Epstein-Barr viral D N A as detected by c R N A - D N A hybridization, 
whereas the lymphocytic line of Τ cell origin did not (less than 2 genome 
equivalents). When retested by D N A - D N A renaturat ion kinetics analy-
ses (Fig. 6), the results were confirmed. The re was less than 0.4 and 
probably less than 0.2 genome of Epstein-Barr viral D N A in the Τ cell 
line as well as in the original Τ cell line (Molt-4). T h e plasma cell 
line (Simpson) is also shown in this figure, as is one of the Β cell lines 
in Table V I I I . 
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TABLE VII 

Epstein-Barr Virus DNA in Thymus-Independent (B) Lymphocyte Lines 
cRNA-DNA Hybridization

00 

No. of IG synthesis Membrane marker 

Virions Antigen EBV genome (λ or κ + δ, receptor site for 

Cell line (EM) (VCA) equivalents/cell γ, or μ) complement 

2 RPMI 7921 + + 510 + + 
3 RPMI 7711 + + 235 + + 
5 RPMI 7481 + + 87 + + 
6 NC-37 7 7 80 + + 
8 RPMI 7551 - + 60 + + 
9 RPMI 7851 + + 59 + + 

10 RPMI 6410 - - 45 + + 
11 RPMI 7281 + + 40 + + 
13 RPMI 5287 - + 34 + + 
14 B411-4 + + 30 + + 
15 RPMI 7881 + + 29 + + 
17 RPMI 1788 - - 27 + + 
18 RPMI 7841 - - 21 + + 
19 RPMI 8235 - 5 + + 
20 RPMI 8226

c 
— — < 2 +(λ only) 

a
 From J. S. Pagano and J. Minowada (unpublished; see Minowada et ai, 1974). 
b
 Rosette formation and membrane receptor site for IgG negative in all cells. 

c
 Myeloma cell line. 

TABLE VIII 

Four Lymphocyte Lines, Β versus Τ Cell Origin: cRNA-DNA Hybridization
00 

cpm hybridized/ No. of EBV genome 

Cell line 50 μg D N A
r equivalents/cell 

Controls 
Raji 1973,2444,2046 60 

HEp-2 210 

8422 (B) 7036 196 

8422 (B) 5746 160 

8392 (B) 5830 162 

8402 (T) 62 < 2 

n
 From J. S. Pagano, J. Minowada, and G. Moore (unpublished). 

b
 Background of hybridization to HEp-2 DNA has been subtracted. 

c
 Input of cRNA 1.2 Χ 10

5
 cpm/filter. 
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EBV DNA CONTENT OF Τ vs Β LYMPHOCYTES 

19 genomes 
X Calf 

• Hybrid human Β lymphocyte -
mouse fibroblast (OV3mgh) 

Δ 
• 
Δ 8442 (Β Cells) 
A 8402 (Τ Cells) 

Ο Τ Lymphocytes 
• M 
Ο Τ 
• Myeloma cell (Simpson) 
X Calf thymus DNA 

Acute lymphocyte leukemia 

0.4 genome 

1 2 3 4 5 
DAYS 

6 7 8 9 10 

FIG. 6. Analysis of the DNA of Τ lymphocytes, Β lymphocytes, myeloma cells, and a 
hybrid of human lymphocytic and mouse fibroblastic cells for homology to Epstein-Barr 
viral DNA. For the Β cell line (8442) 0.238 mg of the cellular DNA plus 1.762 mg of calf 
thymus DNA comprised the renaturation mixture. In all other cases 2 mg of DNA were 
analyzed in the presence of 0.02 μ% of EBV DNA (specific activity, 1.6 x 10

6
 cpm/^g). 

Single- and double-stranded DNA were distinguished by digestion with SI enzyme. The 
Cot50 for all the renaturation mixtures was reached in 12 days, except in the case of the Β 
cell line which reached the Cot50 value in 6 hours. The Β and Τ cell lines were supplied by 
J. Minowada and G . Moore and are described in Table VIII . The hybrid cell line was 
from P. Buchanan. (See Table X and Orkin et ai, 1973.) 

It therefore appears that lymphocytes of Β cell origin require the pres-
ence of the viral genome for perpetuat ion in cul ture, whereas Τ cell lines 
do not (Pattengale et ai, 1973). In infection experiments we have been 
unable to infect the Molt cells with high concentrat ions of Epstein-Barr 
virus. These cells do not contain receptors for E B V (Jondal and Klein, 
1973). 

/. Infectious Mononucleosis 

W e are engaged in comprehensive studies of patients with acute infec-
tious mononucleosis , drawn mainly from an American student infirmary 
population administering to patients with mild illness. Some of the results 
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of the virologie studies are shown in Table IX . In 7 of the patients cell 
lines were established from the peripheral blood with little difficulty, but 
never in less than 18 days . T h e cell lines thus established all harbored 
Epstein-Barr viral D N A detectable by c R N A - D N A hybridization. T h e 
viral D N A in these lines bears at least 9 0 % homology to the H R I K 
viral D N A (Kawai et al, 1973). Some of these cell lines also exhibited 
viral capsid antigen by immunofluorescence tests . Fi l tered throat 
washings from the patients when applied to leukocytes taken from the 
umbilical cord of newborn infants, as described by Miller et al. (1973), 
regularly transformed the lymphocytes so that cont inuous cultures of 
these cells could be established, usually in 2 to 3 weeks . These new lines 
of t ransformed cord cells also contained Epstein-Barr viral D N A de-
tected by c R N A - D N A hybridization, but they did not display viral 
capsid antigen (Table IX) . 

Leukocytes were taken from the peripheral blood of nine of these pa-
tients. When the D N A of these cells was extracted and tested directly 

TABLE IX 

Infectious Mononucleosis and Epstein-Barr Virus DNA: cRNA-DNA Hybridization"
 ft 

Transformed cord 
Cell lines from leukocytes (throat 

peripheral blood washings) 

Antibody titers No. of No. of 

Patient VCA EA Day Days 
genome 

equivalents Days 
genome 

equivalents 

1 320 160 18? 21-88 60,48,62 Not done 
2 160 80 90 25 27 Not done 
3 160 160 14 21 20 17 15 
4 320 80 7 16 37 18 12 
5 160 160 7 17 29 17 11 
6 320 160 7 17 39 20 11 
8 160 160 7 26 34 24 10 
9 20 <10 7 36 196 No growth 

10 20 <10 12 No growth No growth 
7 <10 <10 30 No growth No growth 

a
 Cytohybridization directly on throat washings and peripheral blood negative for EBV 

DNA (Pt. Nos. 1 and 3). cRNA-DNA hybridization on membrane filters negative for EBV 
DNA in all patients (<2 genome equivalents; not done in Pt. No. 9). Results of studies 
with material from patients 9, 10, and 7 are shown for comparison. Patients 9 and 10 prob-
ably did not have acute disease, the EBV antibody titers being long-standing, and patient 
7 did not have EBV infection. 

0
 J. S. Pagano and Y.-T. Huang (unpublished). 
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for the presence of Epstein-Barr viral D N A by membrane hybridization, 
it did not contain detectable amounts of viral D N A . Some of the 
same specimens were also examined by the cytohybridizat ion tech-
nique with negative results , although the tests are being repeated with 
more cells screened per slide. Kieff also failed to detect viral D N A by 
c R N A - D N A hybridization directly in peripheral leukocyte D N A 
(Ε. Kieff, personal communicat ion) . 

J. Infectious Mononucleosis: A Hypothesis 

T h e paradox in these results is that patients with acute infectious 
mononucleosis invariably exhibit a circulating leukocyte count com-
posed of 4 0 % or more atypical (" t ransformed") lymphocytes ; 8 0 % of 
the circulating leukocytes in one of our pat ients were atypical lympho-
cytes . This fact led to a fairly general assumption that these cells were 
one of the sites, if not the major site, of replication of the Epstein-Barr 
virus during the course of the disease. T h e discovery by Sheldon et ai 
(1973) and Virolainen et ai (1973) that the majority of circulating 
lymphocytes in acute infectious mononucleosis are of Τ cell origin is 
peculiarly relevant to the Β lymphocyte t ropism of the Epstein-Barr 
virus. These observat ions stimulate speculations that can be tested 
experimentally. 

W e assume that the Epstein-Barr virus replicates in Β lymphocytes , 
perhaps in the bone marrow, in the tonsil, and in the spleen. These 
lymphocytes bearing the genome are released into the circulation but are 
largely eliminated by the Τ lymphocytes , which appear transiently in the 
circulation. T h e Τ cells are immunologically reactive lymphocytes , prob-
ably responding to Epstein-Barr virus-specified membrane antigens. 
T h e time at which the Epstein-Barr virus-carrying Β lymphocytes can be 
detected in the circulation is unknown, but presumably it is relatively 
early in the course of the disease, perhaps preceding the symptoms, 
before the Τ cell response has been mobilized and the Β cells are elimi-
nated. T h e Epstein-Barr virus-transformed Β cells might also be de-
tected in cases of severe infection in which there is an overwhelming 
discharge of the cells into the circulation, zur H a u s e n has described 
such a case, a patient who received a splenectomy, apparently because 
of an impression of acute malignant lymphoma. In this patient the 
cellular D N A of the peripheral leukocytes when extracted and tested by 
c R N A - D N A membrane hybridization disclosed the presence of a large 
amount of viral D N A ; spleen and bone marrow cells also contained Ep-
stein-Barr viral D N A . 
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However , not all the Β lymphocytes bearing the viral genome are elim-
inated. Cont inuous lines can be established from the blood of such pa-
tients many years after recovery, and the lines that emerge are of the Β 
lymphocyte type bearing the viral genome. It therefore appears that a 
balance is struck, and a few Β lymphocytes persist in the circulation, 
perhaps by virtue of the presence of a blocking ac tor and a checking of 
cytotoxic effects on the residual target (B) cells. Perhaps the pers is tence 
of a few of the Epstein-Barr virus-transformed Β cells is needed in order 
to maintain the immune state. T h e hypothesis suggests that at any time 
in life following the acute infection, if there is a failure of this im-
munologic surveillance mechanism, the Epstein-Barr virus-transformed 
lymphocytes would reemerge in vivo, and a Β lymphocyte leukemia 
might result. 

K. Relation of the Viral Genome and the 
Mammalian Cellular Chromosome 

T h e cells selected for these studies have been the Raji line, a non-
virus-producing lymphoblastoid cell line originally derived from a speci-
men of African Burkit t 's lymphoma. This cell line was unusual at the 
time because it did not display evidence of Epstein-Barr virus by elec-
t ron microscopy or immunofluorescence tçsts for viral antigens. It did, 
however , exhibit an "ea r ly" (EA) neoantigen when the cells were infected 
with Epstein-Barr virus in vitro (Henle et al., 1970). Although the 
appearance of the " E " antigen is associated with viral D N A synthesis 
but not the product ion of virus in the infected Raji cells (Nonoyama and 
Pagano, 1972b), viral D N A synthesis is not necessary for its appearance 
(Gergely et al., 1971). W e showed by c R N A - D N A hybridization that 
the Raji cell line contained 60 genome equivalents per cell of viral 
D N A , and later confirmed this result by the D N A - D N A renaturat ion 
kinetics analysis that indicated that the number of genomes was only 
slightly lower (52 genomes) than the earlier est imate (Nonoyama and 
Pagano, 1971, 1973). T h e striking feature of the association of Epstein-
Barr viral D N A and the Raji cells is its constancy. T h e number of 
genome equivalents remains the same from one cell generat ion to the 
next, zur H a u s e n has had similar results . Viral D N A synthesis occurs in 
concert with replication of the cellular chromosome. Moreover viral and 
cellular D N A replication cannot be dissociated by the use of an inhibitor 
of protein synthesis , cycloheximide (Pagano et al., 1973a). The re must 
therefore be a mechanism fostering an intimate operat ional association 
between virus and cell. 
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H a m p a r et al (1973) have provided some insight into the association. 
In virus-producing or nonproducing cell lines the critical period of D N A 
synthesis that allows either spontaneous or induced activation of the 
virus begins approximately one hour into the D N A synthetic (S) phase 
of the cell cycle. Also, in the nonact ivated, non-virus-producing cells 
(Raji) the resident E B V genome is replicated be tween 1 and 2 hours into 
the cellular S phase (Hampar et al 1974). T h u s it appears that the 
replication of the latent viral D N A is definitely under cellular control. 

Having found that all of the viral D N A contained in a culture of Raji 
cells could be accounted for by the viral D N A content of the cellular 
chromosomes isolated from cells arres ted in metaphase (Nonoyama and 
Pagano, 1971), we a t tempted to determine whether the viral D N A was 
integrated into the cellular D N A by covalent linkage (Nonoyama and 
Pagano, 1972a). T h e nuclei were separated from Raji cells and their 
D N A gently extracted in order to keep shearing of the D N A to a 
minimum. This high molecular weight D N A was then sedimented 
through an alkaline glycerol gradient. T h e distribution of the viral D N A 
in the gradient was determined by hybridization of each fraction of the 
gradient with c R N A on membrane filters. Al though the cellular D N A 
sedimented with a characterist ic of about 130 S, the viral D N A sedi-
mented in the 70 S to 30 S region, consistent with unit length single 
s trands and nicked single strands under alkaline condit ions. All of the 
viral D N A seemed to be accounted for in this region, but it is possible 
that a small amount of viral D N A remained in the high molecular weight 
cellular D N A , undetectable because it was lost in the background of 
nonspecific hybridization (less than 2 genome equivalents). T h e pos-
sibility that the viral D N A in the 30 S to 70 S region in the gradient 
originated from a few cells that were replicating Epstein-Barr virus was 
probably excluded by checking of the culture by cytohybridizat ion; the 
examination did not reveal a concentrat ion of viral D N A in a few cells, 
but only the usual widely scattered occasional grains seen in Raji cells 
with this technique. 

T h e difficulty with this experiment is that it is hard to keep cellular 
D N A in a region of the gradient away from the expected location of the 
unit length strands of viral D N A because there is often some fragmenta-
tion of the cellular D N A with trailing up through the gradient. Also, 
there is the real possibility that while the bulk of the viral D N A is 
indeed freed from the cellular D N A by the alkaline t reatment a residuum 
of the viral D N A with an alkali-stable linkage might still be in the 
cellular D N A . 

T h e straightforward interpretation of the results of this exper iment is 
that the viral D N A in Raji cells is not covalently integrated into the 
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cellular chromosome. Exper iments that lead to a conclusion somewhat 
at variance with this one were carried out by A d a m s et al. (1973). 
Making use of the differences in densities be tween Epstein-Barr viral 
D N A and cellular D N A (1.718 as against 1.700 gm/cm

3
) , these workers 

fractionated purified Raji D N A by centrifugation in CsCl . T h e Epstein-
Barr viral D N A banded broadly and was also present at the mean den-
sity of cellular D N A . When however such fractionated D N A of cellular 
density was sheared to a size of 10

7
 dal tons, a class of D N A ap-

proaching the density of Epstein-Barr viral D N A could be distinguished 
in neutral gradients of CsCl . T h e D N A with a density intermediate 
between that of cellular D N A and viral D N A hybridized with Epstein-
Barr virus-specific c R N A , whereas the lighter D N A did not. It therefore 
appeared that there might be a linear association be tween the lighter 
cellular D N A and the viral D N A . 

In alkaline gradients, however , the viral D N A separated completely 
from the cellular fragments. Therefore it appeared again that the viral 
and cellular sequences were joined by alkali-labile bonding. Th ree possi-
bilities have been considered to explain the instability in alkali. T h e viral 
and cellular D N A are joined by either R N A linkages or some type of 
protein or histone bonding, or else there are strategically located nicks in 
either the viral or cellular D N A such that the viral and cellular 
sequences are maintained in the linear alignment only by hydrogen 
bonding of complementary viral and cellular sequences . This interpreta-
tion would gain support if Epstein-Barr viral D N A is proved to contain 
single-stranded nicks in the native state (Nonoyama and Pagano, 
1972a,b). 

O n e difficulty with this exper iment arises from the possibility that ex-
tensive shearing of viral D N A begins to separate a d e n i n e + t h y midine-
rich and guanidine+cytosine-r ich regions of the genome so that even 
pure viral D N A could be found with a density intermediate be tween that 
of cellular and viral D N A . T h e fragments of intermediate density would 
of course hybridize with the c R N A . This possibility is difficult to ex-
clude rigorously, although A d a m s and Lindahl did carry out a recon-
struction experiment in which a mixture of sheared, purified viral D N A 
and cellular D N A did not disclose such a density redistribution. It 
should be noted that the D N A of intermediate density shown in the 
experiments bands in a rather broad, somewhat skewed, distribution 
which suggests that the proport ion of viral to cellular D N A in these 
fragments was not constant . This interpretation in turn may suggest that 
the linkage be tween viral and cellular sequences was not located at a 
unique site in these intermediate density molecules. 

Exper iments to explore these various possibilities are in progress , 
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including combined studies of velocity sedimentation and isopycnic 
banding, both under neutral and under alkaline condit ions. Exper iments 
to investigate the possibility of R N A and protein linkage are also in 
process . 

L. Homology between Epstein-Barr Viral DNA 
and Other Herpesviruses 

Whether any homology exists be tween the nucleic acid of the Epstein-
Barr virus and some of the other herpes- type viruses, in particular cy-
tomegalovirus and herpes simplex virus type 2, is a question of long 
standing. All three of these viruses persist in the human host in a latent 
state for the duration of life after infection — some of the agents infecting 
tissues or cells of the same type, such as leukocytes , cervix, and seminal 
cells. It is obviously essential therefore to ascertain whether a given 
viral c R N A probe might fail to distinguish be tween related species of 
viruses. Theoretical ly the simplest decisive way to examine this possibil-
ity is by a determination of homology carried out by D N A - D N A rena-
turation kinetics analyses. It is now possible to make such compar isons 
because the radiolabeling of D N A in vitro provides viral D N A of suf-
ficiently high radioactivity. 

T h e analysis shown in Fig. 7 indicates no detectable homology 
between the labeled Epstein-Barr viral D N A , the D N A of a strain of 
human cytomegalovirus (AD-169) , and herpes simplex (types 1 and 2) 
D N A . In the converse analysis, in which the cytomegalovirus D N A 
was radiolabeled and the other viral D N A ' s were unlabeled, the result 
was the same, that is, there was no detectable homology. T h e limits of 
this analysis are such that as little as 5 % homology would have been de-
tected, so that the experiments show that there is less than 5 % 
homology between the nucleic acids of these viruses (Huang and 
Pagano, 1974). Hete roduplex mapping detected by electron microscopy 
would probably be an even more sensitive, although more cumbersome, 
method of detecting very small regions of homology, but this method 
is hardly practicable with E B V D N A . 

As indicated earlier the viral sequences found in nasopharyngeal car-
cinoma show at least 9 0 % relatedness to the s tandard H R I K viral D N A 
derived from Burkit t 's lymphoma. Also, we have been unable to distin-
guish any differences in homology between the H R I K viral D N A and 
the viral D N A in three transformed lymphocyte lines from infectious 
mononucleosis . These analyses are not considered conclusive until 
appropriate reciprocal comparisons can be conducted. 
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F I G . 7. The lack of homology between Epstein-Barr viral DNA and the DNA of 
human cytomegalovirus (strain AD-169) and type 1 and type 2 DNA of herpes simplex 
viruses. Fragmented EBV [

3
H]DNA 0.02 ßg (5.4 x 10

4
 cpm), 20 ^g of calf-thymus DNA, 

and 3 μ% of each of the unlabeled viral DNA's were denatured at 100°C in 0.01 M Tris-
HC1 pH 7.4 and 0.0025 M EDTA. The salt concentration was then adjusted to 1.2 Ν 
NaCl. The hybridization was carried out at 66°C. The fraction of reassociated DNA was 
analyzed by SI enzyme differential digestion. Calf thymus control DNA (O) ; HSV 1 
DNA ( Δ ) ; HSV II DNA ( · ) ; AD-169 DNA ( • ) ; EBV DNA (x). (From Huang and 
Pagano, 1974). Only the addition of the unlabeled CMV DNA accelerated the renatura-
tion of the labeled index CMV DNA. 

M. Somatic Cell Hybrids 

Hybr ids have been produced by Orkin et al. (1973) between human 
lymphocytes and mouse fibroblastic (3T3) cells. T h e hybrid cells grow 
as monolayers , but have the unique proper ty of continuing to synthesize 
human immunoglobulins, namely, λ chains. Clones of the hybrid cells 
containing be tween 4 and 24 human chromosomes have been isolated 
(Table X) . T h e s e hybrid cell lines are potentially useful in studying the 
interaction of the Epstein-Barr virus and the mammalian chromosome, 
since the parental lymphocyte lines (T5-1 and P G L C 3 3 H ) contain 30 
and 60 Epstein-Barr virus genome equivalents , respectively, as mea-
sured by c R N A - D N A hybridization. In contrast , eight of the hybrid 
clones thus far tested contain no detectable Epstein-Barr viral D N A , 
either by c R N A - D N A hybridization on membrane filters or, in one 
case , by D N A - D N A renaturat ion kinetics analysis (Fig. 6). If the viral 
D N A is associated with a particular human chromosome or several 
chromosomes then it should be possible to discover the specific chromo-
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TABLE X 

Human Lymphoblast-Mouse Fibroblast Hybrid Cells'' ·''·'' 

Genome 
Equivalents of 

Mean No. Biarmed EBV DNA 
chromosome chromosomes^ per cell 

Cell lines (range) (range) (cRNA-DNA) 

Parental 
T5-1 (human lymphoblasts) 46 (45, 46) 
PGLC33H (human lymphoblasts) ? 
3T3 (mouse fibroblasts) 66 (65-68) 

35, 36 

0-2 

30 
60 

<2 

Hybrids 

T5-1 

o v , 
O V , BUdR' 
O V ; J HMT 
O V 3 MGH 
V , 
V , MGH 

PGLC33 
MGH 

134 (120-156) 

103 (92-110) 

7 
9 

17 (10-26) 
- 1 6 
- 1 7 
- 1 7 

13 (7-15) 
- 1 3 

18-20 
18-20 

<2 
< 2 
< 2 
<0.4 ' 
<2 
< 2 
< 2 
< 2 

a
 From J. S. Pagano, S. Lowry, and P. Buchanan (unpublished). 
b
 Both parental lymphoblastic lines and all the T5-1 hybrid clones synthesize human 

λ chain immunoglobulin. T5-1 is a clone of PGLC33H. 
r
 Described in part by Orkin et al. (1973). 

d
 The biarmed chromosomes with their ranges in parentheses represent an estimate of 

the minimum number of human chromosomes. 
'' Lacks human chromosome No. 17. 
f
 By D N A - D N A renaturation kinetics analysis. 

somal association, if such exists , be tween the Epstein-Barr viral D N A 
and the mammalian genetic apparatus . 

A further possibility is that the bulk of the viral D N A , existing per-
haps as a plasmid (Nonoyama and Pagano, 1972a; Pagano et al., 1973a), 
may have been extruded from the hybrid cells, but a remnant of in-
tegrated viral D N A persists in a particular chromosomal linkage if one 
presumes that the "p lasmid" D N A is situated at a different site. So far 
we have only encountered "all or n o n e " situations, and so there is no 
evidence to substantiate this hypothesis . It may be difficult to detect a 
small residuum of integrated viral D N A , since as little as 0.01 of the 
genome could certainly code for important functions. O n e clue to persis-
tent viral D N A in the hybrid cells would be the detect ion of a virus-
specified thymidine kinase activity if such exists. These cells lend them-
selves to such an investigation because a clone of the hybrid cells that 
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has lost human chromosome number 17, which codes for thymidine 
kinase, is available (Orkin et ai, 1973). 

Finally, all the immunoglobulin-synthesizing cell lines that we have 
studied thus far contain Epstein-Barr viral D N A except the Simpson 
plasma cell line. H o w e v e r since the hybrid cells do not contain detec-
table Epstein-Barr viral D N A , the presence of the genome does not ap-
pear to be linked to the cellular genes for the synthesis of at least the λ 
light chain portion of the γ-globulin molecule. Recently Klein et al. 
(1974) have described three lymphoblastoid cell lines with Β cell charac-
teristics that apparently do not contain E B V D N A when tested by 
c R N A - D N A hybridization. T h e cell lines were established from lym-
phoreticular malignancies including a lymphosarcoma. 

N. Thymidine Kinase 

W e have been studying the thymidine kinase activity in extracts of 
Raji cells and also in the somatic cell hybrids. H a m p a r et al. (1972) 
claimed that in a cont inuous line of lymphocytes in which virus or viral 
antigens are inducible by B U d R the level of thymidine kinase activity in 
the cells is increased after the induction, presumably because the viral 
genome is then being expressed. This is inferential because thymidine 
kinases of cellular and viral origin were not distinguished, and there may 
have been a rebound of the cellular enzymatic activity. Character-
ization of the enzymatic activity by electrophoresis on Polyacrylamide 
gels is being done (S. Lowry , unpublished). A s suggested above we also 
expect to be able to character ize thymidine kinase coded for by the Ep-
stein-Barr virus genome in hybrid cells that have lost their intrinsic 
thymidine kinase activity, perhaps after induction of synthesis of viral 
gene products . 

V. Problems and Conclusions 

A. Burkitt's Lymphoma 

T h e remarkable association of the viral nucleic acid of the Epstein-
Barr virus and two forms of human malignancies, one the African 
Burkitt 's lymphoma and the other nasopharyngeal carcinoma, has been 
demonstra ted and now quantitatively defined in approaching 100% of 
cases. This demonstra t ion is a s tronger link to the virus than the finding 
of E B V antibodies that are ubiquitous in normal patients as well as those 
with Burkit t 's lymphoma; even those with the disease do not necessarily 
have high titers of antibodies. 
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Even if these findings are not a milestone on the road to proof of 
the viral cause of these tumors , they at least sharply pose an intriguing 
question, namely, why does the virus single out these two malignancies? 
Fur thermore , if the Epstein-Barr virus is finally shown to cause Burkitt 's 
lymphoma only in a restricted region of Eas t Africa, this is crucial to 
the study of the cause of cancers e lsewhere, for the conclusion seems 
inescapable that an essential cofactor is operat ive only in Eas t Africa, 
since the Epstein-Barr virus is distributed globally. T h e existence of 
more than one strain of the Epstein-Barr virus is not substantiated so far 
either by immunologic markers or by nucleic acid homology studies, but 
the studies are not conclusive. 

With respect to Amer ican Burkitt 's lymphoma the evidence would 
now suggest that the disease in the Uni ted States , despite its his-
topathologic and clinical resemblances , is different from the African 
variety. T h e fact that the American tumor specimens lack Epstein-Barr 
viral D N A is confirmed by the latest serologic survey, which fails to 
disclose a higher mean antibody titer in patients with American Burkitt 's 
lymphoma compared with matched control patients (Hirshaut et ai, 
1973). Of course the argument could be turned around to suggest that 
the tumors in Africa and the Uni ted States are the same, but that the 
virus is an accidental passenger in the African situation, perhaps be-
cause of a greater prevalence of the agent. This conclusion ignores the 
mass of epidemiologic observat ions , especially the age distribution of pa-
tients with the tumor and the t ime-space clustering of cases , that 
suggests a transmissible cause operating perhaps through a vector. 

There is a further possibility. T h e lymphomas in both areas might be 
caused by the Epstein-Barr virus, but the amount of viral genome re-
siding in the Amer ican tumor t issue is below the limits of detection, 
which at present approach 0.1 genome. F r o m a comparison with S V 4 0 
transforming systems it is clear that as little as 0.01 of the Epstein-Barr 
viral genome could code for a protein required for transformation. 

Finally, since the epidemiology of the Amer ican tumors hints at a pos-
sible infectious cause , American Burkit t 's lymphoma might be due to 
another virus, as yet undiscovered. Klein has postulated the existence of 
another agent in those rare t issues of African Burkit t 's lymphoma that 
meet the clinical, histopathologic, and epidemiologic criteria of the Afri-
can disease but do not contain detectable Epstein-Barr viral D N A . 

Β. Nasopharyngeal Carcinoma 

T h e association of the Epstein-Barr virus with nasopharyngeal car-
cinoma is significant on two counts : First , this malignancy is much more 
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widely distributed throughout the world than the Burkit t 's lymphoma, 
although its frequency is highest in persons of Asiatic origin. Second, the 
tumor cells are epithelial in origin. T h e quest ion of global distribution 
versus peculiar regional association of the virus with malignancy prom-
ises to be answered decisively by the nucleic acid hybridization studies 
underway with this carcinoma. T h e mean antibody titers to the Epstein-
Barr virus in patients with nasopharyngeal carc inoma in parts of the 
world outside Africa appear to be distinctly higher than pat ients without 
the malignancy who live in the same region. T h e results jus t now coming 
in indicate that Epstein-Barr viral D N A is present in specimens of 
nasopharyngeal carc inoma from outside Eas t Africa (J. S. Pagano, 
G . de T h é , and C. S. Yang , unpublished data) . 

T h e second topic of interest are the findings by Wolf et al. (1973) that 
the Epstein-Barr viral D N A in these carc inomas appears to be localized 
in the epithelial cells ra ther than in the lymphocytic elements that char-
acteristically infiltrate this tumor. If these findings are confirmed, they 
either mean that the Epstein-Barr virus is not exclusively a lymphocyto-
tropic virus or that a cooperat ive interaction be tween lymphocytes and 
carc inomatous cells occurs in this tumor—an interaction that lifts the 
restriction to the presence of Epste in-Barr viral D N A in cells of epithe-
lial origin. T h e r e is a tangential suggestion of such an interaction in the 
studies of Glaser and Rapp (1972) of somatic cell hybrids. 

C. Infectious Mononucleosis and Leukemia 

T h e more we study infectious mononucleosis , the more the adage of 
Dameshek , that infectious mononucleosis is a self-limited leukemia, 
seems to be tenable. The re is no quest ion that the Epste in-Barr virus has 
a remarkable t ropism for human lymphocytes . Infection of these cells 
conver ts them into cont inuous lines in vitro, but this phenomenon ap-
pears to take place only with lymphocytes of Β cell origin. Such trans-
formed Β cells persist in the circulation of persons who have been 
infected with this virus, ei ther subclinically or during symptomatic 
infectious mononucleosis , for life. It is therefore certainly t rue that 
these transformed cells are held in check in the human organism, prob-
ably by a mechanism of immunologic restraints that is lost once the 
cells are transferred to in vitro culture condit ions. Such a formulation has 
been considered for years by G . Klein and by G. Henle and W. Henle . N o w 
a theory as to the specific nature of these restraint mechanisms is be-
ginning to evolve, and I have sketched it out , based on an already sub-
stantial body of data, earlier in this chapter . T h e importance of this 
whole concept is that virtually all chronic lymphocyt ic leukemias are of 
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Β cell origin (Alsenberg and Bloch, 1972), and, in fact, certain forms of 
lymphocytic leukemia are associated with high Epstein-Barr viral 
antibody titers (Levine et al., 1971). 

D. Interaction of the Viral Genome and 
the Cellular Chromosome 

T h e evidence that the viral D N A in the non-virus-producing Raji cells 
is not linearly integrated into the cellular ch romosome by alkali-stable 
linkages has been reviewed earlier. Since the viral D N A in the Raji cells 
appears to be evenly distributed throughout the cells in a given popula-
tion—although this has not been rigorously proved —it appears unlikely 
that the constancy in amount of viral D N A in these cells is due to a bal-
ance between two populations of cells, one producing viral D N A and 
the other without replicating Epstein-Barr viral D N A . Moreover exami-
nation of the cells by the in situ cytohybridizat ion technique failed to 
reveal concentrat ion of the viral D N A in a few cells. Also, essentially all 
the cells contain the E B N A . In functional te rms, therefore, one might 
consider that the state of the viral genome in the Raji cells is tan tamount 
to that of a plasmid (Pagano et al., 1973a). T h e so-called plasmid 
hypothesis is at tractive as a mechanism to explain the relative ease of 
reactivation of the viral genome in the Raji cells. It is consistent with the 
fact that unit length viral D N A can be distinguished in the Raji cells 
(Nonoyama and Pagano, 1972a). T h e hypothesis might also predict that 
this cell line could be " c u r e d " of its viral D N A , but efforts in this direc-
tion thus far have been unsuccessful. Moreover since Raji cells have the 
characterist ics of Β lymphoblastoid cells, their survival in culture after 
curing might well be terminated. 

Another possibility is that the viral D N A in the Raji cells and perhaps 
in other non-virus-producing lymphoblastoid cell lines exists both in an 
integrated state and as a plasmid. T h e plasmid D N A would be the 
biologic basis for reactivation phenomena , so characterist ic of herpes-
type infections, whereas linearly integrated D N A , present in small quan-
tities, might be necessary for the transforming relation between virus 
and cell. In the Raji cells both relations might coexist because Raji cells 
are transformed and also exhibit reactivation of the genome when pre-
sented with certain stimuli. It would thus be unnecessary to invoke the 
integration of 50 copies of a genome with a molecular weight of 10

8 

daltons into the chromosomes of every Raji cell. T h e integration of a 
fragment of the genome would suffice to maintain the malignant state. 
T h e bulk of the viral D N A , although its replication is somehow con-
trolled by the replication cycle of the cellular D N A , might then not be 
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essential to the survival of lymphoblastoid cell lines in vitro. T h e so-

matic cell hybrids developed by Orkin et al. (1973) may provide the ave-

nue for the investigations needed to test this concept . 

T h e argument for causality is likely to take fascinating turns in an 

unchar ted quest , but now clearly it is important to ascertain not only 

that the viral D N A is in the tissue but also the nature of the relation 

be tween the viral genome and the cellular chromosome. It is not difficult 

to imagine that a casual or "passenger" relation be tween virus and cell 

might have different hallmarks from an etiological association. These 

ideas frame one of the key current approaches to assessing the signifi-

cance of the relation between the D N A of the Epstein-Barr virus and 

the malignancies with which it carries such a striking association. 
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I. Introduction 

Oncogenic D N A viruses kill the cell in which they multiply; thus 
virus-transformed cultures are generally free of virus. U n d e r certain cir-
cumstances , however , cells t ransformed by these viruses will yield the 
transforming agent and, of course , die. Therefore , oncogenic D N A 
viruses are not unlike tempera te phages. Since structurally they appear 
to be an extremely heterogeneous collection of viruses, their genomes 

119 
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have been examined for the existence of common propert ies . Both in 
molecular weight and structure (secondary and tert iary), the nucleic 
acids of these viruses were found to cover a wide spectrum. T h e possi-
bility still remained, however , that some of the intracellular forms of 
their genomes would be similar in some respect . With this in mind, peo-
ple began to search the infected cell for forms of the viral D N A — 
namely, replicative forms — yet undetec ted in the virion. Such a search was 
necessarily restricted to those viruses that could be grown satisfactorily 
in t issue cultures, namely, certain papova-, adeno-, and herpesviruses . 
Among these viruses, the two papovaviruses , S V 4 0 and polyoma, of-
fered numerous advantages under the c i rcumstances . N o t unexpectedly, 
they were the first ones to be subjected to extensive study. Herpes -
viruses, on the o ther hand, contain a D N A with a molecular weight in 
excess of 10

8
 daltons. This D N A ' s great sensitivity to shearing repre-

sents a serious handicap for those at tempting to character ize its in-
tracellular forms. It is thus not surprising that due to lack of sufficient in-
formation, herpesvirus D N A replication will not be dealt with here . 

II. Papovaviruses 

A. Facts and Predictions 

Purified preparat ions of polyoma virus and S V 4 0 contain three molec-
ular forms of double-stranded D N A (Weil and Vinograd, 1963; Craw-
ford and Black, 1964), namely, components or forms I, I I , and I I I (Fig. 
1). Componen t I may be regarded as the intact viral genome since, at 
least in the case of polyoma virus, it has been conclusively shown to be 
the component endowed with maximal biological activity, i.e., infectivity 
and transforming activity (Dulbecco and Vogt , 1963; Crawford et ai, 
1964; Bourgaux et ai, 1965). It is a circular molecule (Dulbecco and 
Vogt, 1963; Weil and Vinograd, 1963) with separately cont inuous com-
plementary chains (Weil and Vinograd, 1963; Vinograd et aL, 1965) of 
molecular weight 3 x 10

6
. When unconstra ined, such a molecule con-

taining about 5000 nucleotide pairs should have 500 (duplex winding 
number or β) Wa t son -Cr i ck or duplex turns in the Β configuration 
(Vinograd and Lebowitz , 1966). When the synthesis of component I is 
completed in the cell, the molecule comprises only 480 to 485 (topo-
logical winding number or a) turns , depending on the origin of the 
D N A . T h e a of the molecule cannot be changed, as long as the continu-
ity of the polynucleotide chains is preserved. In solution, the molecule 
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FIG. 1. Diagrammatic representation of the several forms of polyoma D N A (courtesy of 
Dr. Jerome Vinograd). After Vinograd et al. ( 1 9 6 5 ) , with permission of Proc. Nat. Acad. 
Sei. U.S. 

tends to acquire a s tructure with 500 secondary turns , and, as a result, 
negative twists or supercoils , i.e., tertiary turns , appear . Componen t s I 
from polyoma virus and S V 4 0 D N A contain, respectively, 16 and 19 
(superhelix winding number or r ) such twists (Gray et al., 1971). T h e 
structure of component I is thus defined by the equation (Vinograd et 
ai, 1968) 

τ = α - β (1) 

O n e single-stranded break or nick conver ts component I into compo-
nent I I (Vinograd et ai, 1965). O n e chain being able to rotate about 
the axis of the duplex, component I I thus contains no twists 
(a = β —> τ = 0). These changes in configuration account for the dif-
ferences in sedimentat ion coefficients observed be tween component I 
(20 S) and componen t I I (16 S) in neutral solution. U n d e r the same con-
ditions, the viral D N A would sediment at 14.5 S (Weil and Vinograd, 
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1963) when in the linear configuration. Such linear duplexes, as well as 
linear duplexes of shorter length, are found in S V 4 0 and polyoma virus 
preparat ions (component I I I ) . Most of them, however , appear to be of 
cellular rather than viral origin (Winocour, 1967; Kaye and Winocour , 
1967; Michel et al., 1967; Trilling and Axelrod, 1970). 

When sedimented in alkaline solution, the three components again 
show distinctive propert ies . Both components II and I I I are abruptly 
denatured at a critical p H . T h e former then gives rise to one circular 
single strand and one linear single strand, sedimenting, respectively, at 
18 S and 16 S in alkaline solution (Vinograd et al., 1965), while the 
latter yields linear single s trands exclusively. When centrifuged for short 
periods of time in alkaline solution, the two discrete components arising 
from component II appear as a single band sedimenting at 17 S. In 
striking contrast , the sedimentation coefficient of component I varies 
widely between the p H values of 11.5 and 12.5 (Vinograd et al., 1965). 
As p H is raised the helix —as well as the superhelix initially— unwinds. 
When the number of remaining duplex turns is equal to a , no negative 
twists are left, so that the molecule is endowed with a decreased sedi-
mentat ion coefficient similar to that of component II (Fig. 1). Fur ther 
unwinding of the duplex at still higher p H values causes the appearance 
of positive twists , with a corresponding increase in S value. U p o n 
complete titration of the duplex, the complementary chains remain 
together, held by the topological bond that results from their continuity. 
Since a is not changed after denaturat ion, fully t i trated component I as-
sumes a very compact configuration and sediments at 53 S (Vinograd et 
ai, 1965). Intercalating drugs also unwind duplex D N A (Crawford and 
Waring, 1967; Radloff et al., 1967). U p to a certain point, increasing 
doses of these drugs act on the configuration and S value of component I 
as increasing p H values (Crawford and Waring, 1967; Bauer and Vino-
grad, 1968). In addition, they decrease the buoyant density of D N A in 
caesium chloride (CsCl) solution. Since the continuity of the chains in 
component I represents a restriction to unwinding or intercalation —at 
high drug concentrat ion at least (Bauer and Vinograd, 1968) —compo-
nent I binds less drug and is thus denser than component II or I I I in 
caesium chloride solution containing ethidium bromide ( E t h B r - C s C l ) 
(Radloff et al., 1967) or propidium iodide ( P D I - C s C l ) (Hudson et al., 
1969; Eason and Vinograd, 1971). It had been known for a long time 
that large amounts of component I were synthesized in productively in-
fected cells (Weil, 1963; Weil et al., 1965; Sheinin, 1966; Hirt , 1967). 
T h e identification of replicating D N A of these viruses could then be en-
visaged in the following way. Productively infected cells would be sub-
jected to short pulses of radioactive thymidine during the phase of ma-
ture D N A synthesis . Since cellular D N A synthesis is stimulated by the 
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viral infection (Dulbecco et ai, 1965; Weil et al., 1965; Winocour et al., 
1965), viral D N A should then be isolated from the cells using a method 
that would allow the separat ion from cellular and also preferably from 
encapsidated viral D N A . This should be possible, since it was expected 
that the two latter D N A ' s would be either strongly bound to protein 
and/or part of large protein D N A complexes . Since the mature forms of 
the D N A have well-defined physical propert ies , the presence of repli-
cating molecules with other distinct characterist ics could then be en-
visaged in the fraction of the extract containing the relatively low molec-
ular weight viral D N A . Replicating molecules were expected to have a 
higher molecular weight than mature ones , and thus to sediment more 
rapidly. Short pulses would preferentially label growing chains, which 
would necessari ly sediment in alkaline solution as linear single s t rands, 
the size of which could be easily compared to that of those present in 
component I I . Long pulses would also label template chains; if cyclic, 
those would be detected as 18 S sedimenting material in alkaline solu-
tion. T h e presumably progressive unwinding of the template duplex 
implied by the semiconservat ive nature of the replication process (Hirt , 
1966) required that at least one of the template chains be nicked, perma-
nently or intermittently. A low density in E t h B r - C s C l solution therefore 
would not have been an unexpected feature for a precursor of mature 
D N A . These were predictions one could make at the time the experi-
mental work started. 

B. Nature and Architecture of the Replicative Intermediates 

1. Polyoma Virus 

In order to s tudy viral D N A replication, monolayer cultures of whole 
mouse embryo in resting state (Fried and Pitts , 1968) were infected with 
either large-plaque (Bourgaux et al., 1969) or small-plaque (Bourgaux et 
al., 1971) polyoma virus. T h e cultures were pulse labeled for various 
lengths of t ime with radioactive thymidine 30 hours after infection, i.e., 
at the time mature viral D N A (form I) accumulated in t racel lu lar^ at a 
maximal rate (Dulbecco et al., 1965). T h e monolayers were then cov-
ered with a 0 . 2 5 % (w/v) sodium deoxycholate solution and maintained 
for 10 minutes at room tempera ture . T h e resulting cell lysate was col-
lected from the plates and clarified after centrifugation at 30,000 g for 20 
minutes. T h e clear supernatant obtained under these condit ions con-
tained what was referred to as the DOC-ex t r ac t ed D N A , consisting al-
most exclusively of free, nonencapsidated viral D N A (Bourgaux et ai, 
1969). 
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FIG . 2. Radioactivity distribution after dye buoyant density gradient centrifugation of 
DOC-extracted DNA. DNA was extracted from infected cells either after a 5-minute 
pulse (left), after a 5-minute pulse followed by a 5-minute (center), or 15-minute chase 
(right), before being centrifuged to equilibrium in EthBr-CsCl solution. The arrows in-
dicate the positions in such gradients of mature viral DNA form I (dense) and form II 
(light). 

A s shown by Fig. 2, most of the DOC-ex t r ac t ed D N A labeled after a 
short pulse of [

3
H ] thymidine exhibits a light density in E t h B r - C s C l 

solution, while this radioactivity can be chased quantitatively into mate-
rial with the high density characterist ic of form I (Bourgaux et ai, 1969). 
When subjected to velocity sedimentat ion in neutral solution, the radio-
active material with the light density was shown to consist of form II 
and of a heretofore unidentified component , sedimenting more rapidly 
and more heterogeneously. T h e latter component , which, after short 
labeling per iods, represented most of the radioactivity recovered in the 
light band, was shown to hybridize with purified cold polyoma virus 
D N A . It was thus likely to represent a replicative intermediate of the 
viral D N A and was designated as component , or form, I I * (Bourgaux et 
ai, 1969). 

When form I I* was labeled after 3 to 15 minute pulses of [
3
H ] 

thymidine and sedimented through alkaline sucrose or CsCl gradi-
ents , the radioactive profiles registered were those expected for a 
collection of uniformly labeled linear chains of various lengths, but were 
never greater than the chains present in mature viral D N A (Fig. 3). 
These highly reproducible and clear-cut findings (Bourgaux et al.t 1969, 
1971) suggested the following conclusions: (1) F o r m I I* actually con-
sisted of replicating molecules, since a significant fraction of the ra-
dioactivity present in it after a short labeling period was recovered in 
alkaline solution as slowly sedimenting single s t rands, p resumed to rep-
resent growing chains from " y o u n g " replicating molecules. (2) T h e 
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FRACTION NUMBER 

F I G . 3. Velocity sedimentation of DOC-extracted D N A in alkaline CsCl solution. DNA 
was extracted from infected cells at the end of a 3.5-minute pulse and mixed with

 3 2
P -

labeled mature viral DNA (form I + form II) before being analyzed. Sedimentation is 
from right to left. The approximate position of linear single chains of one genome length in 
this gradient is given by denatured component II, i.e., the slower moving

 3 2
P-labeled band. 

From Bourgaux et al. (1969). 

duplication t ime of form I I * was somewhat shorter than 5 minutes , for 
after a pulse of such length, the activity within the largest single chains 
was already maximal. (3) Replication did not involve the elongation of 
the template chains, for no labeled linear single chains larger than those 
present in mature viral D N A were detected. 

Later , form I I * was purified on benzoylated-naphthoylated D E A E 
( B N D ) cellulose (Gillam et al., 1967), as already done by Levine et al. 
(1970) for replicating S V 4 0 D N A . T h e validity of the aforementioned 
conclusions was then verified (Bourgaux et al., 1971). When examined 
under the electron microscope, purified preparat ions of form I I * were 
found to consist of cyclic molecules with three branches , two branch 
points , and no visible end (Fig. 4), similar in all respects to those already 
isolated by Hir t (1969) from polyoma virus-infected cells. T w o of the 
branches were approximately equal in length (a = b), while their mean 
length (a + b)/2, added to that of the third branch (c), gave a value 
[(a + b)/2 + c] equal to that of the contour length of mature polyoma 
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FIG. 4 . Electron micrographs of form II*, x 3 5 , 6 0 0 . From Bourgaux et al. ( 1 9 7 1 ) . 
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F I G . 4. Continued 
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virus D N A . It was possible to est imate for each such molecule the frac-
tion of genome that was replicated by calculating the ratio: (a + b)/2 
over (a + b)/2 + c. Such an analysis seemed to indicate that molecules 
near completion of replication were slightly more numerous than those 
in which replication had jus t been initiated. Such a finding was difficult 
to interpret, since the latter molecules obviously were bound to appear 
less conspicuously under the microscope. 

2. SV40 

Similar findings on S V 4 0 D N A replication were reported by Levine et 
al. (1970). Chromatography on B N D cellulose yielded preparat ions of 
replicating viral D N A which, when examined under the electron micro-
scope, were found to contain molecules similar to those observed by 
Hir t (1969) in cells infected with polyoma virus. T h e preponderance of 
largely replicated molecules in those preparat ions was even more 
marked than in the case of form I I * from polyoma virus D N A . 
Although this finding was further substantiated later (Sebring et al., 
1971), its significance is still unclear. 

When labeled after short pulses of [
3
H ] thymidine and sedimented in 

alkaline sucrose solution, replicating S V 4 0 D N A produced radioactive 
pat terns (Levine et al., 1970) that were clearly reminiscent of those ob-
served for similarly labeled polyoma form I I* . Unfortunately, the sedi-
mentat ion propert ies of the daughter chains were not accurately deter-
mined in those early studies, and, as a result , the general mechanism of 
replication could not be assessed at that stage. 

C. Origin and Direction of Replication 

1. Polyoma Virus 

Replication D N A ' s from both S V 4 0 (Levine et al., 1970) and 
polyoma virus (Bourgaux et al., 1971) were thus successfully purified on 
B N D cellulose (Gillam et al., 1967). Elution of these molecules from the 
columns required solutions containing caffeine, while that of the corre-
sponding mature double-stranded D N A could be achieved using buf-
fered saline solutions. T h e s e chromatographic propert ies suggested that 
the replicating molecules included single-stranded regions. Such regions 
had already been visualized in other replicating genomes and found at 
the forks presumed to represent growing points (cf. Watson, 1972). It 
thus appeared logical to think that information regarding the magnitude, 
location, and number of these regions might be useful for the under-
standing of the replication mechanism. F o r m I I * was therefore sub-
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jec ted to the action of a nuclease preparat ion extracted from Ν euros-
pora crassa conidia, which had been shown to include exonucleolytic 
and endonucleolyt ic activities and to be highly specific for single-
stranded polynucleotides (Fraser et ai, 1970; Rabin and Fraser , 1970). 
It was found that (1) single-stranded material in form I I * represented 
very little of its total mass , for only 2 % of the radioactivity in uniformly 
labeled preparat ions were rendered acid-soluble after prolonged ex-
posure to the nuclease (Bourgaux-Ramoisy, 1971). (2) F o r m I I* , sedi-
menting at about 25 S in neutral sucrose solution, was conver ted by the 
nuclease first into a 19 S intermediate product , and then into a 16 S final 
product (Fig. 5). As judged from their affinity for B N D cellulose, the 
intermediate product was still part ly single s t randed, while the final 
product was not. Since the nuclease did not generate any D N A fragment 
shorter than polyoma D N A form I I I (14.5 S), these changes in sedimen-
tation coefficients could only reflect changes in configuration, such as 
those that would result from the digestion of two single-stranded regions, 

200 

2 200 

10 20 30 0 10 20 30 
(bottom) (top) (bottom) (top) 

fraction number 

FIG . 5. Sedimentation properties of nuclease-digested replicating polyoma virus DNA 
(form II*) in neutral sucrose solution. Form II* was purified from viral DNA that had 
been labeled for 15 minutes with [

3
H]thymidine and treated with nuclease for (a) 0, (b) 10, 

(c) 30, or (d) 120 minutes before being centrifuged through neutral sucrose solutions. The 
sedimentation marker is a mixture of

 1 4
C-labeled form I and form II. · - · ,

 3
H radioac-

tivity; O - O ,
 1 4

C radioactivity. From Bourgaux and Bourgaux-Ramoisy (1971). 
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each located on a different loop of the molecule (Bourgaux, 1971). (3) 
U n d e r the electron microscope, the intermediate product appeared as 
circular s t ructures having one tail (Fig. 6). T h e respect ive lengths of the 
tail and circular port ions of these s tructures were those that one would 
have expected, assuming that the digested single-stranded regions had 

F I G . 6 . Cyclic duplexes with one tail (intermediate product) generated by the Neuros-
pora crassa nuclease. x47,100. From Bourgaux and Bourgaux-Ramoisy (1971). 
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F I G . 7. Nuclease-induced configurational changes in form II*. x, v, branch points; a, b, 
replicated branches; c, unreplicated branch. Since a equals b, a + c equals b + c equals a 
constant. In the cyclic structures with tails which were actually observed (see Fig. 6), it 
was verified that the length of the circular portion {a + c) was constant, while that of the 
tail (b) varied as already observed for (a + b)/2 in the intact molecules. From Bourgaux 
and Bourgaux-Ramoisy, (1971). 

been located on one of the two replicated branches , close to one branch 
point (Fig. 7). T h e electron microscopic examination also suggested that 
the final product was a nonbranched linear duplex, as expected if the 
second nuclease-susceptible site had been located on the other repli-
cated branch, close to the other branch point (Fig. 7). A s a conclusion to 
these observat ions (Bourgaux and Bourgaux-Ramoisy, 1971), the fol-
lowing replication model was proposed (Fig. 8). Replication of polyoma 
D N A is initiated at one , presumably specific, point on the molecule and 
proceeds from there in both directions. A s the D N A polymerases syn-
thesize po lynuc leo t ide chains in the 5 ' —» 3 ' direction only (Mitra et al., 
1967; Kornberg and Gefter, 1971), the synthesis of the two daughter 
chains at the growing point cannot be strictly synchronous (Guild, 1968; 
Richardson, 1969). Since complementary chains have opposi te po-
larities, the fact that elongation of chain W would lag behind that of 
chain C at one growing point would imply that the opposi te situation 
would prevail at the other growing point. This would explain why the 
two regions where template material is exposed in a single-stranded form 
are located t rans on the molecule. Such a location of single-stranded 
regions has since been observed in various D N A genomes replicating 
bidirectionally (Watson, 1972). 

2. SV40 

SV40 D N A was shown to be cleaved into eleven specific fragments, 
separable by Polyacrylamide gel e lectrophoresis , when exposed to a 



132 PIERRE BOURGAUX 

0 

o' 

F IG . 8. Model for the structure of form II*. The template chains are drawn as thin lines, 
the jagged portions representing single-stranded material. The parts of the growing chains, 
having elongated in the overall 5' -> 3' direction are shown as thick continuous lines, 
while the thick discontinuous lines indicate the parts having elongated in the 3' —> 5' direc-
tion. From Bourgaux and Bourgaux-Ramoisy (1971). 

restriction endonuclease from Haemophilus influenzae (Danna and 
Na thans , 1971). If one assumes that replication starts from a specific 
origin, a population of replicating molecules should be enriched in those 
sequences that are close to the starting point. Na thans and D a n n a 
(1972) concluded that replication of S V 4 0 D N A was indeed initiated at 
a unique site after having observed (1) a temporal gradient in the labeling 
of the various fragments obtained from replicating molecules and (2) an 
opposite temporal gradient in the labeling of the fragments from com-
pleted molecules. This was also expected, since after pulses shorter than 
one replication cycle, radioactivity in mature molecules should be con-



5. ONCOGENIC DNA VIRUSES' GENOME REPLICATION 133 

fined to those sequences that are close to the point where replication 
stops. Using a somewhat similar reasoning, Thoren et al. (1972) ap-
proached the problem in a slightly different way. T h e s e authors sepa-
rated the growing chains of replicating S V 4 0 D N A according to size 
after velocity sedimentat ion through alkaline sucrose solution, and fol-
lowed the renaturat ion of these chains within each size class. After 
making the correct ions required by the differences in molecular weight 
of the chains, it was found that the growing chains originating from the 
" y o u n g " replicating molecules renatured more rapidly than those from 
the "o ld" replicating molecules, indicating that the former chains repre-
sented a less diverse collection of sequences . Such a difference in 
genetic complexity would not have been expected if replication had been 
initiated at r andom sites, since then even the shortest growing chains 
would have represented all the sequences present in the viral genome. 

T h e exper iments briefly discussed allow the conclusion that replica-
tion does not start at random sites throughout the S V 4 0 genome. H o w -
ever, they could neither yield precise information on the location of the 
starting point, nor formally exclude the existence of a second alternative 
starting point, nor distinguish unequivocally between unidirectional and 
bidirectional replication. Fareed et al. (1972) exposed replicating SV40 
D N A to yet another restriction endonuclease , Rj from Escherichia coli, 
which introduces one double-strand break in S V 4 0 D N A at a specific 
site. T h e nuclease-treated molecules were then character ized by sedi-
mentat ion and electron microscopy. When the two branch points were 
posit ioned with respect to the free ends produced by the enzyme, it was 
found that the origin of replication is 3 3 % of the genome length from the 
R x cleavage site and that both branch points are growing points. In addi-
tion to locating the origin of replication with satisfying accuracy, these 
data showed that S V 4 0 D N A replication was indeed bidirectional. 

D. The Mechanism of Chain Elongation 

1. SV40 

When replicating S V 4 0 D N A was labeled after pulses of 45 seconds 
or less and centrifuged in alkaline sucrose solution, a clearly bimodal 
distribution of the radioactivity was observed in the gradient (Fareed 
and Salzman, 1972). Besides the already described broad peak repre-
senting daughter chains at various stages of elongation, a second, more 
homogeneous , 4 S sedimenting peak was noticeable. This second peak 
became less conspicuous as the length of the radioactive pulse was 
increased or when the pulse was followed by a chase with cold thymi-
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dine. A s we shall see in the next section, " y o u n g " and "o ld" replicating 
molecules can be separated after dye buoyant density gradient centrifu-
gation in E t h B r - C s C l or P D I - C s C l solutions. When replicating mole-
cules labeled after a 45-second pulse were fractionated in this way and 
then analyzed in alkaline sucrose gradients , both early and late repli-
cating molecules were found to include 4 S sedimenting material. Fa reed 
and Salzman (1972) concluded from these observat ions that S V 4 0 D N A 
chain elongation occurs by a discontinuous mechanism in which short 
chains, 150 deoxyribonucleot ides in length, are first formed and then 
joined to the growing daughter chains. T h e fact that these short chains 
did extensively self-anneal further suggested that both daughter chains 
are synthesized discontinuously (Fareed et al., 1973b). After a 1-hour 5-
fluorodeoxyuridine block followed by a 1-minute [

3
H ] thymidine pulse, 

most of the radioactivity incorporated into replicating S V 4 0 D N A sedi-
mented at 4 S in alkaline gradients, as if joining of the 4 S chains to form 
the daughter chains was inhibited by the analogue (Salzman and Thoren , 
1973). F r o m this observat ion it was suggested that replication of SV40 
D N A might require two distinct D N A polymerases : a replicase and a 
second polymerase , which would bridge the gaps be tween the 4 S chains 
and the growing daughter chains. 

It should be pointed out that these conclusions were essentially based 
upon the analysis of D N A in alkaline solution. Since R N A is alkali-
labile, it is of course unclear whether the gaps which are referred to are 
t rue gaps or s tretches of R N A within the D N A chains. 

2. Polyoma Virus 

Reichard and co-workers have developed a system that allows the 
study of the replication of polyoma D N A in nuclei isolated from virus-
infected cells (Winnacker et ai, 1972; Magnusson et al., 1972). They 
have shown recently (Magnusson et al., 1973) that the elongation of 
daughter chains (initiation of new rounds of replication does not take 
place in this system) involves the transient formation of short chains 
(4 S-5 S). Ribonucleoside t r iphosphates stimulate the formation of these 
short chains, which include an R N A moiety at tached to the 5 ' end of the 
D N A sequence. T h e latter conclusion was drawn from two observed 
features of the 4 S-5 S chains: (1) They show a greater buoyant density 
than chains from mature D N A in cesium sulfate solutions. (2) When a-
3 2

P- labeled deoxyribonucleoside t r iphosphates are added to this in vitro 
system, the label is recovered in 2 '(3 ')-r ibonucleotides after alkaline 
hydrolysis of the replicating viral D N A . H e r e again starvation from 
deoxyribonucleot ides, induced by t reatment of the cells with hydrox-
yurea instead of 5-fluorodeoxyuridine, caused an accumulat ion of short 
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chains. These short chains, however , were deficient in R N A . This again 
suggests that deoxyribonucleot ide starvation interferes with chain elon-
gation by inhibiting a process concerned with filling gaps be tween D N A 
sequences , or ra ther with substituting deoxyribonucleot ides to ribonu-
cleotides. 

Preliminary evidence for the presence of DNA- l inked R N A in in vivo 
replicating po lyoma virus D N A has also been reported (Sadoff and 
Cheevers , 1973). 

E. The Physical State of Template Chains in Replicating Molecules 

It was first demonst ra ted in the case of S V 4 0 D N A that replicating 
molecules often included two cyclic template chains (Sebring et al., 
1971; Jaenisch et ai, 1971). Al though initially undetected (Hirt , 1969; 
Bourgaux et al., 1969, 1971), this feature was later described for repli-
cating polyoma virus D N A also (Bourgaux and Bourgaux-Ramoisy, 
1972b). Since the findings were similar in both sys tems, there is little 
point in considering them separately. 

Viral D N A was double-labeled with [
1 4

C ] - and [
3
H] thymid ine , under 

condit ions in which most tritium counts incorporated were present in the 
growing chains of the replicating molecules (Fig. 9). When the viral 
D N A preparat ion was subjected to dye buoyant density gradient centrif-
ugation essentially all of the tritium-labeled D N A was found to form a 
broad band, with a peak fraction at the position where nicked mature 
D N A was expected (see also Fig. 10) but markedly asymmetr ic towards 
the higher densities. When successive fractions containing the tritium-
labeled D N A were pooled and analyzed by velocity sedimentat ion 
through alkaline sucrose solutions, it was found that the denser repli-
cating molecules contained shorter growing chains (Fig. 9b), while the 
lighter molecules contained longer growing chains (Fig. 9d) . This in-
dicated that the early or " y o u n g " replicating molecules bound less dye 
than the late or "o ld" replicating molecules. One possible explanation 
for this was that the unreplicated and replicated port ions of the repli-
cating molecules bound different amounts of dye per unit length of 
D N A , as expected if the former port ion behaved as a covalently closed 
duplex, while the latter behaved as a nicked duplex. In agreement with 
this explanation was the observat ion that t rea tments known to introduce 
nicks in D N A were found to conver t replicating D N A into material with 
the density characterist ic of nicked mature D N A in P D I - C s C l or 
E t h B r - C s C l gradients (Jaenisch et al., 1971; Bourgaux and Bourgaux-
Ramoisy, 1972b). 
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fraction number 

FIG. 9. Characterization of replicating polyoma virus DNA (form II*) labeled in 
growing chains. After incubation of the infected cells with [

1 4
C]thymidine for 3 hours and 

then with [
3
H]thymidine for 90 seconds, viral DNA was selectively extracted and cen-

trifuged to equilibrium in PDI-CsCl solution (a). Note that most of the
 1 4

C-labeIed DNA 
forms a sharp dense band, as expected for mature DNA (form I). Successive fractions 
containing

 3
H-labeled DNA were mixed, added to

 3 2
P-labeled marker DNA (I + II), and 

subjected to velocity sedimentation in alkaline sucrose solutions, (b) pool a; (c) pool ß; (d) 
pool y. Note the sedimentation coefficients of the

 3
H-labeled material from these various 

pools. · — · ,
 3

H radioactivity; O — O ,
 1 4

C radioactivity; • —• ,
 3 2

P radioactivity. From 
Bourgaux and Bourgaux-Ramoisy (1972b). 

Clarification of this situation resulted from the characterizat ion of 
replicating molecules labeled in their template chains. Fo r instance, viral 
D N A was labeled after a 4 hour pulse with [

3
H] thymid ine , followed by 

a 30 minute chase with cold thymidine, and fractionated on B N D cellu-
lose columns. T h e replicating D N A from the caffeine fraction was 
mixed with

 1 4
C- labeled mature D N A and centrifuged to equilibrium in 

E t h B r - C s C l solution (Fig. 10). Early and late replicating molecules 
recovered from this gradient were then centrifuged through alkaline 
sucrose gradients. Most of the radioactive material found in the latter 
gradients sedimented with an S value in excess of 17 S, confirming that 
little label, if any, was present in the growing chains. In contrast , it 
formed a rather broad band sedimenting with a peak fraction at 45 S and 
33 S in the case of the early and late replicating molecules, respectively 
(Fig. 10c and d) . While the minor 17 S component suggested the pres-
ence of molecules with two template chains including at least one alkali-
labile bond, the major 45 S, or 33 S, component could only represent 
submolecules comprising two template chains held together by a topo-
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FIG. 10. Characterization of replicating polyoma virus DNA (form II*) labeled in 
template chains. Purified form II*, labeled as indicated in the text, was mixed with r e -
labeled mature viral DNA used as a marker and centrifuged at equilibrium in EthBr-CsCl 
solution (a). Successive fractions were pooled, mixed with an additional amount of marker, 
and subjected to velocity sedimentation in alkaline sucrose solution. Under the conditions 
used here, cyclic (18 S) and linear (16 S) chains of mature DNA size appear as a single 
17 S sedimenting band in alkaline solution, (b) pool I; (c) pool II; (d) pool III. # - # ,

 3
H 

radioactivity; O — O ,
 1 4

C radioactivity. From Bourgaux and Bourgaux-Ramoisy (1972b). 

logical (and no hydrogen) bond. Indeed, introducing at least one nick 
into every molecule caused the convers ion of this major component into 
17 S sedimenting material (now shown). Why the sedimentat ion coeffi-
cient of the topologically bonded template chains is inferior to that of 
mature D N A form I and decreases with the extent of replication can be 
explained if we go back to Section I ,A. T h e S value registered in 
alkaline solution for fully ti trated, covalently closed duplexes of fixed 
molecular weight varies with a , i.e., the topological winding number. As 
replication proceeds , the two template chains must come apart , and a 
decreases . But a cannot decrease unless the template duplex is nicked, 
unwound, and sealed again. Champoux and Dulbecco (1972) have re-
cently isolated from uninfected cells an activity that could perform this 
whole operat ion. 

A more direct demonstra t ion of the circularity of both template chains 
in replicating D N A was provided by the electron microscope (Fig. 11). 
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FIG. 11. Molecules with twists or cross overs in form II*, x55,000. From Bourgaux and 
Bourgaux-Ramoisy (1972b). 

In addition to the more conventional ones already described, molecules 
with two equal relaxed branches and a third twisted branch were ob-
served. T h e length of the former branches was shown to be directly 
correlated with the extent of replication (Sebring et ai, 1971). 

Replicating molecules with two cyclic template chains offered a 
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unique opportuni ty to try and produce covalently closed cyclic duplexes 
having an unusually low a , since the growing chains could easily be sep-
arated from the template chains under denaturat ion condit ions that 
would allow the latter chains to remain partly hydrogen bonded. In spite 
of a partially preserved base pairing, cyclic, complementary template 
chains were found to be incapable of regaining a conventional double-
stranded s t ructure under various renaturat ion condit ions (Bourgaux and 
Bourgaux-Ramoisy, 1972b), suggesting that the deficit in a was probably 
in excess of what could be compensa ted for by a mere increase in τ [Eq. 
(1) ] . 

T h e observed continuity of template chains provided further confirma-
tion that the replication of the genomes of SV40 and polyoma virus 
could not proceed as predicted by the rolling circle model , since this 
continuity precluded the existence of a covalent linkage between tem-
plate chains and growing chains. In addition, this structural feature 
allowed the fractionation of replicating molecules with respect to their 
extent of replication. Finally, it should be pointed out that the assumed 
periodic unwinding of the template duplex should be kept in mind when 
assessing the significance of the discont inuous synthesis of the growing 
chains. 

F. The Replication Cycle 

In the first paper that appeared on the labeling and characterizat ion of 
a replicative intermediate of papovavirus D N A , Bourgaux et al. (1969) 
proposed a scheme (Fig. 12) accounting for the formation of the three 
major molecular forms of viral D N A present in productively infected 
cells. It was supported by the kinetics of labeling of these three compo-
nents (Table I) . Although still largely valid, this scheme should be com-
mented upon in the light of the information available at present . T h e 
process obviously starts with component I, which originates from the in-
fecting particle. Whether or not this molecule is conver ted into compo-
nent II prior to the onset of replication is still unclear , although the fact 
that replicating molecules generally contain intact template chains 
suggests that this might be unnecessary . Ye t both polyoma virus (Cuzin 
et ai, 1971) and S V 4 0 (Kaplan et al., 1972) appear to contain a specific 
endonucleolyt ic activity, which, at least in the case of the former, seems 
to be absent from some temperature-sensi t ive mutants (cf. Chap te r 6 by 
Cuzin) that are defective for a function concerned with the initiation of 
both viral D N A synthesis and transformation. A specific en-
donucleolytic cleavage of one or both chains of the viral D N A might 
thus still be required to allow, for instance, the initiation of the rounds 
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I 

L N 

FIG. 12. Replication cycle of polyoma virus D N A . Besides polymerase(s), a ligase ( L ) , 
and a nuclease ( N ) may intervene. From Bourgaux et al. ( 1 9 6 9 ) . 

of replication to occur at a specific site on the molecule. Therefore , 
replication of the viral genome gives rise to the s tructures we have just 
described. As suggested by the results in Table I and by similar sub-
sequent results (Bourgaux et al., 1971), the initial product of polyoma 
virus D N A replication might be a molecule with the sedimentation prop-
erties of component I I , comprising presumably one cyclic template 
chain and one still incomplete daughter chain. Fa reed et al. (1973a) have 
recently reported that this is indeed the case in SV40 . This component 
II would then be sealed by a ligase, thereby giving rise to new compo-
nent I. T h e latter will either be involved in new rounds of replication or 
become encapsidated and appear in progeny virus. As again suggested 
by the kinetics of labeling of the various components (P. Bourgaux, un-
published), the former route is followed more frequently early in the 
product ive cycle, while the latter becomes preponderant late in infec-
tion. 

These are roughly the mechanisms through which the pools of repli-
cating and mature viral molecules (especially the latter) increase in size 
during a product ive infection. T h e picture would not be complete , how-
ever, if two additional, poorly unders tood pa thways were not mentioned. 

7. Integration-Excision 

This is very much beyond the scope of this chapter . However , there is 
good multifarious evidence showing that viral D N A is both integrated 



TABLE I

Kinetics of Labeling of Forms I, II, and II*a

Radioactivity in I + II + I I*
Radioactivity in II
Radioactivity in I I*
Radioactivity in I

Ratio II/I
Ratio 11/11*

5 minutes

Total cpm Proportion

26,820
1,340 0.05

23,335 0.87
2,145 0.08

0.62
0.05

Length of labeling

20 minutes

Total cpm Proportion

74,600
8,952 0.12

35,062 0.47
30,586 0.41

0.29
0.25

60 minutes

Total cpm Proportion

413,269
49,592 0.12
74,388 0.18

289,289 0.70

0.17
0.66
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into and excised from host D N A in productively infected cells. Integra-
tion and excision are , of course , used here in a broad sense, since at 
present it is virtually impossible to distinguish, under these circum-
stances, between the transfer of viral sequences and that of functional 
viral genomes. However , this process clearly raises a number of ques-
tions regarding both the origin and fate of the replicating molecules 
described. F o r instance, how much of the viral D N A progeny fails to 
become encapsidated, being lost from the viral D N A pool through in-
tegration into cell D N A ? Does integration followed by excision repre-
sent a prerequisi te for viral D N A replication? If this were the case , is 
replication of the viral genome initiated before or after its excision? With 
respect to the last two quest ions, it is worth recalling that the tem-
perature-sensit ive mutants mentioned above seem to lose the ability of 
initiating either new rounds of viral D N A replication or transforma-
tion—which is presumed to require integration of the viral 
genome —when the infected cells are shifted to the tempera ture at which 
the viral defect is expressed (Fried, 1965; Tegtmeyer , 1972; F rancke 
and Eckhar t , 1973). 

2. Oligomers 

Circular and catenated oligomers of polyoma and S V 4 0 D N A are 
produced either when the synthesis of virus is induced in transformed 
permissive cells (Cuzin et ai, 1970) or during acute product ive infection 
(Meinke and Goldstein , 1971; Jaenisch and Levine, 1971). Conceivably, 
such molecules could arise either through recombinat ion between 
monomers and/or oligomers of lower order , or by an aberrant replication 
mechanism, or through excision and replication of viral molecules that 
were integrated in tandem into the host genome. 

It has been shown that inhibition of protein synthesis causes a rapid 
reduction in the rate of synthesis of viral D N A in cells productively in-
fected by both polyoma virus (Branton et ai, 1970) and S V 4 0 (Kit and 
Nakajima, 1971). Simultaneously, it reduces the superhelix density of 
the viral molecules still being synthesized (Bourgaux and Bourgaux-
Ramoisy, 1972a; White and Eason , 1973; Jaenisch and Levine , 1973) 
and increases the occurrence of the oligomers of viral D N A (Jaenisch 
and Levine, 1972; Bourgaux, 1973). 

U n d e r conditions where only some of the molecules synthesized 
exhibit abnormalit ies in tertiary s t ructures , these abnormalit ies are 
clearly more frequent among the oligomers (Bourgaux, 1973). Having 
cyclic template chains, replicating viral molecules are subjected to the 
kind of topological constraints that are imposed on intact mature mole-
cules. It is thus likely that alteration in these constraints , such as those 
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that would result from changes in the amount or na ture of the proteins 
bound to the D N A , would result in the formation of a mature product 
with an altered tertiary s t ructure , which sometimes would fail to segre-
gate into two daughter molecules (Bourgaux, 1973). Mos t of the 
oligomers of viral D N A produced during acute product ive infection are 
thus likely to be formed through replication errors . 

III. Adenoviruses 

A. Facts and Predictions 

As compared to papovavi ruses , adenoviruses provide an interesting al-
ternative model for the study of D N A replication. Although only certain 
serotypes were found to be oncogenic in vivo, all types seem able to t rans-
form hamster and rat cells in viîro (cf. G r e e n , 1970). Adenoviruses con-
tain linear, double-stranded D N A molecules with molecular weights 
ranging from 20 to 24 x 10

6
 dal tons, depending on the serotype (Green et 

ai, 1967). A t least part of the viral genome is known to be present in 
adenovirus-transformed cells (cf. G r e e n , 1970). Since the circularity of 
the viral D N A was often regarded as a prerequisi te to its integration into 
the genetic material of the host , adenovirus D N A was thus examined for 
the existence of a terminal redundancy , with initially negative results 
(Green et al., 1967; van der Eb et al., 1969; Doerfler and Kleinschmidt, 
1970). Recent ly , however , the exis tence of an unusual terminal repeti t ion 
was detected in the D N A ' s extracted from adenoviruses 1, 2, 3 , 7, 18, and 
31 (Garon et al, 1972; Wolfson and Dress ler , 1972). When D N A from 
these viruses is denatured and then subjected to renaturat ion conditions 
at low DNA concentration, cyclic s t ructures of one genome length are 
formed which appear single s t randed over most of their circumferences. 
In these s t ructures , the ends of the chains are held together by a short 
duplex segment, indicating the existence of two complementary 
sequences , 200 to 500 bases in length, within each adenovirus D N A 
chain (Wolfson and Dress ier , 1972). T o many people , this finding came as 
a relief, not only because integration of adenovirus D N A could then be 
explained in classical te rms, but also for another reason. Considering 
what is known of the enzymes that appear to be involved, it is difficult to 
envisage how the replication of a linear duplex D N A , which would be 
devoid of terminal repetit ion, could actually take place. Since D N A 
polymerases do require a primer to which to add deoxyribonucleot ides , 
there is no way in which a growing chain elongating in the 3 ' —> 5 ' direc-
tion could reach the 3 ' end of a linear template (Watson, 1972). Terminal 
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repetition thus appears as an essential feature of any linear D N A behav-
ing as a replicon, for it makes possible the formation without any non-
nucleotide linker, of cyclic and/or concatemeric forms, which both allow 
the duplication of the molecular ends of the genome (Watson, 1972). 
Replicative intermediates of adenovirus D N A were thus expected to 
include cyclic and/or concatemeric forms. 

B. Unit Length Linear Replicating Molecules 

Although numerous groups are engaged in an effort to shed light on 
adenovirus D N A replication, a coherent picture has not emerged yet. T h e 
experimental models selected most often include adenovirus type 5 (Ad 
5) and adenovirus type 2 (Ad 2). T h e conditions selected for multiplying 
the viruses and labeling and extracting the D N A ' s differ so widely that it 
is difficult at present to account for many of the inconsistencies that have 
been recorded. T h e results reported by three different groups (Sussen-
bach and van der Vliet, 1972; van der Vliet and Sussenbach, 1972; Sus-
senbach et al., 1972; van der E b , 1973; Robin et ai, 1973; Bourgaux-
Ramoisy et al., 1974) however are in agreement on several important 
points . When cells productively infected with A d 2 or Ad 5, or nuclei 
isolated from these cells, are incubated for short periods of t ime in the 
presence of a radioactive precursor of D N A , radioactivity is recovered 
both in mature viral D N A and in another molecular form of the viral 
D N A , which we shall refer to here as D N A - R . T h e kinetics of labeling of 
these two forms suggest that D N A - R is a precursor of mature viral D N A . 
This D N A - R sediments in neutral sucrose solution as a collection of 
linear duplexes with molecular weights ranging from 1 to 2 t imes that of 
mature viral D N A . When D N A - R is labeled after short radioactive 
pulses, fractionated according to molecular weight after velocity sedimen-
tation through neutral sucrose gradients, and then analyzed in alkaline 
sucrose solution, it is found that the heavier molecules yield the longer 
radioactive chains after denaturat ion. When examined under the electron 
microscope, preparat ions of D N A - R are found to contain unit length 
branched molecules, showing only one branch point (Y-shaped mole-
cules). N o "eye fo rms" (Dressier et al., 1972) have been described so 
far. T h e replication of Ad 5 and Ad 2 thus appears to proceed unidirec-
tionally. 

C. Single-Stranded Regions in Replicating Adenovirus DNA 

A s with the other replicating D N A ' s , D N A - R contains single-stranded 
regions and can thus be purified using B N D cellulose. A point of conten-
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tion concerns the magnitude of these single-stranded regions. According 
to Sussenbach and van der Vliet (1972) and to van der E b (1973), the den-
sity of D N A - R in neutral CsCl is increased up to 0.008 g m / c m

3
 over that 

of mature viral D N A , indicating the presence of extended single-stranded 
regions. Such regions can be detected in preparat ions of D N A - R exam-
ined under the electron microscope, both in the linear branched structures 
described above and in nonbranched structures of one genome length. 
Sussenbach et al. (1972) have presented a model for the replication of 
adenovirus D N A which takes into account the occurrence of these long 
single-stranded regions. These authors suggest that the replication of 
adenovirus D N A involves first the synthesis of only one daughter chain 
that displaces one of the two template chains from the parental duplex. 
T h e synthesis of the second daughter chain takes place subsequent ly , 
either before or after completion of that of the first one. T h e latter alterna-
tive would account for the occurrence of nonbranched partly or fully 
single-stranded structures . 

Robin et al. (1973) and Bourgaux-Ramoisy et al. (1974) find little 
single-stranded material in D N A - R . Although the reason for this dis-
crepancy is not clear, there is another serious difference that seems 
worth bringing in the discussion at this stage. T h e results from the o ther 
laboratories indicate the presence , in D N A preparat ions extracted from 
nuclei after short labeling per iods , of a radioactive material sedimenting 
slowly in neutral sucrose solution (cf. van der E b , 1973, Fig. 3 ; Sussen-
bach and van der Vliet, 1972, Fig. 2a); some of this material at least is 
viral in origin and single-stranded in nature (Sussenbach and van der 
Vliet, 1972). This material, which Bourgaux-Ramoisy et al. (1974) do 
not find in Ad 2 infected cells, might represent nascent D N A chains, 
which, at the t ime of extract ion, were not yet covalently bound to 
growing chains and became released from their template , leaving it in a 
single-stranded form. This interpretation is in agreement with the follow-
ing observat ions . 

1. A s already mentioned earlier, inhibition of the joining of the 4 S 
pieces in replicating viral D N A occurs after t reatment of either SV40-
infected cells with 5-fluorodeoxyuridine (Salzman and Thoren , 1973) or 
polyoma virus-infected cells with hydroxyurea (Magnusson, 1973a,b). 
U n d e r these condit ions, small molecular weight fragments of viral D N A 
accumulated in the cell. Dur ing extract ion of the D N A by a procedure 
similar to that used by van der E b , and by Sussenbach and co-workers , 
some of these fragments were released from the replicative intermedi-
ates (Magnusson, 1973a). T h e fragments became associated with pre-
formed replicating strands upon removal of the inhibitor (Magnusson, 
1973b). 
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2. After inhibition of Ad 5 D N A synthesis by hydroxyurea , replica-
tive intermediates containing even more extended single-stranded 
regions were isolated by Sussenbach and van der Vliet (1973). U n d e r 
these condit ions, D N A sedimenting slowly in neutral solution repre-
sented the most prominent radioactive material detected in the cell ex-
tracts after short pulses of [

3
H ] thymidine (cf. Sussenbach and van der 

Vliet, 1973, Fig. 2). 

Whatever its exact biological significance, the presence of extended 
single-stranded regions in replicating adenovirus D N A turned out to be 
a remarkably useful feature. Sussenbach et al. (1973) showed that these 
regions were of parental origin and hybridized exclusively with the light 
chain (Doerfler and Kleinschmidt, 1970) of the mature viral D N A . This 
suggests that adenovirus D N A replication starts from one unique molec-
ular end of the genome and proceeds in the direction of the other end. In 
this process , the two daughter chains would be synthesized by two dis-
tinct mechanisms, presumably in accordance with their polarities. 
Whether or not these two mechanisms operate in a completely 
asynchronous fashion is still presently open to question. 

D. Other Intracellular Forms of Adenovirus DNA? 

T h e fact that only unit length replicating molecules of adenovirus 
D N A have been described so far might appear disturbing, although such 
forms have already been observed for T 7 D N A (Dressler et ai, 1972). 
This is hardly surprising, however , for the methods of extraction of the 
D N A which have been used in the studies summarized would select 
against any rapidly sedimenting form of the viral D N A , such as circular 
or concatemeric forms. It is important to find out whether such forms of 
the viral D N A exist in the cell. In doing this, it will be worth keeping in 
mind the possibility, at first glance unlikely, that the molecular ends of 
the viral genome could be held together by a non-nucleotide linker 
allowing the formation of either monomeric circles or multiple length 
s tructures . Whatever the nature of the bond holding together the ends of 
the adenovirus genome, the search for these yet uncovered forms of the 
viral D N A will not be an easy task. 

IV. Concluding Remarks 

While the replication mechanisms appear remarkably similar for S V 4 0 
D N A and polyoma virus D N A , adenovirus D N A replication, al though 
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incompletely unders tood, seems to follow a very different pat tern. It 
remains to be seen whether it will be possible to reconciliate the struc-
tural features of some intracellular forms of these D N A ' s with their 
known common oncogenic propert ies . 

The re is one aspect of adenovirus D N A replication which seems 
bet ter unders tood than that of papovirus D N A . Indeed, the two comple-
mentary s t rands of adenovirus D N A are clearly synthesized by different 
mechanisms. It would be ironic if that had been found because of the use 
of extract ion condit ions that allow a partial b reakdown of the s tructure 
of replicating adenovirus D N A . T h e 4 S nascent chains of S V 4 0 D N A 
do self-anneal (Fareed et ai, 1973b), suggesting that both daughter 
s trands are synthesized in a discont inuous fashion. Yet , there seems to 
exist no way in which they could be synthesized simultaneously at the 
growing point. T h e existence of single-stranded regions with an ap-
parently specific location at these points (Bourgaux and Bourgaux-
Ramoisy, 1971) seems to indicate that elongation of the complementary 
chains is actually asynchronous . 
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I. Introduction 

T h e small oncogenic D N A viruses of the papova group (polyoma, 
SV40) are able to effect in mammalian cells a permanent modification in 
the control of cell division and D N A synthesis . T h e transformed cell 
will no longer respond either to certain stimuli originating at the cell sur-
face (" topoinhibi t ion") or to nutritional condit ions (serum factors), 
which control the growth of normal cells. Al though a number of agents , 
such as chemical carcinogens, are able to modify the cell in the same 
general way, oncogenic viruses do offer a unique possibility for an 
approach at the molecular level. Biochemical analysis of such highly 
complex systems might, in fact, be considered as a hopeless task if not 
for the availability in this part icular system of two powerful tools: im-
munological and genetic analysis. 

Gene t ic analysis seems especially worthwhile in the case of polyoma 
and SV40 , both viruses carrying a very limited genetic information 
(coding capacity in the range of 150-200 ,000 daltons of proteins) . Our 
understanding of the genetic s t ructure of eukaryot ic cells and their 
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viruses is still primitive; some originally unsuspected limitation may well 
reduce the power of a genetic approach by methods derived from phage 
studies: for example, due to the apparent lack, or poor efficiency, in in 
vivo recombination in the p o l y o m a - S V 4 0 system, new technologies 
have to be devised for genetic and structural mapping of the D N A 
(Danna and Na thans , 1971; Morrow and Berg, 1972). However , our 
present knowledge of polyoma and SV40 genetics is already sufficient to 
provide a framework and operational criteria for investigating the nature 
and functions of the viral gene products . The proposit ions that pro-
duces) of one or more early viral genes are necessary for the establish-
ment of the transformed phenotype , as well as for its maintenance in a 
transformed line, have been experimental ly substantiated (Dulbecco and 
Eckhar t , 1970). 

Genet ic studies in this system have been recently reviewed (Eckhart , 
1972), and we will mainly discuss results of immunological and biochem-
ical work on the nature of early gene products . 

II. Early and Pre-early Functions 

T h e term "early genes" will be used hereafter with the general 
meaning derived from phage analysis, namely, viral genes whose prod-
ucts are transcribed, translated, and act before the onset of viral D N A 
synthesis . Condit ional lethal mutants for these genes will not synthesize 
viral D N A under nonpermissive condit ions. Only these gene products 
will be synthesized if cells are treated with specific D N A synthesis 
inhibitors ( F U d R , ara-C) immediately after infection. 

Recent findings in several animal virus systems have pointed out that 
a class of viral gene products may be functional at a still earlier stage of 
infection ("pre-ear ly") . These proteins are enclosed in viral part icles, as 
for instance vaccinia virus R N A polymerase (Kates and McAuslan , 
1967) or oncornavirus reverse t ranscriptase (Baltimore, 1970; Temin 
and Mizutani , 1970). Such enzymes , although they may in theory be 
synthesized at a late stage of the cycle, will only act during the next 
growth cycle immediately after removal of the external coat and before 
any translation of viral genes. T h e possibility of a situation of this type 
in the papova system is suggested by two lines of evidence (although 
pure viral D N A is infectious, its specific infectivity is at least 1000-fold 
lower than that of complete particles): (a) W e have observed (Cuzin et 
al., 1971, 1973) an endonuclease associated with pure polyoma virions, 
which specifically cleaves the viral D N A at a unique site, (b) It has been 
reported that for both the ts-3 mutant of polyoma and the ts-101 mutant 
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of SV40 , infection with virus particles is inefficient at high tempera ture , 
while infection with pure D N A is not tempera ture-dependent (Robb and 
Mart in, 1972; W. Eckhar t , personal communicat ion) . This may be ex-
plained if a protein present in the particle is necessary for initiating a 
normal cycle. 

III. Intranuclear and Plasma Membrane Events 

All criteria of the transformed state fall into either one of two classes: 
(1) membrane s tructure modification, (2) D N A synthesis regulation. It is 
likely that in higher cells, as well as in bacteria , there is a close connec-
tion be tween these two. T h e s e considerat ions raise the problem of the 
primary target of the viral gene product(s) triggering the transformation 
process . It seems equally possible a priori that a viral protein acts at the 
membrane level, e.g., by a specific modification of a receptor for external 
stimuli, and that a different pat tern of D N A synthesis is a secondary 
result of this change or, alternatively, that the primary target of viral en-
zyme(s) is a specific site on cellular D N A (initiation of D N A synthesis , 
integration of viral genomes , etc.). T h e latter type of model may be eas-
ier to test first, for there are well-established techniques for dealing with 
proteins endowed with specific recognition of nucleotide sequences , 
while analytical biochemistry of membranes still is at a very early stage 
of development . 

T h e reader is referred to a number of recent reviews for more com-
plete discussions and detailed specific information (Green , 1970; Butel 
et al., 1972; Eckhar t , 1972; Sambrook, 1972). 

IV. Intranuclear Immunological Changes after Virus Infection 

Among the new antigens that are detected during the early phase of 
the virus cycle, some are located on the periplasmic membrane , like the 
tumor-specific t ransplantat ion antigen ( T S T A ) or the surface (S) antigen, 
while others are only, or mainly, of intranuclear localization. All of them 
are continuously expressed in a permanent ly virus-transformed line. 

/. Τ Antigen 

Τ antigen was first demonst ra ted by H u e b n e r et al. (1963) by comple-
ment fixation, using sera from SV40-induced tumor bearing hamsters . 
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Antigen is present both in productively infected cells (where its expres-
sion is not dependent upon viral D N A replication) and in transformed 
cells. Using antibodies labeled with either fluorescein (Pope and Rowe , 
1964) or various enzymes (Wicker and Avrameas , 1969), one finds the 
label associated in most cases with the intranuclear compar tment of the 
cell (nucleoli excepted) ; however , electron microscopic examination 
after t reatment with peroxidase-coupled antibodies reveals some antigen 
bound to the perinuclear endoplasmic membranes (Meyer , 1971), which 
may correspond to the pool of nascent polypeptides. 

T h e Τ immunospecificity is correlated with the virus; polyoma-in-
fected or -transformed mouse or hamster cells react to the same serum, 
while SV40-infected mouse , hamster , monkey, human, or even lizard 
cells (Clark and Jensen , 1970) show a different and common specificity. 

Although Τ antigen is the only polyoma early antigen known so far, 
other specificities have been recently identified in the case of SV40 . 

2. U Antigen 

H u m a n and monkey cells infected by a nondefective adenovirus 
2 - S V 4 0 hybrid ( A d 2

+
N D X ) contain an SV40-specific intranuclear an-

tigen, different from Τ antigen on the basis of serum specificity, heat sta-
bility of the antigen, and sensitivity of its synthesis to cytosine arabino-
side. Induct ion of U antigen by A d 2

+
N D X hybrid is due to the presence 

of a short segment of SV40 D N A , and anti-U antibodies are also 
present in most sera from hamsters carrying SV40-induced tumors . In 
the case of SV40 , U antigen behaves as an early gene product (its syn-
thesis is not inhibited by F U d R and ara-C), while in cells infected by 
A d 2

+
N D , U antigen synthesis requires viral D N A synthesis . This dis-

crepancy is explained by the fact that the S V 4 0 part of the hybrid is 
located in the late region of the adenovirus genome (Lewis et al.y 1969; 
Lewis and Rowe , 1971). 

V. Are Early Intranuclear Antigens Polypeptides of Viral Information? 

T h e constant correlation be tween virus type and immunological speci-
ficity suggests, but does not prove , that the antigenic site is carried by a 
polypeptide of viral information. Infection with UV-irradia ted virus 
leads to a decreased fraction of T-posit ive cells, demonstrat ing a specific 
requirement for a viral gene to be expressed. T h e relative target size is 
of the order of 0.5 genome, as compared with 0.2 for cell t ransformation 
or induction of membrane (S) antigen (see Sambrook, 1972). 
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More recently, Lewis et al. (1973), H e n r y et al. (1973), and Mor row 
and Berg (1972) studied nondefective a d e n o v i r u s - S V 4 0 hybrids , which 
carry various segments of the S V 4 0 genome, their length being corre-
lated with the number of SV40-specific antigens they can induce. 
Respect ive amounts of 0 .18, 0.32 and 0.43 S V 4 0 genome correspond to 
hybrids that induce either U antigen alone, or U and T S T A , or U , 
T S T A , and T . 

Taken together with an est imated molecular weight of 70,000 for the 
Τ antigen polypeptide (Del Villano and Defendi , 1973 ; cf. Section VI ) and 
with the above-ment ioned radioinactivation data, it seems that most , if 
not all, of the early S V 4 0 region is necessary for coding the Τ polypep-
tide. Othe r antigens (U, T S T A ) could then correspond either to induced 
cellular proteins , to various modifications of a common peptidic back-
bone, to different pept ides encoded in the same D N A sequence (mul-
tiple initiation sites and/or read-through), or to specific cleavage prod-
ucts of a large precursor with Τ specificity. 

Early mutants of the ts-A complementat ion group of polyoma fail to 
induce Τ antigen synthesis under nonpermiss ive (high-temperature) con-
ditions (Oxman et al., 1972). Although this result strongly substantiates 
the hypothesis of a viral gene product being specifically required for Τ 
antigen appearance , it does not prove by itself that Τ antigen is the 
actual product of this viral gene. It is to some extent unexpected that all 
the minor defects in the protein s t ructure due to several independent ts 
mutat ions would completely abolish its immunological reactivity, ra ther 
than produce cross-reacting material. O n e can then either assume that 
the immunological and the functional sites are very close to each other 
on the molecule, or alternatively that a functional product of this viral 
gene is necessary for inducing Τ antigen synthesis by another gene, 
either viral or cellular. 

VI. Identification and Attempts to Purify Early Viral Proteins 

Polyacrylamide gel electrophoresis in S D S of whole protein extracts 
of polyoma- and SV40-infected permissive cells reveals a modified elec-
trophoret ic pat tern (Anderson and Ges te land , 1972; Walter et al., 1972). 
N e w protein species have been tentatively identified in this way. An im-
portant background of cellular prote ins , however , and discrimination 
only on the basis of pept ide molecular weight, did not allow a definite 
distinction be tween new peptides of viral information and virus-induced 
cellular proteins . Results of this type of approach are summarized in 
Table I. 
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TABLE I 

Nomenclatures and Molecular Weights (x 1 0
3
) of Proteins Observed in 

Viral Particles and in Infected Cell Extracts 

Viral particles Infected cells 

Girard et al., 1970; Walter et ai, Hirt and Anderson and Walter et al., 
Estes et al., 1971 1972 Gesteland, 1971 Gesteland, 1971 1972 

43 (VP1) 44 (VP1) 42 40 (IVP1) 70 (NVP1) 
32 (VP2) 31 (VP3) 35 60 (NVP2) 
23 (VP3) 25 8 (NVP3) 
14 (VP4) 14 (VP4) 16 
12.5 (VP5) 12 (VP5) 11,5 
11 (VP6) 11 (VP6) 

Several a t tempts have been made to purify S V 4 0 Τ antigen using 
complement fixation as an assay and conventional protein fractionation 
procedures (see Meyer , 1971, for review). They have not yet been suc-
cessful, as judged only by the wide discrepancies in est imated molecular 
weights of the antigen (from 60,000 to 600,000). Technical difficulties 
arise from the small amounts of material usually available in these 
systems, which prevent good recoveries in most fractionation proce-
dures , and from the fact that Τ antigen is likely to be associated in vivo 
with high molecular weight material ( R N A ? ) . 

Del Villano and Defendi (1973) used an immunochemical method for 
S V 4 0 Τ antigen purification, eluting the radioactive protein fraction 
bound to insolubilized anti-T IgG immunoglobulins. This material mi-
grated as a single band of 60,000 to 70,000 daltons in S D S Polyacryl-
amide gel electrophoresis . Criticism of these techniques is usually based 
on the poor recovery of the biological (antigenic in this case) activity, 
due to drastic conditions of elution of the antibody bound molecules 
(very low p H or high ionic strength). 

Exper iments in progress in our laboratory (Paulin et ai, 1974) try to 
circumvent this objection: T h e principle is to use the same type of im-
munochemical techniques but only for removal of contaminant host pro-
teins; partially purified viral proteins are left in solution. A broad spec-
trum antiserum against soluble proteins from noninfected mouse cells 
was prepared. Only the protein fraction extracted at low ionic strength 
from the nuclei was used. After repeated injections of this material into 
sheeps , a serum was obtained which recognizes a number of cellular an-
tigens. A solid phase immunoadsorbent prepared from the serum specifi-
cally removed 70 to 8 0 % of cellular components from this protein frac-
tion (Fig. 1). 
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3 I ι I ι I ι I ι Ι-

Ο 1 2 3 4 
Time hours 

F I G . 1. Adsorption of nuclear proteins extracted from polyoma infected (O) or from 
normal mouse cells ( # ) on a solid phase immunoadsorbent directed against host nuclear 
proteins. A solid phase immunoadsorbent was prepared by cross-linking with glutar-
aldehyde (Avrameas and Ternynck, 1969) from sheep serum after immunization against 
mouse nuclear proteins (see text). A similarly prepared extract from normal or polyoma-in-
fected (20 hours after infection) 3T6 mouse fibroblasts, labeled with [

1 4
C]amino acids, was 

incubated in the presence of an excess immunoadsorbent with gentle stirring for the in-
dicated time at room temperature. After pelleting the adsorbent particles at high speed, the 
radioactivity left in the supernatant was counted. As a control an identical immunoadsor-
bent was prepared, using serum from a nonimmunized animal. The level of nonspecific ad-
sorption observed never exceeded 10-15%. 

This procedure has been applied to extracts from polyoma-infected 
mouse cells (3T6 Swiss mouse fibroblasts, infected at a multiplicity of 50 
P F U / c e l l and harves ted 20 to 24 hours after infection) (Fig. 2). Ge l elec-
trophoret ic analysis of the radioactive proteins left in the supernatant 
(unadsorbed material corresponding either to viral or to virus-induced 
cellular peptides) shows four main bands (A to D) with respect ive 
molecular weights in the range of 40 ,000 , 46 ,000 , 70 ,000 and 90,000 
daltons (Fig. 3). A n additional small size component (10 ,000-12,000) 
could also be seen, although it was often more difficult to resolve from 
other small pept ides (histones). 

Minor bands (a,b, and d, Fig. 3) of the same electrophoret ic mobility 
as bands , A , B, and D could be detected in similarly t reated extracts from 
uninfected cells; band C probably corresponds to the main capsid pro-
tein. 

Exper iments are in progress to distinguish viral gene products from in-
duced cellular components (using extracts from cells infected with viral 
mutants) and also early from late viral polypeptides (extracts from cells 
infected in the presence of inhibitors of D N A synthesis). 

This method allows a partial purification with good recoveries and has 
two main advantages over conventional fractionation methods : (1) It is 



158 F R A N Ç O I S C U Z I N 

F IG . 2. Gel electrophoresis in S D S of extracts from polyoma infected (i) and normal (n) 
3T6 cell nuclei. [ 1 4C]Amino acid-labeled proteins extracted from purified nuclei were 
analyzed by S D S electrophoresis according to Laemmli (1970) on slab gels (15% 
Polyacrylamide; 0 . 1 % S D S ) . Autoradiography on Kodirex X-ray film for 2 weeks. 
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F I G . 3 . Gel electrophoresis in SDS of the same extracts as in Fig. 2 , but after im-
munoadsorption of cell proteins. Analysis of the radioactive material left in the supernatant 
after 2 hours of adsorption under the same conditions as in Fig. 1. 
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relatively indifferent to protein concentrat ion and still efficient at a 
microscale level; (2) it leaves the viral proteins untouched, under mild 
condit ions, and suitable for recovery of enzymological and immuno-
logical activities. 

VII. Viral Enzymes: Possible Candidates 

T h e search for virus-specified enzymatic activities in extracts from in-
fected cells is complicated by the lack of a rational purification method 
(see above) from crude extracts in which many activities may interfere 
with the assay. In addition, a number of cellular enzymes are dere-
pressed during the early phase of the viral cycle (see review, Green , 
1970) and may be difficult to distinguish from " n e w " virus-coded en-
zymes . 

Some operational criteria may be used for identification of a given en-
zyme with a viral gene product . 

1. T h e enzyme must have been purified, at least to a step at which 
most interfering activities are removed. 

2. T h e activity can be distinguished from analogous cellular enzymes 
by biochemical differences (kinetics, heat stability, cofactors, ionic 
requirements , etc.). 

3. Antibodies recognizing viral antigens (T, U , etc.) have an inhibitory 
effect on the reaction. 

4. Cells infected by a ts mutant exhibit a temperature-dependent 
activity. 

It is obvious that in the case of polyoma and SV40 , no enzyme can 
yet be definitely identified on these grounds as a viral gene product . A 
possible candidate in the recent past was thymidine kinase (TK) , which 
has been shown to be different from the cellular activity both in 
polyoma-infected mouse cells (Sheinin, 1966) and in SV40-infected 
monkey cells (Kit et al., 1966; Ha t anaka and Dulbecco , 1967), by heat 
inactivation kinetics, and sensitivity to 5 - F U R . N o data, however , are 
available on propert ies of purified enzymes or on extracts of cells in-
fected with ts mutants , which could substantiate the hypothesis of a 
virus coded thymidine kinase. On the contrary, the work of Basilico et 
al. (1969) showed that thymidine kinase-less (TK~) mouse cell variants 
are susceptible to polyoma infection and that this infection does not lead 
to appearance of T K activity. Although the possibility is still open to 
some extent (especially in the case of SV40 , where no T K ~ variant of 
monkey cells is available) that at least part of the enzyme structure 
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might be derived from viral genetic information, thymidine kinase is no 
longer one of the leading candidates . 

Ano the r enzyme of possible viral genetic origin is the virion-as-
sociated endonuclease , which has been discovered in our laboratory in 
the case of polyoma (Cuzin et al., 1971 , 1973; Rouget et al, 1974) and 
has also been studied in S V 4 0 by Kaplan et al. (1972) and Kidwell et al. 
(1972). This activity was found in CsCl purified wild-type polyoma 
virions of either the large plaque, or the small plaque type (Fig. 4). In 
competi t ion exper iments it showed (Fig. 5) a higher (40- to 100-fold) af-
finity for polyoma D N A than for Escherichia coli D N A or poly(dA-dT) . 
N o activity could be detected in several preparat ions of two mutants of 
the same early viral complementat ion group (ts-A and ts-25). A s pre-
viously discussed (Cuzin et al., 1973), the absence of any detectable 
activity in vitro, even under permissive condit ions (low temperature) , is 
consistent with, but does not p rove that , the enzyme is a viral gene prod-
uct. T h e possibility is still open of a cellular enzyme induced only by 
wild-type polyoma infection. 

T h e enzyme produces only one break on each strand of circular 
polyoma D N A , either at the same or at very close sites, generating 
linear double-stranded duplexes . Uniqueness of the cleavage site on the 
molecule has been demonst ra ted (1) by the fact that a dimeric polyoma 
D N A molecule (Cuzin et al., 1970) is cleaved twice at symmetr ic sites, 
generating monomeric linears (Fig. 5), and (2) by analysis of the product 
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F I G . 4. Endonuclease activity of purified polyoma virus particle (Cuzin et al., 1973). 
Pure polyoma virus particles were used as an enzyme source in a reaction mixture con-
taining Tris-HCl buffer pH 7.4 (10 mAf), MgCl2 (5 mM), and

 3
H-labeled form I polyoma 

DNA as substrate. Conversion of form I (superhelical) DNA into linear or relaxed 
circular molecules measured the endonuclease activity. • and • , control without addition 
of polyoma; O , control with addition of polyoma; # , reaction in the presence of 
Escherichia coli tRNA (200 /mg/ml). 
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F I G . 5. Competition by heterologous DNA's . To a standard reaction mixture (see Fig. 
4), activity taken as 100, are added increasing amounts of cold DNA of various sources. 
All DNA's have been extensively purified and reduced by ultrasonic treatment to the same 
average molecular size.

 3
H-labeled polyoma DNA (substrate) concentration, 0.03 ^g/tube. 

after successive hydrolysis with the virion nuclease and RI restriction 
endonuclease, which cleaves polyoma D N A at a unique site (Fig. 6) 
(Mertz and Davis , 1972; Yaniv et al., 1974). 

Presence of the enzyme in the viral particle may indicate a "pre-ear ly" 
function (e.g., integration of the viral D N A into host D N A could be 
required as a very first s tep in the cycle, for instance, for subsequent 
transcription of part of the viral message from a cellular promotor) . On 
the other hand, the enzyme may be gratuitously present in virus par-
ticles, simply as a result of its high affinity for polyoma D N A , to which 
it could remain associated throughout the maturat ion process . 

Although the enzyme activity on host cell (mouse) D N A has not yet 
been thoroughly studied, its affinity appears to be relatively high (Fig. 5), 
suggesting that the recognition site present on polyoma D N A might also 
exist on cellular D N A . Such a situation would be expected for an en-
zyme involved in the integration process , which, according to the model 
of Campbell (1962), requires cleavage on both s trands of the viral and 
the cellular D N A ' s . This hypothesis would be strengthened if a rela-
tionship could be more clearly established be tween the endonuclease 
and the ts-A gene of polyoma, since a defect in the ability of the ts-A 
mutant to integrate has been suggested by several independent results 
(Stoker and Dulbecco , 1969; Cuzin et al., 1970). 
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F I G . 6. Alkaline sucrose sedimentation of the products of endonucleolytic cleavage of 
monomeric and dimeric polyoma DNA, by RI restriction enzyme and polyoma en-
donuclease. (a) Sedimentation of monomeric and dimeric polyoma DNA without enzyme 
treatment. Vertical dotted lines indicate the calculated position in the tube of, respectively, 
monomeric and dimeric linear single strands. Most of the D N A (90%) is under the super-
coiled configuration and sediments at the bottom of the tube. The remaining 10% sediment 
as two close bands for each DNA, corresponding, respectively, to circular and linear 
single strands, (b) Ri endonuclease product from monomer and dimer form I DNA's. (c) 
Polyoma endonuclease product from monomeric DNA. (d) and (e) Polyoma endonuclease 
action on dimer at three successive incubation times. Sedimentation in 5-20% sucrose 
gradient, 0.2 Ν NaOH, 0.8 M NaCl, at 5°C, for 240 minutes at 48,000 rpm in a Spinco 
SW 50-1 rotor. 
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I. Introduction 

T h e stated title of this chapter is undoubtedly too pretent ious. I ts only 
justification is the assumption that cell t ransformation is the in vitro 
counterpar t of malignancy. A more modest and accurate reflection of the 
subject mat ter to be discussed would be the title "Adenovi rus G e n e 
Funct ions : A Study of Regulation of Product ive Infections and Cell 
Transformat ion." T h e experimental approaches that permit a study of 
control of viral replication as well as the cellular consequences of v i r u s -
cell interactions are possible because of two qualities of adenoviruses: 

167 
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(1) They produce a unique variety of effects, ranging from product ive in-
fections and cell death to abort ive viral replication and cell transforma-
tion, and in animals the viral encounter may result in acute disease or 
under some circumstances in malignancies. (2) T h e viral gene products 
in the virion, the viral proteins, have been rather well defined according 
to their biological functions and their s t ructures . 

The Virion and Its Replication 

T h e viral genome, a double-stranded, linear D N A with a molecular 
weight of 20 to 25 x 1 0

6
 daltons (depending upon the viral species) 

(Green et al., 1967; van der E b et al., 1969), can theoretically code for 
25 to 50 proteins. In fact, many fewer virus-specific proteins have been 
definitely identified in purified virions and virus-infected cell extracts . 
T h e icosahedral viral capsid is composed of 240 hexons and 12 pentons , 
each of which consists of a base and a fiber. It has also been proposed 
that an additional small protein is closely associated with the hexons 
(Everitt et al., 1973). Structurally the hexons form the sides and faces of 
the 20 equilaterial triangles (Wilcox et al., 1963; Valent ine and Pereira, 
1965), and immunologically this major protein contains the antigenic 
reactive groups responsible for type-specific neutralizing antibodies 
(Wilcox and Ginsberg, 1963b; Kjellin and Pereira, 1968; Pereira and 
Laver , 1970) and the cross-reactive family antibodies (Wilcox and Gins-
berg, 1961, 1963a). Each hexon is composed of three identical poly-
peptide chains of 93 ,000-105 ,000 daltons each (Cornick et al., 1973; 
Ginsberg et al., 1974). T h e intact pentons form the vertices of the 
icosahedral capsid, and the fiber component of each penton serves as the 
virion's organ of a t tachment to susceptible cells (Levine and Ginsberg, 
1967). T h e fiber is type-specific (Wilcox and Ginsberg , 1961); it consists 
of three polypeptide chains of similar sizes, i.e., 61,000 daltons (Sund-
quist et al., 1973; Dorse t t and Ginsberg , 1974), but one of the polypep-
tides is chemically different from the other two (Dorse t t and Ginsberg, 
1974). T h e penton base has not been chemically characterized, but 
physically it is composed of pro tomers of about 70,000 daltons each, 
and immunologically it shows extensive family cross-reactivity (Wilcox 
and Ginsberg , 1961). Associated with the viral D N A are at least two 
small internal proteins, one of which has an arginine content of 21 to 23 
moles% (Laver , 1970; Präge and Pet tersson, 1971). 

Replication of the virion's const i tuents proceeds in a well-ordered 
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REPLICATION OF ADENOVIRUS 

FIG . 1. A diagrammatic representation of the biochemical events initiated with "un-
coating" of the viral genome and terminated by assembly of the virions from viral subunits. 

series of biosynthetic react ions, which culminate in assembly of the 
subunits into a perfect icosahedral virion. It is the regulation of these 
biochemical events which was the stimulus for the investigations to be 
summarized in this communicat ion. T h e replication events , diagrammat-
ically described in Fig. 1, are initiated with the uncoating of the viral 
genome and the subsequent transcription of early species of virus-
specific R N A ' s . A t least some of these early t ranscr ipts , which are syn-
thesized in the absence of protein synthesis (Parsons and Green , 1971) 
and prior to replication of the viral D N A (Thomas and G r e e n , 1969; 
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Lucas and Ginsberg, 1971), serve as messenger R N A ' s ( m R N A ' s ) for 
virus-coded nonvirion proteins. However , the function and structure of 
these essential viral gene products have still not been defined. T h e asym-
metric , semiconservat ive, linear replication of the viral D N A (Sussen-
bach et ai, 1972), which occurs within infected nuclei (van der Vliet and 
Sussenbach, 1972), is dependent upon the prior synthesis of early pro-
teins (Wilcox and Ginsberg , 1963c). It is possible that at least one of the 
early class I m R N A ' s , which are only transcribed early (Lucas and 
Ginsberg , 1971), is translated into a protein essential for initiation of 
viral D N A replication, whereas one or more of the class I I m R N A ' s , 
which are transcribed continuously during viral synthesis (Lucas and 
Ginsberg, 1971), are translated into nonvirion proteins necessary for late 
as well as early biosynthetic react ions. Late m R N A ' s can only be 
transcribed after replication of viral D N A has begun (Bello and Gins-
berg, 1969), although continued replication of the viral genome is unnec-
essary for prolonged synthesis of late t ranscripts and late viral proteins 
(J. J. Lucas and H . S. Ginsberg, unpublished data). Viral m R N A ' s , 
which are t ranscribed and processed in the nucleus (Parsons et al., 
1971; Wall et al., 1972), must be t ransported into the cytoplasm 
(Parsons et ai, 1971; Parsons and Green , 1971; Lucas and Ginsberg , 
1971) where they are translated (Thomas and Green , 1966; Velicer and 
Ginsberg , 1968; 1970). T h e nascent polypeptide chains are sub-
sequently t ransported into the nucleus where they form multimeric pro-
teins that are assembled into infectious viral particles (Velicer and Gins-
berg, 1970). Although the sequential biosynthetic events leading to 
morphogenesis of the virion are orderly and the final yield of infectious 
virions may be large, the assembly process is inefficient. F o r example, 
infection of K B cells with type 5 adenovirus yields as many as 10

4
 infec-

tious particles per cell, but only about 10% of the viral D N A and capsid 
proteins synthesized are actually packaged into viral particles (Ginsberg 
and Dixon, 1959). 

T o reveal which proteins essential for viral synthesis are viral gene 
products and to unders tand the mechanisms regulating the biosynthetic 
events described above, techniques other than conventional biochemical 
measurements appeared to be required. Conditionally lethal mutants 
proved to be invaluable for understanding the details of biosynthesis of 
bacteriophages (Epstein et al., 1963), and it seemed likely that similar 
studies using temperature-sensi t ive (ts) mutants of adenoviruses would 
be equally revealing. T h e experiments to be summarized in this chapter 
employed selected ts mutants of types 5 and 12 adenoviruses , the former 
virus because it has been extensively utilized for biochemical and struc-
tural investigations, the latter because it readily t ransforms primary 
rodent cells in vitro and is highly oncogenic in vivo. 
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II. Conditionally Lethal Temperature-Sensitive (ts) Mutants 
of Type 5 Adenovirus 

A. Mutagenesis and Selection of Mutants 

T h e acquisition of wild-type (Wt) virus and its multiplication charac-
teristics at 32°C (permissive temperature) and 39.5°C (restrictive tem-
perature) , the techniques of mutagenesis , and the selection of ts mutants 
have been described in detail e lsewhere (Ensinger and Ginsberg , 1972). 
Briefly, mutagenesis was carried out with 0.1 M N a N 0 2 at p H 4.0 for 
45 minutes , or 1 M hydroxylamine at p H 7.0 for 26 hours , or by 
propagating the virus in the presence of 25 /xg/ml of nitrosoguanidine 
for 60 hours at 32°C. A two-step procedure was employed for selection 
of mutan ts : (1) the plaque-enlargement technique (Edgar and Lielausis, 
1964) and (2) determination of the potential of the mutants to produce 
complete cytopathic effects in monolayers of K B cells at 39 .5°C. Fifteen 
mutants with reversion frequencies of less than 10~

5
 were selected for 

characterizat ion. 

Nomenclature of ts Mutants 

In accordance with an agreement reached by investigators working 
with adenovirus mutants , a defined system of nomencla ture will be 
employed (Ginsberg et al.y 1973). T h e terminology is similar to that 
also accepted for use with S V 4 0 mutants (Robb et at., 1972). Thus , 
type 5 adenovirus temperature-sensi t ive mutants will be termed H5 t s 
(number of mutant) , and type 12 ts mutants will be indicated as H12 t s —. * 
T h e complementat ion group designation, which should be a term of the 
official name of a mutant (A, B, C, etc.) will not be presented for the mu-
tants to be discussed in this chapter because most of the mutants have 
not yet been crossed with those isolated in other laboratories (Williams 
et al., 1971 ; Lundholm and Doerfler, 1971; Shiroki et al., 1972; Suzuki 
et al., 1972) and therefore a final complementat ion group designation 
cannot be made . F o r convenience the complementat ion groups detected 
will be temporari ly noted as I, I I , I I I , etc. 

B. Complementation Analysis 

Character izat ion of the ts mutants was initiated by classifying the mu-
tants into complementat ion groups according to their affected cistrons. 
Cultures were doubly infected with 15 P F U per cell of each mutant and 

* — = mutant number. 
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TABLE I 

Complementation between Representative ts Mutants of Type 5 Adenovirus 

ts 125 (I) [0.061] 

ts 116 (II) 1.6° [0.016]" 

ts 135 (III) 73 30 [0.037] 

ts 142 (IV) 146 36 55 [0.017] 

ts 147 (V) 60 15 0.45 338 [0.045] 

ts 149 (VI) 12 1.0 11 223 195 [0.010] 

ts 125 ts 116 ts 135 ts 142 ts 147 ts 149 

a
 Suspension cultures of KB cells were infected at 39.5°C with 15 PFU of each of two 

mutants per cell and the final yield was assayed at 32°C. The final yields are expressed at 
fluorescent focus units (FFU) per cell. 

b
 Yield from cultures infected with 15 PFU of only one mutant per cell. The yield from 

Wt virus at 39.5°C was 2 to 4.4 x 10
3
 FFU/cell. 

incubated at 39.5°C for 40 hours (Ensinger and Ginsberg , 1972). Table I 
illustrates the yields obtained with double and single infections using 
representat ive mutants and the consequent classification of the 15 ts mu-
tants analyzed into 6 complementat ion groups. It is important to note 
that the mutants selected did not separate randomly into the groups 
identified: 11 of the 15 mutants segregated into complementat ion groups 
II and I I I (Table I I ) . 

C. Recombination 

Adenoviruses were considered to be ideal for study of genetic recom-
bination between viruses because (1) they have a linear, double-
stranded, unsegmented D N A genome and therefore avoid the problems 
of reassor tment encountered with viruses having segmented genomes 
(i.e., reoviruses and influenza viruses) and (2) they assemble in the 
nuclei of cells without budding and thus avoid the difficulties of het-
erozygote formation (e.g., herpes simplex and Newcas t l e disease 
viruses). It was found, however , that adenoviruses possess their own im-
perfections for ideal recombinat ion studies. In addition to clear Wt 
plaques , small, faint "min ip laques" resulted from crosses be tween 
members of different complementat ion groups or be tween viruses of 
complementat ion group I I I . T h e miniplaques appear to result from com-
plementat ion on the plate (Ensinger, 1973). This phenomenon was 
avoided when recombinat ion was studied with viruses of group I I ; these 
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TABLE II 

Properties of Temperature-Sensitive Mutants of Type 5 Adenovirus 

Complementation group Number of mutants Phenotype 

I 1 DNA minus 
II 6« Hexon minus 
III 5 Assembly minus 
IV 1 Fiber minus 
ν 1 Hexon transport minus 
VI 1 DNA minus 

a
 Two may be double mutants. 

intracistronic recombinat ion crosses demonst ra ted the linearity of the 
genetic map. Desp i te the difficulties encountered with the appearance of 
miniplaques, counting only normal-sized plaques, recombinat ion crosses 
were done be tween all of the first eight ts mutants (members of the first 
three complementat ion groups) which have been extensively character-
ized. T h e data obtained suggest that the entire map is linear and that the 
three complementat ion groups studied are arranged in the following 
sequence: group I I - g r o u p I -g roup I I I . T h e recombinat ion frequencies 
ranged from about 0 .19% to 15 .9% and were consistently higher for 
crosses be tween ts mutants of different complementat ion groups 
(Ensinger, 1973). T h e four ts mutants of group II can be more 
precisely arranged, ts 115—ts 116- ts 132- t s 114. 

D. Characterization of ts Mutants 

Biochemical and immunological techniques were utilized to describe 
the phenotype and thus reveal the functional defect of each mutant . 
Thir teen of the 15 mutants had only a single detectable defective gene 
function that was common to all members of the specific complemen-
tation group (summarized according to the complementat ion groups in 
Table I I ) . T w o of the viruses appeared to be double ts mutants . 

Only 2 mutants were isolated that were unable to synthesize their 
viral D N A at the nonpermissive tempera ture . They complemented each 
other effectively, indicating that there are at least two distinct gene prod-
ucts necessary for replication of viral D N A . O n e (ts 149) did not com-
plement the D N A minus mutant (ts 36) isolated by Williams and his col-
leagues (Williams et ai, 1971; Wilkie et al., 1973). It is striking that if 
the group I mutant (ts 125)-infected cells were incubated at 32°C, to 
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permit viral D N A replication to begin, the D N A synthesis rapidly 
ceased when the infected cells were shifted to 39.5°C. When infected 
cells were shifted down from 39.5°C to the permissive tempera ture , syn-
thesis of viral D N A was resumed within 1 hour. It should be further 
noted that viral capsid proteins were not produced in cells infected at 
39.5°C with the D N A minus mutants , adding additional confirmation to 
the observat ions that transcription of late m R N A ' s and synthesis of late 
proteins are dependent upon prior replication of viral D N A (Flanagan 
and Ginsberg, 1962; Bello and Ginsberg , 1969). 

G r o u p II mutants , which were commonly found, synthesized normal 
amounts of viral D N A , produced viral pentons and the internal arginine-
rich protein, but did not make immunologically react ive hexon protein at 
the nonpermissive temperature . Polyacrylamide gel electrophoresis of 
the infected cell extracts , however , showed that the appropriately sized 
polypeptide chains were made, although they were detected in reduced 
amounts . Indeed, all of the viral proteins were present in smaller quan-
tities than in wild-type infections, owing to degradation, inefficient ex-
traction, or decreased rate of synthesis. G r o u p I I I mutants , which were 
also commonly isolated, appeared to make all known components of the 
virion; the capsid proteins and the arginine-rich internal protein were im-
munologically react ive, but virions did not form —they appear to be as-
sembly mutants . T h e single group IV mutant was defective only in the 
fiber protein. T h e group V mutant has an intriguing defect: all capsid 
proteins, including the hexon protein, were synthesized and were im-
munologically act ive; the fiber and penton base proteins moved normally 
into the nucleus, but the hexon protein could not be t ransported into the 
nucleus at the nonpermissive temperature (R. S. Kauffman, unpublished 
data). 

III. Temperature-Sensitive Mutants of Type 12 Adenovirus 

A. Mutagenesis and Selection 

T h e mutants to be described were obtained after propagation of type 
12 Wt adenovirus in KB cell monolayers in the presence of 15 /xg 5-
bromo-2-deoxyuridine (BUdR) for 62 hours at 32°C in the dark. T h e 
mutagenized virus was plated on K B cells at 32°C; plaques were picked 
and tested at low multiplicity (0 .1-0 .01 PFU/ce l l ) for cytopathic effects 
at 32° and 39.5°C. Initially three mutants were obtained from 165 
plaques tested (a mutat ion rate of 1.89%). T h e three ts mutants were 
plaque-purified three t imes. T h e mutants had 32739.5° plating efficiency 
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ratios greater than 10
7
 to 10

8
 and similarly low reversion frequencies 

(Rubenstein et al, 1973). 

Β. Complementation Analysis 

T h e three ts mutants studied proved to complement each other ex-
cellently so that the yield of each double infection was several hundred 
times greater than the sum of the single infections. T h u s , each ts mutant 
belonged to a separate , nonoverlapping complementat ion group. T h e 
three unique mutants were then character ized according to their biochem-
ical defects in the lytic cycle, their ability to transform rat embryo cells 
at 32° and 39.5°C, and their replication in the rodent cells. 

C. Characterization of H12ts Mutants in KB Cells 

Using procedures similar to those described for the study of type 5 ts 
mutants (Ensinger and Ginsberg , 1972), the three type 12 ts mutants 
were found to have the following defects under nonpermissive condi-
tions of viral replication. 

1. T h e mutant ts 307 did not replicate its viral D N A and, as would be 
predicted, did not synthesize late proteins at 39.5°C. Τ antigen, how-
ever, was produced in the infected cells. It was also striking that synthe-
sis of host D N A was only reduced about 2 5 % , in sharp contrast to the 
D N A minus type 5 mutants studied which decreased replication of host 
D N A 7 5 % . Biosynthesis of host proteins was not al tered in the infected 
cells. 

2. T h e mutant ts 333 showed reduced replication of its D N A (about 
4 5 % as compared to Wt virus), shut-off synthesis of host cell D N A , 
made Τ antigen normally, but had markedly reduced product ion of late 
viral proteins and did not effectively shut-off synthesis of host proteins. 

3. T h e mutant ts 303 made defective hexon protein that was im-
munologically unreact ive. Indeed, its phenotype was similar to the com-
plementat ion group II type 5 ts mutants (Table I I ) . 

D. Transformation Analysis 

T h e Wt type 12 adenovirus was found to transform primary rat em-
bryo fibroblasts at both 39.5° and 32°C, which afforded an opportuni ty 
to explore the mechanism of viral t ransformation using the ts mutants 
described. It was extremely good fortune that the three distinct mutants 
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had significantly different transformation frequencies at the nonpermis-
sive temperature . T h u s , ts 303 transformed at the frequency of wild-type 
virus (about 2 to 4 x 1 0 "

4
 t ransformations per infected cell); ts 333 es-

sentially did not transform cells at 39.5°C; and ts 307 transformed at a 
frequency of 2.5 to 4 t imes greater than Wt virus. It should also be noted 
that ts 333 at 32°C characteristically produced clear plaques that were at 
least twice the size of Wt plaques or the plaques induced by the other ts 
mutants . This large plaque characterist ic of ts 333 is similar to Take-
mori 's type 12 cyt mutants , which also have reduced transforming capa-
bility (Takemori et aly 1968, 1969). 

E. Replication of H12 Wt and ts Mutants 
in Rat Embryo Cells 

T y p e 12 adenovirus cannot multiply in hamster cells, which it effec-
tively transforms (Strohl et ai, 1966). Investigation of the capacity of 
the Wt virus and the three ts mutants to multiply in rat embryo cells 
showed that none of these viruses produced infectious virus at either 
32°C or 39.5°C. Fur the rmore , when the D N A of infected cells was 
examined by isopycnic centrifugation in cesium chloride it was shown 
that none of the four viral D N A ' s were synthesized at either tempera-
ture. 

IV. Intertypic Complementation with Type 5 
and Type 12 ts Mutants 

Although each type of adenovirus has specific immunologically reac-
tive proteins, the structures of the proteins of the different types appear 
to be similar in size and configuration. It seemed possible therefore that 
double infection of KB cells at 39.5°C with ts mutants of type 5 and type 
12 might result in complementat ion if their defects were in different cis-
t rons . This hypothesis proved to be valid, as exemplified by the crosses 
between each of the type 12 ts mutants and the two type 5 D N A minus 
mutants (Table I I I ) . Clearly H 5 t s l 2 5 and H12 t s307 have defects in the 
same cistron so that synthesis of viral D N A was not permit ted in the 
doubly infected cells at 39.5°C. In sharp contrast , these data demon-
strate that the defective gene product of H 5 t s l 4 9 is coded in a different 
cistron from that affected in H 5 t s l 2 5 and H12 t s307 . It should also be 
pointed out, that this type of analysis detects similarities and differences 
in protein defects not observed with intratypic complementat ion analy-
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TABLE III 

Complementation between DNA Minus ts Mutants of Type 5 and ts Mutants 
of Type 12 Adenoviruses 

H12ts303 H12ts307 H12ts333 

H5tsl25 3.2(+)
e 

0.013(-) 1.3(+) 
H5tsl49 14(+) 17(+) 29(+) 

a
 Maximum yield (FFU/cell) from spinner cultures of KB cells infected at 39.5°C with 

15 PFU/cell of each mutant and assayed at 32°C. 

sis. T h u s H12 t s303 did not complement H 5 t s l l 6 (type 5 complemen-
tation group II mutants) , hexon minus mutants , and H 5 t s l 4 7 , the hexon 
t ransport minus mutant (type 5 complementat ion group V) . But H5 t s 116 
and H 5 t s l 4 7 did complement each other (Table I). Moreover , H 5 t s l l 6 
did not complement either H12 t s303 or H 1 2 t s 3 3 3 , but the two type 12 
mutants complemented each other effectively. 

V. Transformation of Rat Embryo Cells 
by Type 5 Adenoviruses 

T y p e 5 adenovirus is said to be nononcogenic in newborn hamsters , 
and it can only transform rat embryo cells at a very low frequency. T h e 
finding that H 5 t s l 2 5 was defective in the same cistron as H12 t s307 , a 
"super t ransformer ," suggested that the D N A minus type 5 mutant might 
also be a good transformer if the defective cistron was involved in the 
virus-induced cellular changes. Transformation analysis of rat embryo 

TABLE IV 

Transformation of Rat Embryo Cells by DNA Minus ts Mutants 
of Types 5 and 12 Adenoviruses 

Virus Foci per culture
0 Transformation frequency 

None 0, 0, 0, 0 10"
4 

H12ts307 10, 9, 11, 7 0.9 x 10"
3 

H5Wt 1, 1, 0, 1 0.75 x 10-
4 

H5tsl25 16, 16, 12, 15 0.15 x 10"
2 

a
 Each culture was seeded with 10

4
 cells 24 hours after infection with 50 PFU/cell and 

incubated at 36°C for 40 days. 
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cells was carried out with H 5 t s l 2 5 , H 5 W t , and H12 t s307 . T h e results 
of these exper iments , summarized in Table I V , show that H 5 t s l 2 5 
transformed cells at an even higher frequency than the type 12 "super-
t ransformer" ts 307. As was expected, H 5 W t transformed at a very low 
frequency. 

VI. Perspectives 

This chapter summarizes the beginnings of studies of conditionally 
lethal temperature-sensi t ive mutants of types 5 and 12 adenoviruses . 
T h e data presented furnish evidence that the prophecies can be fulfilled 
that such investigations will permit a bet ter understanding of the regula-
tion of adenovirus replication and cell transformation. Similar mutants of 
types 5 (Williams et al., 1971; Takahas i , 1972), 12 (Lundholm and 
Doerfler, 1971; Shiroki et al., 1972), 31 (Suzuki et al, 1972), and C E L O 
adenoviruses (Ishibashi, 1971) have also been described, and the nu-
merous reports indicate that it will be possible to obtain useful mutants 
involving the major functional cistrons. T h e demonstra t ion that inter-
typic complementat ion is possible greatly extends the range of mutants 
available for prospect ive biological, biochemical , and structural inves-
tigations. 

T h e few ts mutants of type 5 adenovirus available already permit de-
tailed studies of several critical regulated react ions, which can be iden-
tified in the biochemical events of viral replication diagrammatically 
summarized in Fig. 1. T h e two distinct D N A minus mutants demon-
strate that at least two viral gene products are required for D N A replica-
tion. A t least one of these ( H 5 t s l 2 5 ) represents a cistron whose product 
is essential for continued D N A biosynthesis , probably for initiation of 
each round of replication. T h e D N A mutants further substantiate prior 
evidence, obtained with 5-fluoro-2-deoxyuridine ( F U d R ) , indicating that 
progeny viral D N A molecules must be made in order to t ranscribe late 
m R N A ' s (Bello and Ginsberg, 1969) that are translated into capsid pro-
teins (Flanagan and Ginsberg, 1962). 

Earlier studies had demonst ra ted that if cells were infected with type 5 
adenovirus in the presence of F U d R and the analogue-inhibition re-
versed with thymidine 10 to 12 hours later, viral D N A replication com-
menced but synthesis of host D N A was not resumed (Ginsberg et al., 
1967). These data implied that neither viral nor host D N A synthesis 
was essential for host cell D N A replication to be blocked in adenovirus-
infected cells. T h e D N A minus ts mutants studied ( H 5 t s l 2 5 , H12ts307) 
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strengthened the conclusion that the inhibition of host cell D N A biosyn-
thesis is independent of viral D N A replication. 

It has been demonst ra ted that adenovirus D N A is synthesized in the 
nucleus, capsid proteins accumulate in the nucleus, and the virions are 
assembled in the nucleus. T h e viral proteins, however , are synthesized 
on polyr ibosomes in the cytoplasm and rapidly t ransported after comple-
tion into the nucleus (Velicer and Ginsberg , 1968, 1970). It was shown 
that energy was essential for t ransport , but detailed studies of the mech-
anism involved have been unsatisfactory (Velicer and Ginsberg , 1970). 
Clarification of the t ransport process should now be possible using the 
mutants whose hexon protein cannot be t ranspor ted into the nucleus at 
the nonpermissive tempera ture , although the fiber and penton base are 
t ransported without restriction [such as H 5 t s l 4 7 and those described by 
Ishibashi (1970) and Russell et al. (1972)]. T h e t ranspor t minus mutants 
described suggest the following hypotheses : (1) A specific gene product 
controls the t ranspor t of each protein; (2) each protein has a specific 
region or site which must be intact for successful t ranspor t ; or (3) each 
protein must assume a particular conformation through secondary or ter-
tiary folding to permit its t ransport . T h e latter possibility seems the most 
likely, but all of these notions can now be tested. 

Despi te the numerous investigations of viral transformation of eu-
karyotic cells, the react ions responsible for the cellular changes have not 
yet been exposed. Temperature-sensi t ive mutants of both D N A and 
R N A viruses are now being widely employed for these studies. T h e 
lucky selection of three type 12 adenovirus ts mutants which cover the 
spectrum from nontransformation to increased efficiency of transforma-
tion offers considerable promise that these viruses will be useful in dis-
covering some of the gene products responsible for transformation. T h e 
use of intertypic complementat ion may be particularly valuable in de-
tecting the viral cistron or cistrons implicated in effecting the cellular 
changes. F o r example , the finding that H 5 t s l 2 5 has the same gene lesion 
as H 1 2 t s 3 0 7 , which transforms with increased efficiency, led to the evi-
dence that H 5 t s l 2 5 is also a "super t ransformer" and that the affected 
gene, which is essential for viral D N A replication, provides a product or 
initiates reactions that reduce the possibility of virus-induced cell t rans-
formation. These studies may be viewed with optimism since they 
suggest that the tools are at hand to study the molecular regulation of 
transformation. But the viruses evolved from such experiments also 
must be used with caution, since they indicate that the alteration of a 
single gene can all too readily conver t a virus with low-transforming po-
tential into a highly efficient transforming virus. 

These data further suggest that all adenoviruses have the propensity 
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to transform cells, perhaps to be oncogenic. T o fulfill the oncogenic po-

tential it may be necessary to alter only one control reaction. This reac-

tion may only change the virus so that it cannot replicate or so that it is 

less cytocidal (e.g., H 5 t s l 2 5 ) ; the decreased lethality may only permit 

the whole or par t of the viral genome to persist in the cell, either in-

tegrated or as a free episome. If this model has validity, the present 

drive to obtain a t tenuated viruses, which can persist in the host inducing 

immunity against wild-type pathogenic viruses, could have undesirable, 

as well as apparent beneficial, consequences . 
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I. Introduction 

T h e potential of herpesviruses to engage in multiple interactions with 
susceptible host cells and organisms has recently refocused attention on 
these ubiquitous viruses. In addition to product ive infections, herpes-
viruses can establish latent and persistent infections in natural and 
experimental hosts (Rapp and Jerkofsky, 1973). T h e concept of an on-
cogenic potential for these viruses is relatively new, although not unex-
pected, and has been generated and supported by data derived from a 

183 
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TABLE I 

Transforming Herpesviruses with Known or Suspected Oncogenic Potential 

Host cell DNA 
Virus Cell transformation stimulation Oncogenicity 

Marek's Disease Leukocytes Yes Lymphoma (chicken) 
Virus (chicken) 

Herpesvirus Leukocytes Unknown Lymphoma (monkey) 
saimiri and H. 
ateles (monkey) 

Lucke' frog virus Unknown (has not been 
replicated in vitro) 

Unknown Adenocarcinoma (frog) 

Herpesvirus Leukocytes Unknown Lymphoma (rabbit) 
sylvilagus 
(rabbit) 

Guinea pig Leukocytes Unknown Suspected leukemia 
herpesvirus (guinea pig) 

Epstein-Barr virus Leukocytes Yes Suspected lymphoma 
(man) (man) 

Herpes simplex Hamster, mouse, and Unknown Adenocarcinoma and 
virus (man) human fibroblasts fibrosarcoma (hamster) 

Cytomegalovirus Hamster embryo Yes Fibrosarcoma (hamster) 
(man) fibroblasts 

variety of independent investigations. T h e possibility that these viruses 
play an etiologic role in human neoplasia is of major importance. How-
ever, because of obvious ethical limitations, research efforts have con-
centrated on animal model and cell culture sys tems. For tunate ly , for the 
cancer researcher , there is a complete phylogenetic range of reservoir 
animal hosts carrying herpesviruses , many associated with neoplasia in 
their natural host , from which analogy and insight may be derived (Table 
I). Each system has unique and vexing problems which, when solved 
and assimilated, should expand the known propert ies of these viruses 
(Fig. 1). More important , each system offers a handle to molecular 
events that control virus-cel l and v i rus -hos t interactions. 

II. Oncogenicity of Animal Herpesviruses 

A. Frog Adenocarcinoma 

At the base of the phylogenetic t ree of herpesvirus-associated neo-
plasias is the frog renal adenocarc inoma (Lucké tumor) . This neoplasia 
was described by Lucké in 1934, who implied a virus etiology after ob-
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MAN 
-multiple diseases 

by single virus 
-multiple viruses known 

MONKEY 
-natural resistance 

of host to neoplasia 
by native herpesvirus 

RABBIT 
-degrees in severity 

of lymphoma 

GUINEA PIG 
-natural resistance 
of host strains 

CHICKEN 
-vaccine against herpesvirus 

neoplasia 
-development of resistant 

and susceptible 
host strains 

FROG 
-control of virus expression 

by temperature 

F I G . 1. Unique aspects of various animal herpesvirus neoplasias. 

serving intranuclear inclusions in a large number of tumor cells. Lunger 
(1964) isolated a herpesvirus from the Lucké tumor years after particles 
with herpesvirus morphology were observed in these tumor cells (Faw-
cett , 1956). 

T h e Lucké system has unique features that may yield information rel-
evant to the control of virus expression. T h e host , Rana pipiens, hiber-
nates with al ternate periods at 20° -25°C (summer) and at 4 ° -9°C 
(winter). Consequent ly , tumors from frogs caught in the summer or 
maintained in the laboratory at 20° -25°C are designated " s u m m e r " 
tumors , and those from frogs caught in the winter or held at 4 ° -9°C are 
called "win te r " tumors . While " s u m m e r " tumors contain neither virus 
inclusion bodies nor virus part icles, "win te r " tumor cells exhibit inclu-
sions, tumor cell degenerat ion, and release of infectious virus. Accord-
ingly, Mizell (1972) has observed that host cell D N A synthesis is 
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suppressed concomitant with virus production when tumors are main-
tained at 7.5°C, but not at 20° -25°C. 

Induction of Lucké virus replication by prolonged incubation of 
"virus-free" tumor-bearing frogs or tumor tissue at low temperature is 
well documented. Rafferty (1965) demonst ra ted that nuclear inclusions 
appeared in biopsies of " s u m m e r " tumors maintained at low tempera-
tures . Subsequently, Mizell et al. (1968) and Stackpole (1969) reported 
virus product ion in " s u m m e r " tumor tissue t ransplanted into the anterior 
eye chamber of frogs held at low temperature . T o determine whether 
virus induction required unknown host factors, Breidenbach et al. (1971) 
maintained explants from " s u m m e r " tumors on agar slants at 7.5°C and, 
after 3 months , observed virus production. T h e fact that virus expres-
sion occurred independent of the intact host suggested that the complete 
virus genome was present and latent in these cells. Recently, Collard et 
al. (1973b) detected m R N A transcripts homologous to a portion of the 
Lucké virus genome in " s u m m e r " tumor cells. Thus , the Lucké virus 
genome appears to be latent in " s u m m e r " tumor cells and can be in-
duced to replicate virus following prolonged incubation at low tempera-
ture. 

B. Lymphoma of Chickens 

Marek ' s disease ( M D ) , a lymphoproliferative disorder of chickens, 
has been recognized since the beginning of this century (Marek, 1907). 
Until recently, the egg producer has had to accept a 10 to 2 0 % flock 
mortality. In fact, Marek ' s disease has been responsible for major eco-
nomic loss to the poultry industry, which perhaps explains why such 
rapid progress has been made in controlling this disease. 

Groups working independently in England (Churchill and Biggs, 1967) 
and in the Uni ted States (Solomon et al.y 1968; Nazer ian et al., 1968) 
isolated a herpes-like virus [Marek 's disease virus ( M D V ) ] , which was 
subsequently shown to be the etiologic agent of the disease. Similar to 
other herpesvirus-associated neoplasias, virus particles were not ob-
served in blood, tumor, or kidney cells taken from infected birds, but ap-
peared after duck embryo fibroblast or chicken kidney cell cultures were 
cocult ivated with these cells. Subsequently, Calnek et al. (1970) and 
Nazer ian and Witter (1970) demonst ra ted that M D V acquired its enve-
lope, and hence matured, only in cells of the feather follicle epithelium. 
This explained how the highly cell-associated virus replicated and was 
transmitted to susceptible chicks. 

T h e etiology of Marek ' s disease was definitively proved when vacci-
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nation of 1-day-old chicks with at tenuated M D V prevented neoplastic 
proliferation (Churchill et al., 1969b). F o u r strains of virus are currently 
used to produce vaccines against M D V (Nazer ian, 1973b), the most ef-
fective to date being an antigenically related herpesvirus of turkeys 
( H V T ) (Kawamura et al., 1969; Witter et al., 1970). Vaccinat ion with 
H V T does not protect against infection by the virulent virus but does 
prevent the virus-induced neoplasia. A persistent infection is established 
within the host , and both H V T and virulent M D V are continuously shed 
in the feather follicle epithelium (Eidson et al., 1971). Therefore , 
although a low-grade infection is established, the vaccinated host is pro-
tected by an unknown mechanism from developing the lymphoma char-
acteristic of acute Marek ' s disease. 

C. Lymphoma of Guinea Pigs 

A herpesvirus of guinea pigs ( G P H V ) has been isolated by Hsiung et 
al. (1971) and N a y a k (1971) from leukemic lymphoblasts of strain-2 
guinea pigs and from their nonleukemic counterpar ts . Gu inea pigs of the 
leukemia-resistant Har t ley strain, however , rarely harbor this agent 
(Hsiung et al., 1971). Like other herpesviruses , G P H V persists in in-
fected animals, despi te the presence of neutralizing ant ibody (Tenser 
and Hsiung, 1973) and is readily detected in cultured lymphoblasts , but 
not in fresh leukemic tissue (Nayak , 1972). 

T h e guinea pig herpesvirus appears to have the potential to transform 
primary hamster cells in vitro. In one report , cul tured cells that survived 
cytopathic effects induced by the virus were morphologically trans-
formed to epithelioid cells and contained virus-specific cytoplasmic an-
tigens (Fong and Hsiung, 1973). Extension of these observat ions to an 
oncogenic potential for G P H V is complicated by the simultaneous pres-
ence of C type virus particles in the leukemic cells. Hsiung et al. (1973) 
recently observed that neoplastic disease could be induced in guinea pigs 
inoculated with both viruses, but not with either alone, and suggested a 
synergistic relationship between these agents . 

D. Lymphoma of Rabbits 

Herpesvirus sylvilagus has been isolated from the kidneys of wild, cot-
tontail rabbits (Hinze , 1971; Hinze and Wegner , 1973). Unlike other 
herpesviruses, H. sylvilagus appears to be host-specific and has not 
shown infectivity for other laboratory animals. Infection produces a per-
sistent, low grade viremia with concomitant stimulation of the lymphoid 
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tissue, which varies in severity from lymphoid hyperplasia to malignant 
lymphoma. Virus can be induced by cocultivation of infected leukocytes 
with susceptible rabbit kidney cells. A small percentage (0.1 to 1.0%) of 
cultured leukocytes contained virus antigens detectable by im-
munofluorescence techniques. T o date , these leukocytes have not shown 
the capacity to proliferate indefinitely in culture that is characterist ic of 
lymphoblastoid cells from patients with Burkitt lymphoma or infectious 
mononucleosis . 

E. Lymphoma of Monkeys 

Herpesvirus saimiri (HVS) and Herpesvirus ateles ( H V A ) are the 
first herpesviruses with oncogenic potential in primate hosts . H V S and 
H V A were originally isolated by Meléndez et al. (1968, 1972b) from ap-
parently healthy squirrel and spider monkeys , respectively. N o clinical 
disease in the natural host has been attr ibuted to either of these simian 
herpesviruses , although H V S is capable of inducing neoplasia in several 
pr imate species and in N e w Zealand white rabbits . H V A appears to be 
truly oncogenic only in the cot ton-top marmoset (Meléndez et ai, 
1972a). Similar to simian virus 40 (SV40) , these viruses appear to be 
carried in a latent state within the kidneys of their natural hosts and 
emerge from degenerating cell cultures. 

I II . Association of Human Herpesviruses with Neoplasia 

A. Epstein-Barr Virus 

By seroepidemiological studies, the Epstein-Barr virus (EBV) was 
first associated with Burkitt lymphoma (BL) and infectious mononu-
cleosis ( IM). Several excellent reviews detail the evidence supporting 
the association of E B V with BL and the fortuitous observat ions linking 
E B V etiologically to I M (Epstein, 1970; Klein, 1971 , 1972). More 
recently, this virus has also been associated with nasopharyngeal car-
c inoma (de-Thé, 1972), Hodgkin ' s disease (Levine et ai, 1971), and the 
Guillain-Barré syndrome (Grose and Feor ino , 1972). If the relationship 
be tween E B V and these diseases is causal , E B V can be designated as a 
prototype , multipotential herpesvirus. Accordingly, similarities be tween 
M D V , H. sylvilagus, and E B V —clinical manifestations and host re-
sponse—can be probed for clues to human pathology. 
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B. Herpes Simplex Virus 

T w o subtypes of herpes simplex virus (Table II) have been differen-
tiated by biological, biochemical , and biophysical parameters (Nahmias 
and Dowdle , 1968). H e r p e s simplex virus type 1 (HSV-1) is generally 
isolated from the respiratory tract. He rpes simplex virus type 2 (HSV-2) 
is t ransmit ted by sexual contact , has been isolated from the male geni-
tourinary tract (Centifanto et ai, 1972), and produces genital herpetic 
lesions. John As tuc , a F rench physician, first published an account of 
herpes simplex as a venereal disease in 1736 (Goodhear t , 1970), and, 
noting a high frequency in prost i tutes , designated the condition a "voca-
tional disease of w o m e n . " 

Herpes simplex viruses are ubiqui tous, commonly produce subclinical 
childhood infections, and persist in the host in a latent state despite the 
presence of humoral antibody. Several viral pathology studies have in-
dicated that genital herpetic infection (HSV-2) often precedes cervical 
dysplasia, currently considered a precursor of cervical carc inoma (Naib 
et ai, 1966; Josey et ai, 1968; Rawls et ai, 1969; Sprecher-Goldberger 
et ai, 1970; Cata lano and Johnson , 1971). Extensive seroepidemio-

TABLE II 

Comparative Properties of Herpes Simplex Viruses 

Property Type 1 Type 2 

Natural site in man Nongenital areas Anogenital areas 

Latency in man Trigeminal ganglia; Suspected cervical cells 
brain cells 

Virus inactivation by 
Heat Less sensitive More sensitive 
Ultraviolet light Less sensitive More sensitive 
Neutral red and light Equally sensitive Equally sensitive 

Thymidine kinase inactivation Less sensitive More sensitive 
by heat 

DNA (linear, 100 x 10
6
 molecular 

weight) 
Buoyant density (gm/ml) 1.726 1.728 
Guanine + cytosine (% ) 67 69 
Unique sequence {% ) 95 84 
Homology, % of type 1 vs. type 2 47-50 47-50 

In vitro transformation of Hamster and mouse Hamster and mouse 

mammalian cells fibroblasts fibroblasts; human 
embryonic lung cells 
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logical studies (Rawls et al., 1972, 1973) have likewise linked H S V - 2 
with cervical carcinoma. 

Royston and Aurelian (1970) reported the presence of herpesvirus an-
tigens in exfoliated anaplastic cells from patients with cervical car-
cinoma, but not in biopsy material taken from such patients (Aurelian et 
al., 1972). By manipulation of growth requirements (specifically p H ) a 
virus identified as H S V - 2 was rescued from a degenerating culture of 
cervical carcinoma cells (Aurelian et al., 1971). Although this report has 
not been confirmed, the detection by Frenkel et al. (1972) of a fragment 
of H S V - 2 D N A in cervical tumor cells from one patient supports the 
etiologic role of H S V - 2 in cervical carcinoma. 

C. Cytomegalovirus 

Although human cytomegalovirus ( C M V ) has not been etiologically 
associated with any known human neoplasia, it shares many propert ies 
common to other suspected neoplastic herpesviruses . C M V has been 
implicated in an atypical form of infectious mononucleosis and com-
pared with the Epstein-Barr virus (Hanshaw, 1969). C o m m o n antigens 
between C M V and E B V (Hanshaw, 1970) and be tween C M V and 
H S V - 2 (Wentworth and French , 1970) have been reported. 

Infection may be either congenital (Hildebrandt and Monif, 1969; 
Birnbaum et al., 1969) or acquired as indicated by the presence of serum 
antibody in the majority of the population by early adulthood. Similar to 
current ideas with H S V - 2 , C M V may be transmit ted by sexual inter-
course. Evidence for this is derived from the work of Lang and Kummer 
(1972) who recovered C M V in high titers from human semen. A recent 
clinical study of women with venereal disease demonstra ted a high 
frequency of C M V isolation (Jordan et al., 1973). 

After primary infection, C M V can establish a latent infection within 
leukocytes (Stulberg et al., 1966; Diosi et al., 1969; Perham et al., 
1971). T h e establishment of an in vitro system using arabinofuranosylcy-
tosine to study C M V latency has been described by Gönczö l and Vâczi 
(1973). 

C M V has been isolated from patients dying of malignant or chronic 
degenerat ive diseases, such as childhood leukemia (Cangir and Sullivan, 
1966; Sullivan et al., 1968), but to date is considered only an oppor-
tunistic parasite. C M V has also been commonly isolated from the im-
munologically compromised host undergoing renal and cardiac trans-
plants and from patients with malignant neoplasias (Merigan and 
Stevens, 1971). 



8. HERPESVIRUS ETIOLOGY OF ABNORMAL GROWTH 191 

IV. Transformation by Human Herpesviruses 

Of the three human herpesviruses discussed in this chapter (EBV, 
H S V , and C M V ) , only E B V can transform cells in vitro without prior 
inactivation of the virus to overcome the deleterious effects of cy-
topathology (Table I I I ) . Indeed, E B V exhibits no classical cy-
topathology other than chromatin margination that can be compared to 
other members of the herpesvirus group. Fai lure of the virus to grow to 
high titer in cell cultures has also hampered biochemical studies. 

Henle et al. (1967) first demonst ra ted that X-irradiated BL cells could 
transform normal human leukocytes into cells that would proliferate 
indefinitely. Similar results were obtained when purified preparat ions of 
E B V were used to inoculate normal adult leukocyte cultures (Gerber et 
al., 1969), fetal lymphoid cells (Pope et al., 1968), and squirrel monkey 
and marmoset leukocytes (Miller et al., 1972). Cells t ransformed in vitro 
by E B V as well as those derived from Burkitt tumors demonst ra te a con-
striction of the number 10 chromosome (Miles and O'Neil l , 1966, 1967; 
Kohn et al., 1967; Henle et al., 1967). Although the number of t rans-
formants synthesizing virus-specific antigens is low ( < 10% of total cell 
population), cloning studies have demonst ra ted that each cell contains 

TABLE III 

In Vitro Transformation of Cells by Human Herpesviruses 

Virus" 
Mode of 

inactivation Cell transformed Reference 

EBV None Leukocyte Gerber and Monroe (1968) 
HSV-1 Ultraviolet Mouse LTK~ Munyon et al. (1971) 
HSV-2 Ultraviolet Hamster embryo Duff and Rapp (1971b) 

fibroblast 
HSV-1 Ultraviolet Hamster embryo Rapp and Duff (1973) 

fibroblast 
HSV-2 None Human embryonic Darai and Münk (1973) 

lung 
HSV-2 Ultraviolet Hamster embryo Kutmovâ et al. (1973) 

fibroblast 
HSV-2 Photodynamic Hamster embryo Rapp et al. (1973) 

fibroblast 

CMV Ultraviolet Hamster embryo Albrecht and Rapp (1973) 
fibroblast 

0
 EBV, Epstein-Barr virus; HSV-1, herpes simplex virus type 1 ; HSV-2, herpes simplex 

virus type 2; CMV, cytomegalovirus. 
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the E B V genome necessary to produce a cell population that again con-
tains a low percentage of cells with demonstrable virus antigens (Maurer 
et al., 1970). 

T h e association of H S V - 2 with human cervical carc inoma has given 
impetus to research with this virus. Early efforts to induce neoplastic 
changes by inoculation of newborn rodents with H S V were unsuccessful 
due to neurovirulence and high animal mortality. O n e exception was 
reported by Nahmias et al. (1970) who observed a few sarcomas in 
hamsters following inoculation with H S V . However , no virus markers 
were detected in the tumors or cells cultured from them, and spontane-
ous malignancy or activation of a latent hamster virus could not be ruled 
out. 

Likewise, the rapid onset of cytopathology masked in vitro transfor-
mation of cultured cells by wild-type virus. Demonst ra t ion that some 
D N A tumor viruses lost their cytocidal capabilities more rapidly than 
their transforming ability when subjected to ultraviolet (UV) irradiation 
(Latarjet et al., 1967; Defendi and Jensen , 1967; Duff et al., 1972) 
suggested that this procedure might be applied to H S V . Munyon et al. 
(1971) demonst ra ted transformation of mouse cells genetically deficient 
in thymidine kinase ( L T K " ) to L T K

+
 using ultraviolet irradiated 

H S V - 1 . Similar results have since been obtained with H S V - 2 (W. 
Munyon , personal communicat ion) . Independent ly , hamster embryo fi-
broblasts ( H E F ) were morphologically transformed by lethally UV-ir-
radiated H S V - 2 (Duff and Rapp , 1971a) and subsequently produced 
malignant tumors when reimplanted into syngeneic hamsters (Duff and 
Rapp , 1971b). In a similar manner , H E F have been transformed to 
malignancy by UV-irradiated H S V - 1 (Rapp and Duff, 1973). N o virus 
has been isolated from these transformed cells, a characterist ic of many 
cells transformed by D N A viruses (Macpherson , 1970), although virus-
specific m R N A (Collard et al., 1973a) (Section V,B) and antigens (Rapp 
and Duff, 1973) have been detected (Fig. 2). 

Kut inovâ et al. (1973) exposed an established hamster cell line to 
inactivated H S V - 2 and obtained cells that were highly oncogenic when 
inoculated into hamsters . HSV-assoc ia ted antigens were detected by 
conventional immunofluorescence techniques , and H S V - 2 was neutral-
ized by tumor-bearing hamster sera, indicating the presence of virus-in-
duced proteins in the transformed cells. 

Darai and Münk (1973) exposed human embryonic lung cells to nonir-
radiated H S V - 2 , shifted the cultures to a tempera ture nonpermissive for 
virus replication (42°C), and recovered t ransformants . This is the first 
report of transformation of human cells with nonirradiated herpes sim-
plex virus. 
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Herpes Simplex Virus 
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a n t i b o d i e s 
4 . metas tases 

F I G . 2. Transformation of hamster embryo fibroblasts to malignancy by inactivated 
human herpesviruses. 

Another technique that inactivates herpes simplex virus infectivity, 
permitting cell t ransformation in vitro, is photodynamic inactivation 
(Rapp et al., 1973). When hamster embryo fibroblasts were exposed to 
H S V - 1 or H S V - 2 that had replicated in the presence of neutral red dye 
prior to inactivation by visible light, foci of transformed cells appeared 
within 4 weeks and became established cell lines when cloned. Virus-
specific antigens were present in the cytoplasm of 8 to 1 0 % of a given 
cell population (Table IV) . T h e suspected oncogenicity of these cells is 
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TABLE IV 

Presence of Herpes Simplex Virus (HSV)-Specific Antigens in HSV-Transformed and 
-Infected Hamster Embryo Fibroblasts (HEF) and in Tumor Cells 

Sera 

Anti-HSV-1 or 
Cell type anti-HSV-2" HSV-2 tumor'' Normal hamster 

HEF transformants 
Ν R H SV-Κ + + 
NR-HSV-2 + + 
UV-HSV-1" + + 
UV-HSV-2 + + 

HEF infected with 
HSV-1 + + 
HSV-2 + + 

Tumor cells 
UV-HSV-1 + + 
UV-HSV-2 + + 

HEF — — 

" Pooled sera from hamsters immunized with HSV-1 or HSV-2. 
b
 Pooled sera from hamsters bearing tumor induced by UV-inactivated HSV-2. 

r
 NR-HSV, cells transformed by neutral red-light inactivated HSV-1 or HSV-2. 

d
 UV-HSV, cells transformed by ultraviolet light inactivated HSV-1 or HSV-2. 

being tested. These observat ions suggested that application of pho-
todynamic inactivation to the t rea tment of H S V - 1 infections (Friedrich, 
1973; Felber et al., 1973) should be cautiously evaluated. 

T h e ability of UV-inact ivated human cytomegalovirus to transform 
H E F to malignancy has recently been demonst ra ted in our laboratory 
(Albrecht and Rapp , 1973). Foci of t ransformed cells were observed 
within 20 days after inoculation of cultures with inactivated C M V and, 
when cloned, established a proliferating cell line designated Cx-90-3B. 
These cells were poorly oncogenic in newborn and adult hamsters , but 
the tumor cells became highly oncogenic upon passage, metastasizing to 
lungs, kidneys, and other organs. All tumor-bearing hamsters had de-
monstrable antibody to C M V antigens. 

T h e preceding discussion clearly demonst ra tes that three human her-
pesviruses can transform cells in vitro, some of which express virus 
functions ( m R N A , antigens), and may be oncogenic in syngeneic hosts . 
T h e possibility that some, if not all, human herpesviruses also have this 
potential for human cells must be considered. Figure 3 depicts a model 
herpesvirus-transformed cell showing limited virus expression. Virus-
specific proteins present in the cytoplasm and on the cell surface are 
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FIG . 3. Expression of the virus genome in transformed cells, w w , virus and cell DNA; 
~ , virus mRNA; O , virus-specific proteins at the cell surface; Δ , virus-specific proteins in 
the cytoplasm. 

translated from virus-specific messenger R N A , but no complete virus 
particles are present . 

V. Role of the Herpesvirus Genome in Oncogenicity 

During product ive infection cycles, herpesviruses rapidly suppress 
host macromolecular synthesis (Kaplan, 1973) and replicate with an-
nihilation of infected cells. Consequent ly , the extensive cytopathology in 
a given cell culture would preclude detect ion of a chance transforma-
tional event . T h u s , a prerequisi te for oncogenicity is the establ ishment of 
a stable relationship be tween the virus and its host (Table V) . T o effect 
this, genetic information coding for transformation, notably stimulation 
of cell D N A synthesis , must be independent of that coding for host shut-
down. Accordingly, reports that E B V (Gerber and Hoyer , 1971), M D V 
(Lee, 1972), and C M V (St. Jeor et al., 1973) can stimulate the induction 
of host cell D N A synthesis add significant support to the content ion that 
these may be oncogenic viruses. 

Although mature virus particles can be detected in some herpesvirus-
transformed neoplastic cells (Table VI ) , virus expression is generally 
restricted by unknown mechanisms to early functions ( p r e - D N A synthe-
sis). A variety of techniques have been used to localize and potentially 
identify virus functions expressed in transformed cells. 



196 FRED RAPP AND ROGER W. KOMENT 

TABLE V 

Postulated Herpesvirus-Cell Interactions 

Event Replication Latency Transformation 

Early virus RNA and Yes Limited Limited 
protein synthesis 

Host DNA synthesis Inhibited Not affected Stimulated 
Virus genome Yes May be associated with May be associated with 

replication chromosomes (intact) chromosomes (fragment) 
Virus release Yes No No 

A. Synthesis of Antigens 

T h e herpesvirus genome is endowed with the potential of about 250 
gene products (Fenner , 1970) derived from a molecular weight of 10

8 

dal tons. Of this number it seems safe to conclude that only a few will be 
required to initiate and/or maintain the transformed state and, thereby, 
be detectable in or on the transformed cell. Such initiation and mainte-
nance factors are currently being studied in the polyoma (Fried, 1965; 
Dulbecco and Eckhar t , 1970; Eckhar t et al.y 1971) and Rous sa rcoma 
(Toyoshima and Vogt, 1969; Martin, 1970; Kawai and Hanafusa, 1971; 
Biquard and Vigier, 1972) virus systems by the use of temperature-sen-
sitive mutants . In many herpesvirus sys tems, appearance of virus-
specific antigens has been well documented. With certain except ions, 
these consist of capsid antigens that need not necessarily mature into 
complete , visible particles. Such antigens, and the subsequent height-
ened host response , were the first indication of the association of herpes-
viruses with cervical carcinoma, Burkitt lymphoma, nasopharyngeal car-

TABLE VI 

Expression of Herpesviruses in Selected Neoplasias 

Virus Virus 
System Cell type genome antigens Infectious 

Marek's disease Lymphoid tumor Yes No No 
Lucké adenocarcinoma Adenocarcinoma Yes No Yes" 
Burkitt lymphoma Lymphoid tumor Yes No" No" 
Cervical cancer Epithelial carcinoma Yes Yes Yes ' 

" Temperature dependent. 
b
 Detected in cultured cells from the tumor. Virus DNA present in the cells of the tumor. 

c
 Detected in degenerating cells from one tumor. 
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cinoma, and infectious mononucleosis . Although these are important , 
characterizat ion of early herpesvirus antigens may reveal which virus 
functions are critical to initiation and maintenance of cell transformation. 

Perhaps the most advanced work along these lines has been carried 
out with E B V . T h e first t rue early antigen of E B V was reported by 
Henle et al. (1970) and termed "early ant igen" (EA) . This antigen is 
expressed prior to virus D N A synthesis and is, therefore, differentiated 
from virus capsid antigen ( V C A ) , which is regarded as a late (post-virus 
D N A synthesis) virus product (Gergely et al.y 1971a,b). Elevated an-
t ibody titer to Ε A has been demonst ra ted in BL patients with tumors 
when compared to cases with complete tumor regression (Henle et al., 
1971). Fur ther , this antigen is prognostic in BL; a high ant ibody titer to 
Ε A is indicative of poor prognosis , while low or undetectable antibody 
titers indicate a favorable prognosis . 

Recent ly, Reedman and Klein (1973) demonst ra ted an EBV-as -
sociated nuclear antigen ( E B N A ) by ant icomplement immunofluores-
cence ( A C I F ) in more than 9 0 % of the Burkitt tumor cells and lym-
phoblastoid lines examined, including those derived from patients with 
nasopharyngeal carcinoma. Analogy to the Τ antigen of oncogenic papo-
vaviruses and adenoviruses was suggested. 

When Burkitt tumor cells that had been cultured in vitro were studied 
by immunofluorescence techniques (Klein et al., 1966, 1967), a second 
early antigen of E B V was described. This antigen, which resides at the 
cell surface, was termed membrane antigen (MA). M A can also be dem-
onstrated in " E B V negat ive" lines (Klein et al., 1967). Unlike E A , M A 
has no inhibitory effects on host cell macromolecular synthesis (Gergely 
et al.f 1971a). 

Likewise, in the H S V system, membrane antigens have been de-
scribed on the surface of infected cells. T h e s e antigens were similar to 
those found on the surface of herpes simplex virions (Roane and 
Roizman, 1964; Roizman and Spring, 1967). 

Repor ts (Hollinshead and Tar ro , 1973; Sabin and Tar ro , 1973) that 
sera from patients with eight different cancers contain complement-
fixing antibodies to herpesvirus nonvirion antigens have generated hope 
that these reagents will serve as diagnostic and analytic tools to study 
herpesvirus-mediated malignant transformation. Aurelian et al. (1973) 
have described an antigen of H S V , termed Ag-4, which appears 4 hours 
after infection of H E p - 2 cells and reacts with sera from patients with 
cervical carcinoma. Since the presence of reacting antibodies correlates 
with the presence and extent of the tumor, its use as a diagnostic and 
prognostic tool was suggested. 

Using an immunoprecipit in test to screen sera from MDV-infected 
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chickens, Churchill et al. (1969a) described the presence of three dis-
tinct antigens. T h e strongest precipitin band detected in the supernatant 
fluid of MDV-infec ted cultures was termed the " A " antigen and 
regarded as "so luble ." " B " and " C " antigens were designated "insolu-
b le" as they were cell-associated and released into the medium only 
upon cell destruction. At high virus passage (20 to 30), the " A " antigen 
was gradually lost and, subsequently (passage 33), pathogenicity and on-
cogenicity for chicks were also lost. Whether the loss of oncogenicity is 
due to loss of the " A " antigen or is merely a coincidental occurrence 
remains unresolved. 

B. Synthesis of Nucleic Acids 

T h e presence of virus protein in transformed cells forces the hy-
pothesis that virus information is retained and conserved in the trans-
formed cell line. Detec t ion of virus D N A in t ransformants and charac-
terization of the active genome sequences is critical to understanding the 
role of the virus in transformation. T h e use of D N A - D N A and D N A -
c R N A hybridization techniques are highly sensitive methods for this 
purpose . 

E B V D N A has now been demonst ra ted in all cell lines derived from 
Burkitt lymphoma, nasopharyngeal carcinoma, and to a lesser extent in 
lines derived from patients with infectious mononucleosis . Using D N A -
c R N A hybridization techniques , it has been est imated that Burkitt lym-
phoma cells contain from 40 to 100 E B V genome equivalents per cell 
(Nonoyama and Pagano, 1971; zur Hausen et al., 1972). In contrast , 
earlier D N A - D N A hybridization studies suggested that the number of 
genome equivalents per cell ranged from 2 to 5 (zur Hausen and 
Schul te-Hol thausen, 1970; zur Hausen et al., 1970). T h e most widely 
accepted est imate to date is about 50 genome equivalents per cell (Non-
oyama and Pagano, 1973), a figure obtained by precise D N A - D N A 
reassociation kinetics. It is of interest to note that noninducible "virus-
free" lines of Burkitt lymphoma cells contain as many genome equiva-
lents per cell as do some virus-producing lines (zur Hausen and Schulte-
Hol thausen, 1970; N o n o y a m a and Pagano, 1971). 

Roizman and Frenkel (1973) have demonst ra ted the presence of a 
fragment of H S V - 2 D N A covalently linked to cell D N A and repre-
senting 1 0 % of the virus genome within cervical carc inoma cells from a 
single tumor. T h e transcripts of this D N A represent 5 % of the H S V - 2 
genome and contain both early and late sequences . Recent ly , Collard et 
al. (1973a) have reported that hamster cells t ransformed by ultraviolet 
light inactivated H S V - 2 (Duff and Rapp , 1971a,b) t ranscribed 10 to 
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1 3 % of the virus sequences normally found in product ive infection. 
Collard et al. (1973b) have also demonst ra ted the presence of 

m R N A in " s u m m e r " tumor cells from frogs with renal adenocarc inoma, 
further support for a herpesvirus etiology of this neoplasia. T h e s e tech-
niques for the detection of virus nucleic acids have not yet been applied 
to other herpesvi rus-neoplas ia sys tems, but one could predict that such 
studies will be similarly fruitful. 

C. Control of Virus Expression 

T h e immunological response of the host to an infecting virus may de-
termine what type of v i rus -hos t interaction can develop. Malignancies, 
either proven or suspected to be herpesvirus induced, have been re-
ported in some, but not all, natural hosts of oncogenic herpesviruses . 
Chickens , for example , harbor Marek ' s disease virus and succumb to the 
lymphoproliferative disorder induced by this agent. However , as pre-
viously discussed (Section ΙΙ ,Β) , vaccination of 1-day-old chicks with 
a t tenuated M D V or with a related herpesvirus of turkeys prevents the 
oncogenic expression of wild-type virus, even though both viruses es-
tablish persistent infections. It is likely that a heightened immune 
response enables the host to counter the oncogenic potential of M D V 
(Nazer ian, 1973a). 

Marek ' s disease has strong parallels with the Burkitt lymphoma-infec-
tious mononucleosis complex associated with E B V . Notab ly , E B V is 
highly cell-associated and induces lymphoproliferative disorders in its 
natural host (man), the severity of which might reflect the immunological 
competence of the host (Burkitt , 1969). Similarly, Herpesvirus sylvil-
agus of rabbits appears to be harbored only by the wild cottontail rabbit 
and may be infectious only for that species. 

In direct contrast , Herpesvirus saimiri and Herpesvirus ateles, 
although highly oncogenic in related species, do not appear to cause 
neoplasia in their natural hosts . Equine herpesvirus 3 (EH3) , which is 
capable of morphological transformation of embryonic hamster cells in 
vitro and can apparently induce lymphoma in hamsters (Karpas and 
Samso, 1972), is also in this category. 

Unders tanding the factors that determine whether a virus will be on-
cogenic in its natural host is crucial to the eventual control of malig-
nancy in man. This has been probed for Marek ' s disease with chickens 
bred for genetic resis tance and susceptibility to the virus. Resistant 
birds, although still susceptible to infection, are less likely to develop the 
lymphoma characterist ic of acute Marek ' s disease than are susceptible 
chickens (Nazer ian, 1973b). 
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T h e degree of virus expression, and hence antigenicity, in herpesvirus-
transformed cells is likewise critical to the host ' s ability to counter 
neoplastic proliferation. Herpesvi ruses are characteristically cell-as-
sociated and may exist latently in cells without expressing virus an-
tigens. F o r Marek ' s disease, it is possible to demonst ra te virus antigens 
in cells derived from the bursa of Fabricius but not to recover infectious 
virus. MDV- induced tumor cells contain complete virus genomes, as 
evidenced by transmission of the virus to permissive cells in culture 
(Section ΙΙ ,Β) , but do not express detectable amounts of virus antigen. 
Such a semi- or nonpermissive state is typical of several he rpesv i rus -
cell systems. 

Fac tors that limit herpesvirus expression are being investigated in sev-
eral laboratories. One common goal of this work is to overcome host 
inhibitory mechanisms and to obtain complete expression of the virus 
genome, a goal which if realized would probably result in destruction of 
the cell. 

Fo r the E B V system this work has progressed rapidly following the 
demonstrat ion by zur Hausen and Schul te-Hol thausen (1970) and Non-
oyama and Pagano (1971) that all cell lines derived from Burkitt lym-
phoma, as well as cells from patients with infectious mononucleosis , 
contain E B V genomes. Having established that virus genomes are 
present , it was reasonable to expect that they could be induced under 
appropriate condit ions. 

D. Induction of Virus Synthesis 

The Lucké frog adenocarc inoma provides a unique system to study 
the effect of exogenous factors on virus production. Expression of this 
virus is temperature-dependent and, as previously discussed (Section 
Ι Ι ,Α) , can be induced in "virus-free" summer tumor cells maintained at 
low temperature for prolonged periods (Mizell et al., 1968; Breidenbach 
et al., 1971). Identification of the temperature-dependent molecular 
mechanisms critical to Lucké virus replication and cell transformation 
would offer a major contribution to current unders tanding of herpesvirus 
control mechanisms. 

A second herpesvirus that may be activated by exogenous factors is 
herpes simplex virus. Recurrent facial herpetic infections caused by 
HSV-1 are known to be activated by sunlight, hormonal changes, and 
stress. Work by Stevens and Cook (as reviewed, 1973) has shown that 
H S V is harbored in a latent form within ganglion cells of mice and 
rabbits be tween clinical recurrences . This has now been directly demon-
strated in man (Bastian et ai, 1972). Since recurrence is common with 
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genital herpes , and such recurrence often precedes cervical dysplasia 
(Naib , 1966; Na ib et ai, 1969), it would not be surprising to find that 
H S V - 2 is similarly retained in a latent form within nerve t issue. 

Induct ion of virus synthesis has been achieved in the laboratory with 
the halogenated pyrimidines 5-bromodeoxyuridine (BUdR) and 5-
iododeoxyuridine ( I U d R ) . These thymidine analogues alter natural 
virus-cel l interactions, inducing an increased product ion of E B V -
specific antigens and virus particles. Arginine deprivation and growth of 
cells at reduced tempera ture have also been reported to increase the 
yield of E B V (Henle and Henle , 1968). However , these methods , while 
useful, would not elicit product ion of virus if transformation had been ef-
fected by a defective virus, either artificially or naturally produced. 
T h u s , negative results cannot be interpreted to indicate absence of in-
ducible virus genetic information. 

VI. Future Expectations 

In the past years , scientists have come to view the herpesvirus group 
with new respect . Previously related to a number of infectious disease 
entities, these agents are now known to be capable of transforming a 
variety of cells, given the appropriate condit ions. In addition, they 
possess the awesome property of lying sequestered in the latent state 
throughout the greater portion of the life of the host. 

It can be predicted with some confidence that additional herpesviruses 
will be isolated with transforming potential. These viruses are likely to 
be less cytopathic than the prototype herpes simplex virus strains. Char-
acterization of the early antigens induced by these viruses and the 
nucleic acids coding for them will lead to immunologic and epidemio-
logic studies which are necessary preliminaries for the association of 
these viruses to human neoplasia. Molecular events controlling virus 
expression, host cell controls , and control of the tumor cells by the orga-
nism will have to be resolved before effective steps can be recommended 
for control of disease due to these well-adapted viruses. 
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I. Introduction 

Oncornavi ruses are typical modera te viruses, as defined by Dulbecco 
(1955). They can multiply in infected cells, t ransformed or untrans-
formed, without impairing the cell 's capacity to multiply, and they can 
also persist in cells without being produced, even though the viral 
genome is not defective (cf. Vigier, 1970; Temin , 1971a). In some 
cases , the viral genome can be , or becomes , defective, and the virus then 
requires a helper virus for its replication. But defective viral genomes 
can persist in cells, notably in transformed cells, without any helper 
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virus and can be rescued by other related viruses after many cell divi-
sions. 

Some oncornaviruses , which may be the ances tors of the other ones , 
also appear to be carried and transmit ted from one host generation to the 
next as cellular genes. T h e s e cryptic viruses can act as helpers for defec-
tive viruses and recombine with exogenous viruses. They can also 
become activated, either spontaneously or by t rea tment of cells with 
physical and chemical agents which are either carcinogens or inducers of 
bacter iophages in lysogenized bacteria. 

These biological features of oncornaviruses may be related to the fact 
that although the genome of the free virus consists of R N A , this R N A is 
replicated and maintained in the cell by the intermediary of complemen-
tary D N A which might be integrated with the cellular genome. The pos-
sibility of such an unor thodox " d e t o u r " that reverses the normal flow of 
information was suggested about 10 years ago by Temin (cf. Temin, 
1971a) on the basis of various studies, including our own, which 
showed that replication of avian oncornaviruses requires a transient 
D N A synthesis in the early hours of infection and D N A - d e p e n d e n t 
R N A synthesis even after the cells have become established virus pro-
ducers . Similar requirements were found later on in the case of murine 
oncornaviruses . However , what may now be called the "Temin mode l " 
has been established only in the last 3 years notably by the finding that 
oncornaviruses all carry an RNA-ins t ruc ted D N A polymerase able to 
synthesize in vitro D N A complementary to the viral R N A , and by the 
recovery of infectious D N A from both permissive and nonpermissive 
cells t ransformed by avian oncornaviruses . 

Another feature of the viral genome that appears of importance for its 
replication is that although the viral R N A is very large —its molecular 
weight is about 10

7
 daltons —it consists of an aggregate of 3 or 4 sub-

units that seem to be replicated separately and become linked only 
after the budding of the mature virions. It is not yet known how the viral 
genetic information is distributed be tween these subunits , but the high 
incidence of mutation and recombinat ion encountered with some strains 
of avian viruses suggest that at least some viral genes may be carried by 
different subunits . 

My purpose will be to review briefly and discuss the data pertinent to 
the s tructure and replication of the viral genome in permissive and non-
permissive cells, with special at tention being devoted to those that 
suggest that the viral genome, i.e., the D N A "p rov i rus" of Temin, is in-
tegrated with the cellular genome, as that of oncodnaviruses and temper-
ate bacteriophages. 
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II. The Viral Genome 

T h e genome of oncornaviruses consists of high molecular weight 
R N A with a sedimentat ion constant of 60 S - 7 0 S, corresponding to a 
molecular weight of about 10

7
 dal tons (cf. Robinson et ai, 1967). 

Virions also contain R N A ' s of lower molecular weight, some of which 
appear to be of cellular origin, and low molecular weight D N A , the func-
tion of which, if any, is unknown (cf. Temin, 1971a). 

T h e 60 S - 7 0 S R N A can be dissociated, under denaturing condi-
t ions, such as heat and dimethylsulfoxide, into R N A sedimenting at 
30 S -40 S, that is, of 3 to 4 x 10

6
 dal tons (Duesberg , 1968; Erikson, 

1969; Montagnier et ai, 1969). This suggests that the 60 S - 7 0 S R N A 
is an aggregate of 3 or 4 subunits of similar size held together by 
hydrogen bonds . These subunits , as well as the large viral R N A , can be 
seen on electron micrographs of the R N A of avian myeloblastosis virus 
( A M V ) prepared by the Kleinschmidt technique, following dilution in 
8 M u rea which presumably acts in the same way as heat or D M S O 
(Granboulan et ai, 1966). 

T h e 30 S -40 S subunits of avian sa rcoma (focus-forming) viruses can 
be resolved electrophoretically into a slower migrating a subunit and a 
faster migrating b subunit, whereas only the b subunit is found in non-
focus-forming avian leukosis viruses, including nontransforming mutants 
of sarcoma viruses (Duesberg and Vogt , 1970). This difference suggests 
that only the a subunit bears the transformation markers of avian sar-
coma viruses, whereas the b subunit(s) bears the information for the 
replication of viral components . T h e existence of the a and b subunits 
also provides an explanation for the high rate of recombinat ion (close to 
5 0 % in some cases) be tween the transformation markers of some avian 
sarcoma viruses and the host-range marker (i.e., the viral envelope 
glycoproteins) of some avian leukosis viruses (Vogt, 1971b; Kawai and 
Hanafusa, 1972). T h e genetic mixing could be a reassor tment of in-
dependent subunits from each parental virus, the a subunit of the sar-
coma virus reassort ing with the b subunits of the leukosis virus (Vogt, 
1971b). However , more recent data (Duesberg et ai, 1973) have shown 
that cloned sarcoma viruses contain only the a subunit , suggesting that 
avian tumor viruses may contain 3 or 4 copies of only one subunit. If 
this is so, the a and b subunits would have common genes for replicative 
and structural propert ies , and genetic recombinat ion be tween t rans-
forming genes of sarcoma viruses and host-range genes of leukosis 
viruses would represent true genetic recombinat ion. T h e possible mech-
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anisms of this recombinat ion will be discussed later on (see Section IV) . 
It is not possible presently to decide whether the viral genetic infor-

mation is distributed between different subunits , as suggested by the 
high rate of recombinat ion encountered with some strains of avian 
viruses, or carried by one subunit present in triplicate or quadruplicate 
in virions, as suggested by the data of Duesberg et al. Arguments exist 
in favor of each model: (a) A single subunit of 3 or 4 x 10

6
 daltons can 

accommodate the information for all the viral proteins presently known 
and identified, i.e., the reverse t ranscr iptase, five internal proteins, and 
two envelope proteins, for avian viruses (Fleissner, 1971), or less, for 
murine viruses (Nowinski et al., 1971; Moroni , 1972). In the case of 
avian viruses, the added molecular weights of these proteins amount to 
less than 3 x 10

5
 dal tons, and in that of mouse mammary tumor virus 

( M T V ) to about 3.4 x 10
5
 dal tons, assuming that the molecular weight 

of reverse t ranscriptase is 7 x 10
4
 (see below). In addition, sarcoma 

viruses must accommodate the information that controls transformation, 
but this may correspond to only one or two small proteins (cf. Table I). 

TABLE I 

Information Carried by the Viral Genome (Avian Oncornaviruses)
0 

MW* 

Viral proteins GuHCl
c
 PAGE

C 

Envelope (type-specific, glycoproteins) 
m, 100 k 32 k 
m a 70 k 70 k 

Internal 
Group-specific 
g S l 27 k 25 k 
gs2 

19 k 21 k 

gs 3 
15 k 12 k 

gs4 
12 k 14 k 

Nonantigenic 
gs 5 

10 k 12 k 
Reverse transcriptase a 65 k 

(+RNase H) aß 170 k 
Nonviral proteins 

Transforming protein(s) 

a
 For the viral envelope and internal proteins, the data are those of Fleissner ( 1971 ), and, 

for reverse transcriptase, those of Grandgenett et al. (1973). 
b
 k = 10

3
 daltons. 

c
 GuHCl, guanidine HCl column; PAGE, Polyacrylamide gel electrophoresis. 
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However , it has been reported that Rous sarcoma virus (RSV) can 
contain 23 proteins with a total molecular weight near 7 x 10

5
 daltons 

(Cheung et ai, 1972), and reverse t ranscriptase of A M V has been 
shown to contain a subunit of about 10

5
 dal tons, in addition to that 

carrying the enzymatic activity (see below). If all these proteins are actu-
ally coded for by the virus, at least two subunits would be necessary 
to accommodate all the corresponding information, (b) Avian tumor 
viruses are inactivated by U V light following one-hit kinetics (Levinson 
and Rubin, 1966) and so are murine leukemia and sarcoma viruses 
(Yoshikura, 1971). This is against the existence of redundant subunits of 
viral R N A . However , inactivation of R S V by X irradiation may follow 
multiple-hit kinetics (Levinson and Rubin, 1966). (c) A high incidence 
of nontransforming virions is observed in some clones of avian sarcoma 
viruses, i.e., up to 17% (Vogt, 1971a). It is difficult to imagine that, in 
this case , three o r four a subunits could all have lost their transformation 
markers together and become b subunits . 

Whatever the distribution of the viral information between the R N A 
subunits , these subunits appear to be replicated separately, at least at the 
stage of transcription of the D N A provirus , as suggested by two sets of 
data. 

First , the largest virus-specific R N A ' s detected in virus-producing 
cells by hybridization with homologous D N A made in vitro by the viral 
reverse t ranscriptase (see below) have the size of the viral R N A sub-
units , and not the full viral R N A (Tsuchida et ai, 1972). 

Second, virions of R S V harvested within 5 minutes of their release do 
not contain 60 S -70 S R N A , but only 30 S -40 S R N A . This R N A is 
subsequently conver ted into 60 S - 7 0 S R N A inside the virions (Can-
aani et ai, 1973). Similar, although less conclusive, data have been 
reported by Cheung et ai (1972). 

However , this does not rule out that incoming viral R N A might be 
t ranscribed as a single piece into D N A , which might only subsequently 
be transcribed into smaller size R N A in the second step of the replica-
tion of the viral genome. This possibility is suggested by the finding that 
following infection of cells with [

3
H]uridine-labeled R S V , the labeled 

60 S R N A is t ransported in less than 10 minutes into the cell nucleus 
without being degraded (Dales and Hanafusa, 1972). 

III . The DNA "Prov i rus" 

Several sets of evidence show that replication of the viral R N A is 
mediated by a D N A "p rov i rus" that may integrate with the cellular 
D N A (see Table II) . 
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A. The Action of Analogues and Inhibitors of Macromolecular Synthesis 
on Viral Replication 

As already observed ten years ago (cf. Bader and Bader, 1970; Vigier, 
1970) viral replication requires D N A synthesis early after infection and 
D N A - d e p e n d e n t R N A synthesis even after the cells have become es-
tablished virus producers . However , this D N A synthesis could be that 
of cellular D N A , and the D N A - d e p e n d e n t R N A synthesis could corre-
spond to the transcription of cellular genes. 

In cultures of stationary cells infected with Rous sarcoma virus (RSV) 
and then treated with 5-bromodeoxyuridine (BUdR) , exposure to light 
inactivates the capacity of infected cells to give rise to virus and t rans-
formed cells (Rous cells) without impairing their capacity to sub-
sequently multiply (Balduzzi and Morgan, 1970; Boettiger and Temin, 
1970). Hence , the effect of light is presumably on new D N A synthe-
sized after infection, and not on cellular D N A . 

Noninfectious virus and a high incidence (about 1 0
- 1

) of virus mutants 
that are defective for transformation at high tempera ture are produced 
by cells infected with R S V and treated with B U d R early after infection 
(Bader and Bader, 1970; Bader and Brown, 1971). This suggests that 
alteration of the D N A synthesized after infection results in alteration of 
the viral R N A . 

Β. The Presence of Virus-Specific DNA in Infected and Transformed Cells 
and in Cells Carrying Cryptic Viruses 

Cells infected with avian and murine viruses contain D N A that hybri-
dizes with the viral 60 S -70 S R N A . In these investigations, labeled 

TABLE II 

Evidence for a DNA Intermediate (Provirus) in the Replication of Oncornaviruses 

1. Viral replication requires DNA synthesis early after infection and DNA-dependent 
RNA synthesis at any time 

2. In cultures of stationary cells infected with RSV, then treated with 5-bromodeoxyuridine 
(BUdR), exposure to light inactivates the capacity of infected cells to give rise to virus 
and Rous cells 

3. Noninfectious virus and a high incidence ( 10
_ 1

) of virus mutants are produced in B-RSV-
infected cells treated with BUdR early after infection 

4. Cells infected with exogenous viruses, or carrying a cryptic virus, contain DNA homol-
ogous to the viral RNA 

5. Oncornaviruses carry an RNA-directed DNA polymerase (reverse transcriptase) that 
makes DNA complementary to viral RNA, in vitro 

6. Permissive cells infected with avian oncornaviruses and nonpermissive cells trans-
formed by RSV contain DNA that can infect permissive cells; the virus recovered from 
the latter cells is phenotypically similar to that in the donor cells 
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viral R N A was hybridized with the D N A from infected cells (trans-
formed and untransformed) and from uninfected controls . Discussable 
results were obtained initially (cf. Vigier, 1970; Temin, 1971a). How-
ever, a higher degree of hybridization of viral R N A with the D N A from 
infected cells was repor ted later by some authors in the case of avian 
tumor viruses (Rosenthal et ai, 1971 ; Baluda, 1972). Yet , a high back-
ground of hybridization of viral R N A with the D N A from uninfected 
chicken cells was always observed. This is presumably due to the fact 
that all chicken cells carry cryptic oncornaviruses integrated in the form 
of D N A with the cellular genome (see below). Indeed, no background of 
hybridization was observed with the D N A from normal mouse or rat 
cells, whereas the D N A from the same cells t ransformed by R S V (but 
nonpermissive for viral replication) hybridizes with the viral R N A . On 
the o ther hand, the high melting tempera ture of the hybrids suggests that 
they are specific. 

More demonstra t ive results have been reported recently by Ne iman 
(1972, 1973) using a large excess of cellular D N A . This allows the 
kinetics of hybridization to be studied, and est imates more precisely the 
number of viral genome equivalents ( D N A copies) present in the cells. 
It was found that chicken cells t ransformed by R S V contain D N A that 
hybridizes with most of the viral R N A , but in small amount (no more 
than 3 copies per cell). However , about one-third of the viral R N A 
appears to be complementary to D N A present in much larger amount 
(50 -100 copies per cell), which suggests the possibility of an amplifica-
tion of the synthesis of D N A copies of one part of the viral genome. 
D N A hybridizing with most of the viral R N A was also found in low 
amount ( 2 - 4 copies per cell) in leukosis-free chicken embryos , as well as 
in embryos from a line carrying the cryptic virus R A V - O (see below). 
But no amplification was evident in these cases (Neiman, 1973). 

F o r comparison, Baluda (1972) has found that all apparently normal 
chicken embryos or adult chickens tested contain virus-specific D N A in 
amounts ranging from 1.7 to 4.6 viral genome equivalents per cell, 
whereas cells infected and transformed with R S V or A M V contain 4 to 
13 viral genome equivalents . 

T h e reassociat ion of denatured D N A probes made in vitro by the viral 
reverse t ranscriptase (see below) is accelerated in the presence of cel-
lular D N A from virus-carrying cells. This acceleration is due to the 
presence of virus-specific D N A in the cellular D N A and is a function of 
the number of viral genome equivalents . It was thus found that both 
mouse and rat cells infected with murine leukemia virus ( M u L V ) or 
murine sarcoma virus (MSV, associated with M u L V ) and normal cells 
(presumably containing cryptic viruses) contain 2 0 - 5 0 viral genome 
equivalents (Gelb et ai, 1971), whereas RSV-infected and normal 
chicken cells contain 10-20 (with an R S V D N A probe) (Varmus et ai, 
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1972a), and cells producing or carrying M T V contain as much as 90 
(Varmus et ai, 1972b). 

However , the method presents a complication, due to the fact that the 
in vitro synthesized D N A probe consists of 8 5 - 9 0 % rapidly reannealing 
(RR) D N A , which represents only 2 5 % of the viral genome, and 
1 0 - 1 5 % of slowly reannealing (SR) D N A , which represents most of the 
viral genome (Gelb et ai, 1971; Varmus et ai, 1971). T h u s , the D N A 
copies could consist only of a minor part of the viral genome. Yet , the 
same number of viral genome equivalents have been found in RSV-in-
fected and normal chicken cells using only the SR D N A probe (Varmus 
et ai, 1972a), and about 13 viral genome equivalents have been found in 
normal mouse cells (carrying a cryptic virus), using SR D N A of M u L V 
(Gelb et ai, 1973). Moreover , in the latter work, the virus-specific D N A 
appeared to be covalently linked with high molecular weight cellular 
D N A . 

In the same way, about 2 copies of RSV-specific D N A were detected 
in transformed mouse and rat cells (four lines), but not in normal con-
trols. This D N A was also included in pieces of cellular D N A of high 
molecular weight (over 3 X 10

7
) (Varmus et ai, 1973). 

C. The Presence of an RNA-Instructed DNA Polymerase 
{Reverse Transcriptase) in All Oncornaviruses 

This polymerase , first found by Baltimore (1970) and Mizutani and 
Temin (1970), synthesizes in vitro D N A that is homologous to the viral 
R N A and is present inside the virions of all oncornaviruses (Baltimore, 
1970; Mizutani and Temin, 1970; Spiegelman et ai, 1970; G r e e n et ai, 
1970; Duesberg and Canaani , 1970). I ts main characterist ics are the fol-
lowing. 

T h e polymerase is presumably coded for by the virus (Linial and 
Mason, 1973). It t ranscribes the whole viral R N A into double-stranded 
D N A (Duesberg and Canaani , 1970) by a two-step reaction, in which 
the enzyme first makes an R N A - D N A hybrid and then double-stranded 
D N A of small size (4 S-8 S). T h e first step of the reaction requires an 
R N A primer in addition to the R N A template , since the enzyme, as 
other D N A polymerases , does not initiate the synthesis of new chains of 
D N A but incorporates deoxynucleot ides onto the 3 ' -OH end of the 
primer strands (Verma et ai, 1971; Leis and Hurwi tz , 1972). T h e en-
zyme also prefers the viral 70 S R N A for a template to other viral, or 
virus-associated, R N A ' s (Garapin et ai, 1973). On the other hand, most 
of the D N A made in vitro corresponds to only a minor fraction of the 
viral R N A , which may be particular to the enzyme in vitro. 
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T h e purified enzyme from A M V , and presumably also other avian 
viruses, consists of two subunits of 65 ,000-70 ,000 daltons (a subunit) 
and 105,000-110,000 daltons (β subunit) (Kacian et al., 1971; Grand-
genett et al., 1973). Of these subunits , only the smallest (α) carries the 
enzymatic activity, plus an enzyme (RNase H) that specifically de-
grades the R N A moiety of R N A - D N A hybrids (Moiling et al., 1971; 
Grandgenet t et al., 1973). T h e polymerase of M u L V consists only of an 
a subunit (Ross et al., 1971). This suggests that the β subunit of the 
avian enzyme might be coded for by the cell and not by the virus 
(Grandgenet t et al., 1973). 

Reverse t ranscriptases from oncornaviruses of different animal spe-
cies also differ antigenically and can thus be character ized immuno-
logically (Scolnick et al., 1972). 

It may also be noted that nonpermissive cells transformed by oncor-
naviruses may not contain any detectable amount of reverse transcrip-
tase, even though other viral proteins are synthesized (Livingston et al., 
1972). This suggests that the reverse transcriptase(s) might not be the 
most reliable marker in the search for cryptic oncornaviruses . 

D. The Recovery of Infectious DNA from Permissive 
and Nonpermissive Cells, Transformed and Untransformed, 
Infected with Avian Oncornaviruses 

This appears to be the most demonstra t ive proof that the R N A of on-
cogenic viruses is replicated by the intermediary of a D N A pro virus, 
and is also maintained in the form of D N A in transformed non-virus-
producing ( T N P ) cells. 

A s was first shown by Hill and Hillova (1971 , 1972a), t rea tment of 
chick embryo cells ( C E cells) with D N A from the X C rat sa rcoma cells 
gives rise to R S V of the same phenotype (Prague strain RSV-C) as the 
virus that initially transformed the donor cells, whose genome persists in 
these cells (Svoboda, 1964). Virus with the same phenotype as the virus 
that t ransformed the donor cells was also recovered in the same way 
from C E cells t reated with D N A from hamster BHK-21 cells t rans-
formed in vitro by a conditional mutant of Schmidt-Ruppin strain R S V , 
which is defective for transformation at high tempera ture (see below) 
(Hill and Hillova, 1972b). In both cases , only a few cells gave rise to 
virus and Rous cells following the D N A treatment , and subculturing of 
t reated cells was required for virus recovery. Successful infection also 
required pre t rea tment of test cells with the polycation D E A E - d e x t r a n , 
which presumably favors penetrat ion of the foreign D N A inside the 
cells. 
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Similar results have been reported by Svoboda et al. (1972) and 
Hlozanek and Svoboda (1972) with X C cells and hamster R S C H cells 
transformed by SR-RSV. 

W e (Montagnier and Vigier, 1972, 1973) have similarly recovered 
S R - R S V - D and the ts mutant F U - 1 9 of this virus, defective for transfor-
mation at high tempera ture (Biquard and Vigier, 1972), from C E cells 
t reated with D N A from C E cells infected productively and transformed 
by these viruses. T h e results of our exper iments can be summarized as 
follows (cf. also Table I I I ) . 

1. T h e D N A from the virus-producing transformed C E cells induced 
foci of transformed virus-producing cells in t reated cultures of C E cells 
(pretreated with D E A E - d e x t r a n ) after two or three passages of the 
treated cul tures, i.e., 9 -25 days after t reatment . 

2. T h e virus produced in t reated cul tures was phenotypically undis-
tinguishable from that in the donor cells. Notably the ts transformation 
marker of F U - 1 9 was present in the virus recovered from cultures 
t reated with the D N A from F U - C E cells. 

3. Activity of the D N A was dest royed by D N a s e , but not by R N a s e 
or pronase . 

4. The infectious D N A was present in purified cell nuclei and pre-
sumably associated with chromosomal D N A , since it was always 
present also in the 1 M N a C l precipitate of D N A prepared by the 
method of Hir t (1967), and never in the supernatant fraction which con-
tains episomal and plasmidal D N A ' s . 

5. T h e density of infectious D N A was the same as that of cellular 
D N A in CsCl density gradients. 

6. T h e sedimentat ion constant of infectious D N A sedimented in su-
crose gradients varied from 20 S to 35 S, which corresponds to molecu-
lar weights of 6 x 10

6
 to 4 x 10

7
 daltons. T h e latter figure suggests that 

the infectious D N A may be covalently integrated with chromosomal 

TABLE III 

Characteristics of Infectious DNA from RSV-CE Cells 

1. Induces foci of transformed, virus-producing cells 
2. The virus produced is identical to that used for infection of donor cells 
3. Activity is destroyed by DNase, not destroyed by RNase or pronase 
4. Present in the cell nucleus and presumably associated with chromosomal DNA (always 

in precipitate of Hirt extract) 
5. Density in CsCl that of cellular DNA 
6. Sedimentation in sucrose between 20 S and 35 S (6 to 40 x 10

6
 daltons) 

7. Infects gs" cells as well as g s
+
 cells 
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D N A , since the size of virus-specific D N A complementary to the whole 
60 S -70 S viral R N A is only 2 X 10

7
 dal tons. However , it is also pos-

sible that high molecular weight infectious D N A may correspond to 
tandem copies of the viral genome. 

O n the other hand, the fact that D N A molecules of only 6 x 10
6 

dal tons can also be infectious suggests that the whole viral genetic infor-
mation may be carried by D N A of this size, which corresponds to one 
viral R N A subunit. Yet , small size infectious D N A might also carry 
only one part of the viral genes, notably those genes required for t rans-
formation and for the synthesis of viral envelope proteins (since the 
recovered virus always displayed the same antigenicity as the virus of 
origin). A cryptic virus present in the test C E cells might supply the 
missing genes , by recombinat ion. This possibility is supported by the 
fact that the test cells contained, in some cases , the viral group-specific 
(gs) antigen, and, therefore, presumably carried a cryptic helper virus 
(cf. T . Hanafusa et al., 1970). However , exper iments carried out with 
gs~ embryos from the Reasehea th C line, which are helper negative 
(although they also carry a cryptic virus), also gave positive results . This 
does not rule out the possibility that recombinat ion might occur in g s

+ 

cells, but it suggests that infectious D N A may carry the full viral genetic 
information. It may be noted, from this standpoint , that the molecular 
weight of D N A able to infect C line cells was at least 2 X 10

7
. However , 

more exper iments are necessary to know the minimal size of infectious 
D N A assayed on helper-negative cells. 

F r o m the quanti tat ive viewpoint, the assay of infectious D N A ap-
pears to be very inefficient since the minimal infectious dose was about 
10 μg, i.e., the D N A content of about 5 x 10

6
 donor cells. On the other 

hand, no linear relationship has been found be tween the infectivity and 
the dose of D N A , which might be due to interference of nonviral D N A 
with the up take of viral D N A or some subsequent step leading to virus 
product ion (Vigier and Montagnier , 1973). 

Ano the r possible cause for the low efficiency of infection with D N A 
and the late recovery of virus from treated cultures might be that viral 
replication requires integration of the viral D N A and that this integra-
tion is favored in virus-infected cells, but not in D N A - t r e a t e d cells, by 
some virus-associated enzymes , such as the endonuclease and the ligase 
found in R S V by Mizutani et al. (1970, 1971). 

We have also, in preliminary exper iments , recovered virus pheno-
typically undistinguishable from that produced by donor cells following 
t reatment of C E cells with D N A from untransformed C E cells infected 
productively with two different avian lymphomatosis viruses ( R A V I and 
R A V 5 0 ) . Similarly, Lacour et al. (1972) have recovered A M V from C E 
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cells treated with D N A from AMV-produc ing cells. T h e C E cells were 
implanted into chickens after t reatment , which provided an agrandizer 
system, but may also have provided a helper virus. 

In any case , it now seems established that part , and probably all, of 
the genetic information of avian oncornaviruses can be transmitted by 
D N A associated with that of virus-producing or nonproducing trans-
formed cells. 

IV. The Cryptic Viruses 

A. Avian Viruses 

In 1966, Dougher ty and Di Stefano reported that liver homogenates 
from normal chick embryos , from which leukosis virus could not be 
isolated, reacted in the complement fixation test with serum from ham-
sters bearing RSV-induced tumors . A s is known (Huebner , 1965), this 
C O F A L test detects the internal group-specific (gs) proteins common to 
all oncornaviruses , which can be found as well in nonproducer t rans-
formed cells, such as RSV-transformed mammalian cells, as in virus-
producing cells. T h e identity of the normal liver antigen(s) detected with 
that associated with avian tumor viruses was confirmed by means of im-
munodiffusion tests (Dougher ty et ai, 1967). T h e gs antigen was simi-
larly found in whole embryo extracts and in extracts of cultured chick 
embryo fibroblasts, provided that the cell concentrat ion was sufficiently 
high (Payne et ai, 1968). 

Subsequent investigations have shown that "na tu ra l " gs antigen is 
present only in some embryos and that its presence is determined geneti-
cally. All embryos of some inbred lines of fowl are g s

+
, whereas all 

embryos of other lines are gs~, and, following crosses between these 
lines, the gs marker segregates according to expectat ion if expression of 
the antigen was controlled by a single autosomal gene. 

T h e natural gs antigen is widely distributed in the t issues of embryos 
of g s

+
 lines (Payne and Chubb , 1968), but it can also be absent in 

embryos and appear only at the time of hatching and in only some 
tissues (liver) (Payne, 1972). This suggests that it depends on genetic in-
formation that can be repressed, and derepressed by aging. 

Fur ther investigations have shown that the presence of natural gs an-
tigen in chick embryos depends on a cryptic virus that presumably codes 
for this antigen and is t ransmitted in chickens as a cellular gene. This 
cryptic virus, or viruses, can act as a helper for the replication of defec-
tive Bryan strain RSV(O) , following solitary infection, and it confers its 
envelope characterist ics (notably its unusual host range) to the virus 
produced with its help. 
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Weiss (1969) first observed that embryo cells from an inbred g s
+
 line 

produced infectious RSV(O) following single infection, whereas cells 
from another inbred gs~ line produced noninfectious virus. Presence of 
gs antigen and ability to replicate infectious RSV(O) segregated together 
in crosses be tween the two lines (Weiss and Payne , 1971). T h e helper 
factor was also recovered from X-irradiated g s

+
 cells in infectious form, 

since extracts of the irradiated cells enhanced product ion of infectious 
RSV(O) by transformed quail cells (which normally produce noninfec-
tious virus since they are always gs~). 

H . Hanafusa et al. (1970) observed independently that certain chick 
embryos contain genetic material, te rmed chf (chick cell-associated 
helper factor), which is indispensable for the product ion of infectious 
RSV(O) . All embryos containing chf were also found to be g s

+
. More-

over, after infection of chf
+
 cells with avian leukosis or Rous sarcoma 

virus, chf was recovered by incorporation into infectious virus, called 
R A V - 6 0 , which shared the propert ies of oncornaviruses . H e n c e , su-
perinfection act ivated the product ion of a cryptic helper virus that for-
merly behaved as a cellular gene. On the other hand, RSV(O) produced 
by chf

+
 cells shared its envelope characterist ics with R A V - 6 0 , which 

suggests that RSV(O) is defective for some envelope protein(s) that it 
can obtain, by phenotypic mixing, from activated chf. Among the prop-
erties shared, is the unusual host range of the virus (which cannot infect 
most chick embryo cells, including cells with the same phenotype as the 
chf-carrier cells, but can infect quail cells). 

Vogt and Friis (1971) similarly observed that cells of most g s
+ 

embryos of a certain phenotype could produce infectious RSV(O) follow-
ing single infection, whereas quail embryo cells yield noninfectious 
progeny. Moreover , occasional g s

+
 embryos were found to spontane-

ously release a virus, named R A V - O , which was also shown to possess 
the same envelope specificity as RSV(O) . This suggests that there may 
exist diverse degrees of expression of cryptic avian oncornaviruses 
carried by g s

+
 cells, the ultimate degree being virus production. 

This spontaneous virus product ion further led to investigations, as in 
the case of tempera te phages in lysogenized bacteria, of whether physi-
cal agents (X rays , U V light) or chemical carcinogens and mutagens might 
activate g s

+
 cells to release infectious virus [as was already suggested by 

the data of Weiss and Payne (1971)] and, also, whether these same 
agents might act ivate virus product ion in gs~ cells, if these cells carried 
repressed cryptic viruses. 

Indeed, as shown by Weiss et al. (1971), induction of virus able to in-
fect pheasant cells (which are susceptible to infection by cryptic viruses) 
and help in the product ion of infectious RSV(O) was observed following 
t reatment of cells of the g s

+
 lines of Weiss and Payne and of Vogt 
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with X rays (1000 R), U V light, mitomycin C (1 mg/ml for 18 hour), 
ure thane , 20-methylcholantrene, and 4-nitroquinoline-1 -oxide. In the 
cells of Weiss , no spontaneous virus induction was observed, and, in 
those of Vogt , spontaneous induction was much less frequent than in-
duction by the agents tested. Moreover , virus induction was similarly 
observed following t rea tment with methylcholantrene or nitroquinoline 
oxide, in the cells of embryos of red jungle fowl obtained from Malaya, 
which suggests that cryptic oncornaviruses are carried by wild fowl as 
well. 

On the other hand, virus induction was also observed in cultures of 
embryos of the g s " line of Weiss and Payne , following t reatment with X 
rays or methylcholantrene. T h e incidence of induction by X rays in gs" 
cells was less than that in g s

+
 cells, but the difference observed is of 

doubtful significance, since the probability of induction in g s
+
 cells was 

approximately 5 x 10~
6
 per cell, against 2 x 10~

6
 in gs~ cells. In the 

experiments with methylcholantrene, it was also observed that most, if 
not all, t reated cultures of gs" cells acquired the gs antigen. These 
results show that gs" cells can also carry a cryptic virus and that, 
therefore, the chromosomal locus that controls the presence of natural 
gs antigen in chicken cells does not represent the viral genome itself, but 
regulates its expression. Results of induction exper iments with g s

+
 and 

g s " cells are summarized in Table IV. 

Confirmation that g s " cells can also carry a cryptic virus has been 
brought by Hanafusa et al. (1972) who have shown that R A V - 6 0 can be 
recovered from cultures of gs" cells by superinfection with a leukosis 
virus in the presence of quail embryo cells (which serve as an agrandizer 
system). 

Weiss et al. (1973) have further shown that in g s
+
 cells chf can give a 

high incidence of genetic recombinants with superinfecting nondefective 
strains of R S V . T h e s e recombinants , as in the case of double infection 
with R S V and other avian leukosis viruses, have the transformation 
markers of R S V and the host-range marker of the cryptic virus. They 
have not been found following infection of g s " cells, nor after infection 
of g s

+
 cells with Bryan strain R S V . This latter observat ion suggests that 

the perpetuat ion of defective strains of avian tumor viruses depends on 
their inability to undergo genetic recombination. 

T h e fact that gs" embryos cells give rise to no recombinants , although 
they also carry chf, may be due to the fact that no viral R N A is 
produced in these cells (as detected by hybridization with virus-specific 
D N A made in vitro by reverse transcriptase) (Leong et ai, 1972; Hay-
ward and Hanafusa, 1973), whereas 5 0 - 8 0 % of the cryptic viral genome 
is t ranscribed in g s

+
 cells (Hayward and Hanafusa, 1973; Bishop et ai, 



TABLE IV

Induction of Cryptic Viruses in Fowl and Mouse Cells"

Inducing agents?

Cells None X ray UV Mit. C Urethane MC DMBA 4-NQ-1-0

CEF
gs+ + + + + + + +
gs + +

MEF
AKR + + + + +
BALB/c +

~

0
tr.l
Z
0
a::
tr.l

0
'"rj

0
Z
o
0
~
Z
>

IUdR BUdR
<:
~

~c::
00
tr.l

(+) (+) 00

+ +
+ +

a Data taken from Weiss et of. (1971), for CEF; from Rowe et of. (1972a), for MEF AKR-; and from Aaronson et of. (1971) and Aaronson
(1971) for BALB/c. CEF, chick embryo fibroblasts; MEF, mouse embryo fibroblasts.

b UV, ultraviolet light: Mit.C, mitomycin C; MC, methylcholanthrene; DMBA, dimethylbenzanthracene; 4-NQ-1-0, 4-Nitroquinoline-1
oxide; IUdR, 4-iododeoxyuridine; BUdR, 4-bromodeoxyuridine. In cells in which spontaneous induction is observed, inducing agents in-
crease to various degrees the level of this induction. ~~

N
N
W
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1973). Indeed, as suggested by Weiss et al. (1973), the initial event in 
genotypic mixing could be the formation of "he te rozygous" particles 
including nontransforming R N A subunits of chf (or leukosis virus, in 
double infection) and transforming subunits of R S V . During the next 
replicative cycle, the proviral D N A subunits t ranscribed by the reverse 
t ranscriptase could undergo crossing-over, if they contain homologous 
sequences , either before or during integration with the host genome, 
which is itself presumably a cross-over event. High-frequency recom-
bination could also result from copy choice during RNA-di rec ted D N A 
synthesis in a heterozygote particle. Thus , genetic mixing of avian tumor 
viruses would result both from reassor tment of the R N A subunits of 
the viral genome and from true genetic recombinat ion. 

B. Murine Viruses 

A large body of information has been accumulated to indicate that 
genetic determinants of murine leukemia viruses ( M L V ) are present in 
all strains of mice, and probably all individual mice (Todaro and 
Huebner , 1972; Gilden and Orozlan, 1972; Rowe et al., 1972a). In 
some inbred lines of mice, such as A K R , this can be demonst ra ted by 
tests for infectious virus (Hart ley et ai, 1969; R o w e and Pincus, 1972) 
and by tests for viral antigens (Aoki et al., 1968); in other strains, such 
as the N I H Swiss strain, no infectious virus could ever be found, but the 
gs antigen of the M u L V group was regularly demonst ra ted at concentra-
tions equivalent to, and even greater than, those found in other strains of 
mice where infectious viruses were demonst ra ted (Gilden and Orozlan, 
1972). In C 3 H / H e mice, virus has occasionally been found in embryos 
and was detected in 4 0 % of adult spleens, whereas in B A L B / c mice, no 
virus has been recovered from fetuses or weanlings, but the spleens of 
more than half the mice over 6 months have been found to yield virus 
(Hart ley et al., 1969). These last observat ions suggest that the virus may 
exist in cryptic form in the embryos and become activated only later in 
life. However , this does not demonst ra te that the cryptic virus is carried 
as a cellular gene, as is chf. Notably , in reciprocal matings between 
A K R and B A L B / c mice, virus recovery appeared to be maternally de-
termined (Hart ley et al., 1969), which is classically interpreted as evi-
dence for a cytoplasmic factor. F r o m this viewpoint, it may be recalled 
that avian leukosis viruses are also t ransmit ted by the egg, but not by the 
sperm (Rubin et al., 1962). 

More demonstra t ive evidence that murine leukemia viruses may be 
carried as cellular genes has been provided by studies of cloned lines of 
mouse cells producing no virus, but from which virus could be recovered 
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by t reatment with physical and chemical agents in the same way as 
cryptic avian viruses. 

Rowe et al., (1971 , 1972a) have isolated three virus-negative lines of 
A K R embryo cells and single-cell clones from each of two of these lines 
and shown that all these lines and their clonal derivatives retained the 
capacity to initiate synthesis of M u L V . In some of the clonal lines, 
spontaneous virus product ion was observed with a frequency of the 
order of 10~

8
 to 10~

9
. In addition, a number of procedures were found to 

increase notably the frequency of virus activation. Thus , a level of ac-
tivation of 10~

5
 to 10~

6
 was observed after transformation with SV40 , X 

irradiation, and t reatment with mitomycin C, 3-methylcholantrene, and 
7,12-dimethylbenzanthracene. A much higher level of activation (10~

2
 to 

10~
3
) was found after exposure of the cells for 24 to 30 hours to the 

halogenated pyrimidines, 5-iododeoxyuridine ( I U d R ) , 5-bromodeoxy-
uridine (BUdR) , and 4-iododeoxycytidine. All the clonal and subclonal 
A K R lines have been induced by these drugs. 

T h e number of A K R cells in which the viral gene expression was ac-
tivated by I U d R or B U d R was found, furthermore, to be much larger 
than that of the virus-producing cells, since up to 5 % of the t reated cells 
showed virus antigens by immunofluorescent staining on the third day 
after addition of the drug. This might be due to the fact that cells are 
damaged by the drug, or that induction is abort ive in most cells. Another 
possibility raised by the authors is that product ion of viral proteins may 
be a prerequisi te for the activation of infectious virus, as in the case of 
induction of prophages (Got tesman and Weissberg, 1971), and that the 
induction step is inefficient. 

Subsequent investigations (Teich et al., 1973) have shown that incor-
poration of I U d R or B U d R into cellular D N A plays a vital role in the 
activation process . If D N A synthesis is blocked or decreased by cy-
tosine arabinoside or serum depletion during the halogenated pyrimi-
dine t reatment , the proport ion of cells activated is decreased. When 
analogue incorporation is blocked by thymidine, no induction occurs . 
However , when analogue incorporation is increased by F U d R the pro-
port ion of induced cells is increased. Induct ion is also enhanced when 
cells containing analogue-substi tuted D N A are irradiated with visible 
light or X rays , which produce breaks in the D N A . 

Aaronson et al. (1971) similarly recovered M u L V from 10 non-virus-
producing clones and subclones of B A L B / c mouse embryo cells, un-
transformed or transformed by S V 4 0 or X irradiation, following ex-
posure to B U d R . In one subclone, no virus product ion was previously 
detected for over 500 cell generat ions. In most cases , however , virus 
product ion declined after an initial peak. This is presumably due to the 
fact that the induced virus poorly infected B A L B / c cells, whereas it ef-
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fîciently infected N I H / 3 T 3 cells. This inability of the induced virus to 
infect cells of the same phenotype as the carrier cells relates the induced 
M u L V from B A L B / c cells to chf. 

In the same way, murine sarcoma virus (MSV) was recovered from 2 
clones of MSV-transformed B A L B / c cells and one clone of MSV-t rans-
formed rat cells (Aaronson et ai, 1971; Aaronson , 1971). In these 
experiments , induction was observed following t reatment with B U d R , 
I U d R and iododeoxycytidine, but not following t reatment with U V , mi-
tomycin C, or various analogues (8-azaguanine, nitrisoguanidine, and 6-
thioguanine). In all cases , activation of M S V product ion was related to 
the activation of a cryptic murine or rat leukemia virus. Klement et ai 
(1971 , 1972) have also reported the rescue of M S V from MSV-t rans-
formed rat cells following activation of an endogenous rat virus by 
B U d R . 

Genet ic investigations, by Rowe et ai (1972b) have shown that the 
ability of the cells of A K R mice to synthesize infectious virus (MuLV) , 
spontaneously or after induction with I U d R , depends on two indepen-
dently segregating loci that may be integrated viral genetic determinants . 
One of these loci has been shown to be in linkage group I (corre-
sponding to the chromosome 7). 

More recently, Aaronson and Stephenson (1973) have shown, simi-
larly, that two independent genetic loci control the induction of C type 
viruses in B A L B / c cells. However , whereas the two loci in A K R cells 
appear to control the synthesis of the same virus, the loci of the B A L B / c 
cells each control the product ion of a distinct virus, since the viruses 
corresponding to each locus can be distinguished biologically by their 
host range: O n e grows preferentially in N I H Swiss embryo cells, 
whereas the other one grows poorly in N I H Swiss or B A L B / c cells, but 
replicates well in rat cells. In this case , also, it was assumed that the loci 
may be viral genetic determinants integrated with the D N A of the car-
rier cell. 

Induction of a cryptic oncornavirus in hamster cells by I U d R has also 
been reported (Todaro and Huebner , 1972). 

On the other hand, C type particles containing R N A hybridizing 
specifically with D N A made in vitro by the reverse t ranscriptase of the 
avian sarcoma virus B77 have been recovered from nonpermissive rat 
cells transformed by this virus, following cultivation in arginine-less 
medium (Kotler et ai, 1972). H o w e v e r the viral R N A was only 35 S 
R N A , which could be due to some defect in its s t ructure. 

Another particular group of murine viruses that also appears to exist 
in proviral form in the germ line, and, therefore, in all the somatic cells 
of the host, is that of murine mammary tumor viruses (MTV' s ) . In-
tegrated and biological studies carried out chiefly by Bentvelzen et ai 
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(1972) suggest that each mouse contains genetic information for some 
M T V in its genome, i.e., a proviral D N A . This provirus is usually not 
t ranscribed, but can be switched on by physical or chemical carcinogens, 
such as X rays or ure thane . T h e induced derepression is usually in-
complete , so that oncogenes can be transcribed and translated without 
concomitant virus production. Switching on of the genes that control the 
synthesis of viral coat protein and permit virus product ion appears to be 
triggered by age. 

On the other hand, the M T V ' s are transmitted genetically only in 
those mouse strains to which they are indigenous. Introduct ion into 
other strains leads to transfer by the mother ' s milk. 

Table I V summarizes the main induction data obtained with normal 
chicken and mouse embryo fibroblasts, M T V ' s excluded. 

V. Discussion 

As can be seen, an impressive body of evidence has accumulated 
these last years in favor of the Temin model for the replication and per-
sistence of the genome of oncornaviruses in permissive and nonpermis-
sive cells infected with exogenous viruses. In parallel, data have ac-
cumulated showing that in some ver tebrate species, and maybe in all 
species, cryptic oncornaviruses can be carried as genes in the germ cells 
and, therefore, in all the cells of the host. 

Thus , one may distinguish two classes of oncornaviruses . T h e first 
comprises viruses that are apparently not t ransmit ted by the germ line 
and whose genome, therefore, integrates only with the genome of in-
fected somatic cells, t ransformed or untransformed. Mos t viruses of this 
class appear to be pathogenic, and its best known representat ives are the 
avian sarcoma and leukosis viruses that have no known mode of natural 
t ransmission, or are t ransmit ted only horizontally or maternally. Some 
murine sarcoma and leukosis viruses also appear to belong to this class, 
as well as some feline sarcoma and leukemia viruses. T h e second class 
comprises viruses that are carried as genes in the germ line and are 
t ransmit ted to the offspring by both parents . Some of these viruses, no-
tably the M T V ' s and certain murine leukemia viruses, have been shown 
to be pathogenic, but a number produce no known disease and are clas-
sified among oncornaviruses only on taxonomic grounds. 

However , the two classes presumably overlap, since, as suggested by 
the data of Bentvelzen et ai, viruses of the second class can become 
members of the first when they leave their original host strain. This also 
suggests that members of the first class may all have originated from the 
second class. Converse ly it is plausible that members of the first class 
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may become members of the second class if they become integrated in 
germ line cells. 

T h e three major lines of evidence for the replication of the genome of 
oncornaviruses by the intermediary of a D N A pro virus and for the per-
sistence of the genome in the form of this provirus in both permissive 
and nonpermissive cells are (1) the hybridization data , which show that 
virus-specific D N A covalently linked to cellular D N A of high molecular 
weight is present in virus-infected cells; (2) the finding of virus-as-
sociated reverse t ranscriptase in all oncornaviruses , except a few nonin-
fectious mutants ; and (3) the finding of infectious viral D N A in cells in-
fected and transformed with avian oncornaviruses , and the association 
of this D N A with fractions of cellular D N A of high molecular weight. 

T h e mechanism by which the viral D N A copies made after infection 
become integrated with cellular D N A remains unknown. However , 
recombinat ion observed be tween chf and superinfecting avian oncor-
naviruses suggests that, as in the case of tempera te bacteriophages (cf. 
Hayes , 1968; Borek and Ryan, 1973), integration of the viral D N A may 
be a recombinational event occurring at sites of the cell D N A which are 
homologous to some site of the viral D N A . The re may be a limited 
number of such sites (one to three), as in most bacterial sys tems, but it is 
also possible that all chromosomes may carry one or more redundant 
sites. 

If integration of the D N A provirus of oncornaviruses takes place by a 
mechanism similar to that of tempera te phages, it is also plausible that 
the viral D N A copies become circular before integrating, as in the 
Campbell model that presumably applies to papovaviruses as well as to 
temperate phages. Therefore , the search for circular virus-specific D N A 
appearing in infected cells in the early period of infection might be 
rewarding. 

Another feature of the integration of tempera te phages is the produc-
tion of a virus-coded protein repressor that switches off the transcription 
of all the phage genes , except that which codes for the repressor , and in-
sures subsequent immunity to superinfection with homologous or closely 
related phages. This repressor , which presumably acts on the operator 
sites that control the transcription of the viral structural genes, may also 
exist in nonpermissive cells t ransformed by papovaviruses (Cassingena 
and Tournier , 1968; Cramer , 1969). 

However , there is certainly no repressor in the case of oncornaviruses 
integrated in permissive cells which continuously produce a large 
number of virions, and the only situations in which a repressor might 
exist are the nonpermissive relationship or the cryptic relationship. In 
the case of the nonpermissive relationship, encountered in the case of 
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mammalian cells infected with nondefective avian sarcoma viruses, it is 
also possible that activation of virus product ion, which is observed gen-
erally only after fusion with a permissive (chicken) cell, requires an "anti-
r ep resso r" present in the permissive cells, as suggested by the data of 
Cassingena et ai (1969) in the case of nonpermissive cells t ransformed 
by SV40 . Indeed, studies with inhibitors of macromolecular synthesis 
(Vigier, 1973) suggest that , in nonpermiss ive hamster cells t ransformed 
by nondefective R S V , activation of virus product ion after fusion of the 
nonpermissive cell with a permissive (chicken) cell depends on un-
blocking of D N A transcription, which fits with a repressor -an t i repressor 
model. Yet , other possibilities exist for explaining nonpermiss iveness : 
for instance, that some virus component is coded for by the cell, and 
present only in the permissive cells. 

Moreover , even assuming that no viral component is coded for by 
the host cell, the existence of a repressor is not a must for the integration 
of the provirus in nonpermissive cells. Indeed, here again, the panoply of 
phage-bac te r ia relationships provides o ther al ternatives. Notably , in-
tegration of the provirus might be stable in the absence of a repressor , in 
the same way as in cryptic lysogens found in various bacterial sys tems 
(cf. Krizsanovich, 1973). A s is known, cryptic lysogens produce no 
phage, either because the prophage carries a deletion or because it is in-
tegrated in some particular way. In the first case , the rescue of the defec-
tive cryptic phage requires recombinat ion, but in the second, spontane-
ous induction is observed. 

This raises the quest ion of the induction of cryptic viruses in normal 
cells and in nonpermissive cells t ransformed by exogenous viruses. In 
the case of cryptic oncornaviruses , the analogies with the induction of 
prophages are impressive. First , there exists a spontaneous low level of 
induction of cryptic viruses in some, but not all, clones of carrier cells. 
Second, most of the agents that induce cryptic oncornaviruses also in-
duce prophages (cf. Borek and Ryan, 1973). This is notably the case for 
U V light, X rays , and mitomycin C, or chemical carcinogens, but it is 
also the case for halogenated pyrimidines, since I U d R induces bacterial 
lysogens (Price et ai, 1964). I U d R is also a potent inducer of cryptic 
Epstein-Barr virus (Gerber , 1972; H a m p a r et ai, 1972) and increases 
the rescue of S V 4 0 from transformed nonpermissive cells fused with 
permissive cells (Watkins, 1970). In the latter case , interference of the 
analogue with repressor synthesis or formation of a less active mutant 
protein have been suggested. 

Arginine deprivation has not, to our knowledge, been shown to induce 
bacterial lysogens; but it has been found to induce the product ion of Ep-
stein-Barr virus in cultured Burkitt cells (Henle and Henle , 1969). H e r e 
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again, it was suggested that induction might be raised by reduction of 
some intracellular inhibitor(s). 

However , the mechanism of induction of oncornaviruses and of tem-
perate phages might not be identical. Indeed, induction of prophages , 
and presumably also of oncodnaviruses , appears to be a two-step process 
involving, first, the derepression of the transcription of the provirus and, 
second, the excision and the replication of viral D N A , whereas induc-
tion of oncornaviruses may only be a one-step process , since only 
transcription of the viral D N A is required for virus production. In favor 
of this view is the observat ion that induction of R S V from nonpermis-
sive hamster cells fused with permissive chicken cells requires no repli-
cation of D N A , but only the synthesis of D N A - d e p e n d e n t R N A and 
protein synthesis (Vigier, 1973). 

Moreover , it is possible that the mechanism of virus activation in 
transformed nonpermissive cells and cells carrying cryptic viruses are 
not the same. This is suggested, first, by the fact that RSV-transformed 
hamster cells could not be activated by inducers of cryptic chicken on-
cornaviruses , i.e., X rays , U V light, mitomycin C, and B U d R (Vigier, 
1972, 1973), and, second, by the finding that the percentage of cells that 
can be induced to produce virus is much higher in the case of the most 
inducible clones of RSV-transformed cells (it can even attain 100%) 
(Machala et ai, 1970; Vigier, 1973) than in that of cells carrying cryptic 
viruses. 

Thus , many problems remain to be solved to complete the picture of 
the relationship of oncornaviruses with permissive and nonpermissive 
cells. Before this is done, it does not appear urgent to decide which of 
the theories, if any, proposed to explain their origin (Huebner and 
Todaro , 1969; Todaro and Huebner , 1972; Temin, 1971a,b) is correct . 
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I . Introduction 

In seeking to unders tand how the current relationships in any virus 
family are a reflection of their past history, it is most important to have 
techniques available that can indicate with some precision rankings of 
relatedness. It is thus possible to compare such rankings with known 
host-species relatedness , obviously known with much more assurance , 
and then draw inferences regarding the coevolution or lack of r e v o l u -
tion of virus and host. T h e type C viruses provide a relatively unique 
opportunity to study this question because of several important biologi-
cal features. Mos t important are observat ions indicating that , at least for 
chickens and mice, the viral genome is inherited as part of the normal 
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cellular genome (Huebner and Todaro , 1969; Todaro and Huebner , 
1972). Along with evidence of viral structural proteins in embryonic 
tissues in the absence of infectious virus (Huebner et al., 1970; Payne 
and Chubb , 1968), current evidence includes induction of virus from 
cells by halogenated pyrimidines (Aaronson et ai, 1971; Klement et al., 
1971; Lowy et al., 1971; Rowe et al., 1972b), viral nucleic acid 
sequences (both R N A and D N A ) in noninfected cells (Baluda and 
Nayak , 1970; Ge lb et ai, 1971; Hare l et ai, 1967; Hayward and 
Hanafusa, 1973; Nieman , 1972; Parks et ai, 1973a; Varmus et al., 
1972; Wilson and Bauer, 1968), and most impressively the ability to 
map the mouse viral genome in specific linkage groups (Rowe, 1972; 
Rowe and Hart ley, 1972; Rowe et al., 1972a). In the A K R mouse , at 
least two such viral gene linkages have been reported (Rowe, 1972; 
Rowe and Hart ley, 1972; Taylor et al., 1971). If this is t rue of type C 
viruses in other species, one could theoretically treat the evolution of 
their genetic material exactly as any other gene complex. T h u s , mea-
surements of relatedness could be done on selected gene products , i.e., 
structural proteins, or on the nucleic acids themselves by interviral 
hybridization. Such studies, while yielding interesting and provocat ive 
data, are still in early stages, and current conclusions may require future 
modification. A s they proceed, more precise information regarding 
v i rus-hos t relationships are becoming available. These have a strong 
bearing on interpretation of evolutionary studies, and for this reason this 
chapter should be considered as a basis for future refinements. 

II. Materials and Methods 

A. Viruses 

T h e following viruses, all obtained from supernatant fluid of chroni-
cally infected cultures were used: four mouse strains, Rauscher ( R L V ) , 
A K R , N e w Zealand black ( N Z B ) (Lerner et al., 1972), and wild mouse 
(Gardner et al., 1971); three rat virus strains, the virus originally termed 
MSV(O) (Ting, 1968), now M S V ( R a L V ) (Oroszlan et al., 1972a), and 
two endogenous rat viruses generously provided by Dr . V. Klement 
(Children's Hospital , Los Angeles ; 1973); three cat strains, the Thei len 
feline lymphoma virus (Theilen et al., 1969), a helper virus derived from 
the Gardne r strain of feline sarcoma virus (Gardner et al., 1970; Sarma 
et al., 1971), and the R D 114 virus (McAllister et al., 1972), now known 
to be of cat origin; two primate viruses obtained from a woolly monkey 
(Theilen et al., 1971) and gibbon ape (Kawakami et al., 1972). T h e 
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mouse viruses were all grown in mouse cells, the rat viruses in rat cells, 
the cat viruses in cat and human cells, and the pr imate viruses in human 
cells; the latter generously provided by Parks and Scolnick (Parks et al., 
1973b). 

T h e culture supernatants were filtered through Millipore filter R A (1.2 
μτή) and chilled in ice. Viruses were harvested from the filtrates by a 
cont inuous flow isopycnic centrifugation either with the model K, Mark 
II centrifuge (Electro-Nucleonics) , or with the C F - 3 2 rotor in a Spinco 
L-350 centrifuge. T h e virus band was localized by absorbance at 260 nm 
and complement-fixation tests for the appropriate virus group-specific 
antigen. T h e pooled virus fractions were diluted with 0.01 M Tr i s -HCl , 
p H 7.4, 0.1 M N a C l , 0.001 M E D T A (TSE) to less than 2 0 % sucrose, 
and rebanded in a Ti-15 zonal rotor (Beckman Inst ruments) through 
2 5 % sucrose layer onto 5 0 % sucrose cushion in T S E for 16 hours at 
4°C. T h e virus band was collected and used either directly or after 
repelleting by a centrifugation to remove sucrose. When necessary, the 
virus was further banded through a linear sucrose gradient of 20 to 6 0 % 
sucrose in T S E in a Spinco SW 25-1 head. 

B. Virus Group-Specific Antigens 

T h e immunochemical studies described herein have focused on one 
major viral structural protein commonly known as the group-specific (gs) 
antigen. Because there are several proteins that could be classified as gs 
antigens, we will refer to this protein as p30 , based on molecular weight 
est imates from either Polyacrylamide gels or agarose gel columns devel-
oped by guanidine-HCl. All type C viruses show a p30 ( ± 2 0 % ) , which 
accounts for approximately 3 0 % of the virion protein mass (Oroszlan 
et al., 1970). 

T h e p30 ' s were purified by isoelectric focusing according to the tech-
nique of Vesterberg and Swensson (1966). Sucrose gradient purified 
virus was disrupted by combined T w e e n 80-ether t reatment or more 
recently with sodium dodecyl sulfate (SDS) . In the latter case , S D S was 
removed prior to focusing by passage through a D o w e x 1 x 2 ion-
exchange resin. Tween-e ther disrupted virus was t reated with R N a s e 
and D N a s e , and clarified at 100,000 g for 1 hour before focusing. Col-
umns of 110 ml were made with either sucrose or urea gradients to af-
ford stabilization of the gradient. Individual fractions from gradients 
(selected on the basis of p i values from preliminary runs) were tested for 
purity using Polyacrylamide gel electrophoresis and antigenic reactivity 
with appropriate antisera. Purified materials were used to prepare spe-
cific antisera, mainly in guinea pigs using a sequence of inoculations with 
F reund ' s complete adjuvant. 
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Sera were tested in gel diffusion using microplates coated with 0 .8 % 
agarose gel in 0.01 M Tr i s -HCl buffer with 0 .9% N a C l and Merthiolate 
(1/10,000) as a preservat ive. T h e microtechnique of complement fix-
ation (Sever, 1962) was also used to evaluate reagents . T h e various 
reagents used in this particular study were available from previous work 
summarized in Gilden and Oroszlan (1972), Oroszlan et al. (1972b), and 
Gilden et al. (1973). 

Quanti tat ive microcomplement-fixation ( C ' F ) tests were made ac-
cording to the technique of Wasse rman and Levine (1961), with an ad-
jus tment of final volume to 3 ml. Optical densities were determined on 
the Beckman acta spect rophotometer at 413 nm. In brief, a series of an-
tigen dilutions was mixed with graded antibody concentrat ions and 
1.1-1.2 5 0 % C units at 4°C for 18 hours . Sensitized red blood cells 
were added and the tubes incubated for a further 30 minutes at 37°C 
before clarification at 2,000 rpm (clinical centrifuge) for 10 minutes. 
Controls included incubations with antibody + C \ antigen + C \ and 
both reactants in the absence of C . In general, 100% lysis gave A413 

readings of —2.0, and controls contr ibuted minimal absorbing material 
( < 0 . 1 units) at the dilutions used (absence of C ) ; neither antigens nor 
antisera showed significant ant i-complementary effects. T h e percent fix-
ation at the peak of the C ' F curves obtained at varying antibody concen-
trations was plotted against the log serum dilution to obtain curves 
describing the homologous and heterologous reactions (Sarich and 
Wilson, 1966). All cross-reacting systems gave parallel slopes (based on 
statistical analysis), thus permitting calculations of the relationships 
between the antigens compared. T h e term "index of dissimilarity" is 
used to indicate the factor by which the serum concentrat ion must be 
raised to give equivalent C ' F curves with homologous and heterologous 
antigens. In pract ice, this factor was calculated from the 5 0 % points on 
the percent maximum fixation versus log serum concentrat ion plots. T h e 
immunological distance is defined as 100 t imes log of the index of dis-
similarity, which is a most useful calculation because of direct rela-
tionship to sequence differences in well-studied proteins (Prager and 
Wilson, 1971; H a n k e et al., 1973). T h e approximation of five im-
munological distance units equals 1 % sequence difference is assumed to 
hold for the p30 ' s based on the above quoted references. 

C. Viral RNA 

T h e high molecular weight 70 S R N A was prepared from the purified 
virus (1 -5 mg/ml protein) by lysing with 1% S D S and sedimenting 
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through a linear sucrose gradient of 15 to 3 0 % (w/v) in T S E containing 
0 . 0 1 % S D S at 40,000 rpm for 3 hours in a Beckman SW 41 rotor. T h e 
70 S region was pooled, deproteinized with 8 0 % phenol ( p H 5.2) three 
t imes at room tempera ture , and precipitated repeatedly with 2 volumes 
of ethanol in 0.2 M N a C l . T h e concentrat ion was est imated by the ab-
sorbance at 260 nm. 

D. Viral DNA Probes 

In order to obtain quantitative hybridization, it was found necessary 
to use single-stranded D N A probes purified from the viral 70 S R N A 
hybrids in the endogenous reaction mixture. The endogenous poly-
merase reaction mixture consisted of 100 m M glycine buffer, p H 8.3, 
5 m M MgCl 2, 50 m M N a C l , 10 m M D T T , 50 μΜ each of deoxy-
ribonucleoside t r iphosphates , one

 3
H- labe led deoxyribonucleoside tri-

phosphate at 10 μ Μ (usually 4 5 - 5 0 Ci/mmole [
3
H ] T T P ) , 0 . 0 1 % 

N P - 4 0 , and purified virus (0 .2-1 mg/ml protein). T h e mixture was in-
cubated at 37°C for 60 minutes , and the reaction was stopped by the ad-
dition of 1% S D S . T h e mixture was directly layered on a 10-ml column 
of 1 5 - 3 0 % (w/v) linear sucrose gradient in T S E containing 0 . 0 1 % S D S , 
and centrifuged at 40,000 rpm for 3 hours in a SW 41 rotor. Fract ions of 
about 0.6 ml were collected from the bot tom, and aliquots were removed 
to measure acid precipitable counts . T h e 70 S regions were pooled, 
made to 0 . 5 % S D S and 0.01 M E D T A , and then extracted with an 
equal volume of 8 0 % phenol , p H 7.8, for 5 minutes at room tempera-
ture , followed by chloroform : isoamyl alcohol (24 :1 ) for an additional 5 
minutes. T h e organic phase was discarded after a centrifugation, and the 
extraction was repeated two more t imes with chloroform. T h e aqueous 
phase was finally removed, t reated with 0.2 Ν N a O H at 80°C for 20 
minutes to destroy R N A , chilled in ice, and neutralized with 1 Ν H C l . 
T h e D N A was precipitated with two volumes of ethanol in the presence 
of 100 /ig of yeast R N A repeatedly, and finally dissolved in 0.1 x SSC. 
T h e concentrat ion of D N A was est imated from the acid-precipitable 
counts of the preparat ion, on the basis of the specific activity of

 3
H -

labeled substrate . 

When such products were analyzed for complexity, they gave results 
similar to that obtained using single-stranded probes prepared in the 
presence of act inomycin D . T h e latter preparat ions represented (in our 
experiments) at least 6 0 % of the viral genome based on protect ion of 
R N A from R N a s e digestion. Specific activity of the D N A products 
averaged 85 x 10

3
 dpm/ng. 
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E. Single-Stranded Specific Nuclease 

T h e S-l enzyme from Aspergillus oryzae was prepared from a-
amylase, according to the method of Sutton (1971). T h e specific activity 
was 69,300 VIA260 unit. The enzyme preparat ion was stored frozen at 
- 2 0 ° C , and diluted 10-fold before use with 2 5 % glycerol in 0.01 M 
sodium phosphate , p H 6.8. 

F. Hybridization 

Hybridizat ion was carried out in 100 μΐ of 0.3 M N a C l , 0.02 M Tris-
HC1, p H 7.2, 0.001 M E D T A , and 0 . 1 % S D S . T h e mixture of a given 
amount of R N A and 500 to 1000 cpm of [

3
H ] D N A probe in 0.1 x SSC 

was boiled for 3 minutes , chilled in ice, and brought to 0.3 M N a C l ; the 
mixtures were then incubated at 67°C for a given time. 

G. Assay by SI Enzyme 

Hybridized mixtures (usually 100 μ,Ι) were diluted to 2.5 ml to give 
final concentrat ions of 0.034 M sodium acetate , p H 4.5 , 0.14 m M 
Z n C l 2, 0.18 M N a C l , and 10 ^g/ml of denatured calf thymus D N A . 
Twenty-five microliters of enzyme was added (26 x 10

3
 U/ml) and the 

mixtures were incubated at 45°C for 120 minutes. D N A resistant to nu-
clease digestion was precipitated with cold 10% T C A in the presence of 
50 /x,g calf thymus D N A , collected onto H A Millipore filters, washed 
with 6 % T C A , and counted in Liquifluor-toluene using a Beckman 
LS-250 liquid scintillation system. 

III . Results 

In considering any familial grouping, the key assumption is common 
ancestry. While for viruses this is inferred from common morphology 
and biological behavior, there are certain groupings in which precise 
relationships must at present be made on faith. F o r example, the rela-
tionship of viruses such as Visna, Mason-Pfizer, and mouse M T V to 
type C particles cannot be assessed in quanti tat ive te rms, yet the pres-
ence of reverse t ranscriptase and approximate morphologic similarity of 
virions presents a strong case for common ancestry however remote . 



10. RNA TUMOR VIRUS COMPONENTS 241 

Thus , our present discussion is of necessity restricted to viruses whose 
familial relationship is based on clear evidence of genetic homology. 
This is approached first by the demonstra t ion that the ultrastructural 
morphology and polypeptide composit ion of type C particles are similar 
(Gilden and Oroszlan, 1972; Oroszlan et al., 1971a; Nowinski et al., 
1972); secondly by the demonstra t ion of a common antigenic deter-
minant designated gs-3 (Geer ing et al., 1970) associated with the p30 
virion structural protein (Gilden and Oroszlan, 1972; Gilden et al., 
1971; Oroszlan et al., 1971b; Parks and Scolnick, 1972); and, most 
definitively, assumed from the immunological results , amino acid 
sequence homology of this particular protein (Oroszlan et al., 1972c, 
1973). T h e viruses listed in Table I fulfill these criteria and thus permit 
a t tempts at quanti tat ive compar ison. Specifically omitted from this dis-
cussion are type C particles described for cattle (Ferrer et al., 1971) and 
guinea pigs (Hsiung, 1972). Polypeptide pat terns of these viruses and 
determinants cross-react ive with the viruses of Table I have not yet 
been presented or demonst ra ted; thus there is insufficient data at present 
to include these viruses in any meaningful comparison. If indeed type C 
viruses are found that lack cross-react ive determinants with the viruses 
of Table I, this would only prove the fallibility of grouping based on 
morphology alone. W e should stress here that groupings such as " type 
C " are man-made abstract ions , and arguments of differences are only in-

TABLE I 

Relationship of Type C Viruses to Their Species of Origin 

Virus designation" Species of isolation Induction'' V-RNA
r 

V-DNA
1 

MuLV Mouse + + + 
RaLV Rat + + + 
FeLV Cat ( - ) - + 
RD 114 Cat + + + 
HaLV Hamster N . D / N.D. N.D. 
GaLV Gibbon ape ( - ) 7 — 

WoLV Woolly monkey ( - ) 7 — 

a
 The designation "LV" does not necessarily indicate pathogenicity. 
b
 From cells of the homologous species using halogenated pyrimidines. 

c
 Virus-specific RNA in normal cells using DNA product of reverse transcriptase. 

d
 Virus-specific DNA in cellular DNA or normal cells using DNA product of reverse 

transcriptase. 
e
 Not determined. 
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dicators of variability that are difficult for men to accommodate in 
simple classification schemes. Yet , we should insist that positive or neg-
ative assert ions be based on use of appropriate reagents and test systems 
which permit definitive conclusions. 

Once the ability to make comparisons is granted, a second major 
problem of critical significance to any at tempt to discuss evolutionary 
relationships arises. Simply stated this is, how do we know that the 
viruses chosen for analysis are representat ive of the species from which 
they were isolated? Until recently this seemed to pose no difficulties. 
Multiple isolates were available from four mammalian species: mice, 
rats , cats , and hamsters . All isolates from within a species shared a 
common group-specific antigenic reactivity associated with the major in-
ternal protein of the virion (Figs. 1 and 2). This protein is referred to as 
" p 3 0 " based on approximate molecular weight of 30,000 in the various 
viruses. The p30 's from viruses of these four types also shared a 
common determinant originally referred to as gs-3 (Figs. 2 and 3); thus , 
it seemed logical that this pat tern would be followed for new isolates 

FIG. 1. Polyacrylamide gel electrophoresis of mouse virus and its major group-specific 
antigen purified by isoelectric focusing. The isoelectric focusing technique permits the 
isolation of the homologous protein from each virus, although with distinct isoelectric 
points. Such purified material was used for antiserum production and the various assays 
described in this report. Disrupted virus and purified gs protein were analyzed in SDS-
polyacrylamide gels (10% acrylamide-0.1% SDS-0.1 M sodium phosphate buffer, pH 
7.0). Before electrophoresis, the virus and gs protein were treated with SDS (1%), urea (6 
M), and 2-mercaptoethanol at 37°C for 2 hours. The samples were then dialyzed against 
0.01 M phosphate buffer (pH 7.0) containing 0 .1% SDS-0.5 M urea-0.1% 2-mercap-
toethanol. Electrophoresis (from right to left) was for 5 hours at 8 mA per gel; gels were 
stained with Coomassie blue. The purified gs protein (lower pattern) has a calculated 
molecular weight of 31,000, and is thus p30. From Gilden and Oroszlan (1972). 
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FIG . 2. Gel diffusion analyses of C type viruses from six species. Outer wells contain C 
type viral concentrates disrupted by Tween 80-ether treatment. V, viper; A, avian; M, 
mouse; C, cat; H, hamster; R, rat. Inner wells contain immune serum prepared against 
purified gs protein (p30) in guinea pigs with two exceptions: AS is hamster serum from 
animals bearing tumors induced by Rous sarcoma virus; 1-7 is sera from rats immunized 
with rat tumors induced by and containing murine sarcoma virus. The various guinea pig 
antisera (VS, MS, CS, HS, and RS) are reactive only with the homologous virus giving a 
single precipitin band. The hamster anti-avian serum detects species-specific determinants 
located on two separable polypeptides, while 1-7 detects the gs-3 determinant shared by 
mammalian C type viruses, in addition to MuLV species-specific determinants. From 
Gilden and Oroszlan (1972). 
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FIG. 3. Coexistence of species-specific and cross-reactive determinants on the same mol-
ecule. Purified p30's are placed in the upper well, guinea pig antisera to the homologous 
p30 in the lower well, and a goat anti-FeLV gs serum ( 1 S - 8 ) as indicated. The left-hand 
panel of each set shows a line of identity formed between 1S-8 and specific guinea pig sera. 
The right-hand panel shows the same pattern; however, the sera are first absorbed (in situ) 
with heterologous p30. As shown the 1S-8 reaction is completely eliminated by each p30 
used while the guinea pig sera are unaffected. Thus two different reactions must be in-
volved and the identity reaction depends on both being present on the same molecule. This 
figure also shows the presence of gs-3 determinants on RD 1 1 4 p30. As shown (upper 
right) the hamster p30 removes the 1S-8 reaction (which is not accomplished when tested 
against FeLV p30) with RD 1 1 4 , but does not affect the guinea pig serum reaction with 
RD 1 1 4 . This serum does not react in CF or gel assays with FeLV. 

within this family. More recently, three new prototype viruses have been 
studied in detail. Findings with these viruses have raised many quest ions 
and provided important insights into the question raised above. T h e first 
case considered, that of the virus designated R D 114, is particularly in-
structive. This virus appeared in a human cell line after passage through 
a fetal cat (McAllister et al., 1972). T h e virus differs from the well-
studied feline type C viruses (generally abbreviated F e L V or F e S V ) in 
host range, envelope antigen, p30 antigens, amino acid sequence of p30 
(McAllister et al., 1972; Oroszlan et al., 1972c, 1973), and antigenic 
reactivities associated with other structural proteins, including the virion 
reverse transcriptase (Scolnick et al., 1972; Long et ai, 1973). This 
virus could be included in the type C family based on the decisive cri-
teria of polypeptide pat tern, gs-3 reactivity (Fig. 3), and p30 homologous 
sequences . This raised the possibility that the virus could have been 
derived from human cells. T h e possibility that R D 114 was represent-
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ative of a second type C cat family was also raised (McAllister et al.y 

1972), although this would obviously have broken the pat tern of one p30 
group per species. T h e issue was decisively resolved by the following 
exper iments . A virus immunologically similar to R D 114 was induced in 
virus-free cat cells by t rea tment with I U d R (Livingston and Toda ro , 
1973; Sarma et aiy 1973). This virus, as does R D 114, replicates prefer-
entially in human or other primate cells. R N A homologous to R D 114 
D N A , produced by reverse t ranscriptase react ions, was detected in each 
of a small series of normal and tumored cat cells and t issues (Okabe et 
ai, 1973a,c). T h e D N A probe was nonreact ive with cellular R N A from 
all other species tested (Table I I ) . R D 114 D N A copies were detected 
in similar fashion in cellular D N A only from cats (Baluda and Roy-
Burman, 1973; Ruprecht et al.y 1973). In a limited series of normal and 
tumor t issues from cats , an equivalent number of D N A copies were 
found in each sample despite wide variability in R N A copies (H. Okabe , 
R. V. Gi lden, and M. Ha tanaka , unpublished data). T h e above three 
types of evidence give proof that R D 114 is a genetically inherited virus 
of cats which ordinarily is not expressed at the protein level in cat cells. 
In similar exper iments , FeLV R N A was only detected in F e L V pro-
ducing cells, however , preliminary findings also indicate the presence of 
D N A copies in cat cell D N A (H. Okabe and M. Ha tanaka , unpublished 
data). Thus , there may be two inherited type C viruses in cats . T h e 
manner of the isolation of R D 114, in one sense a rare experimental situ-
ation, thus opens the quest ion of multiple type C virus p30 groups in 
other species. Studies with this virus also point up important criteria for 
identifying species of origin of new virus isolates (induction, hybridiza-
tion). T h e extent of current information using this set of criteria is also 
shown in Table I, and indicates that the known viruses of mice and rats 
fulfill the criteria of inherited viruses, while the hamster viruses have not 
yet been adequately tested. Cur ren t results also indicate that the viruses 
isolated from a gibbon ape and a woolly monkey, respectively, may fail 
to meet the important criteria of being represented in cellular D N A 
Scolnick et al.y 1974). This is of obvious significance in at tempting to 
derive evolutionary relationships in host species and in the quest for 
human type C viral genetic information. T h e above discussion has 
emphasized difficulties for the evolutionist which were not suspected 
one year ago. F r o m this perspect ive, any current conclusions are neces-
sarily tentat ive. 

Obviously, an unbiased view of interviral relationships can be made 
without a priori knowledge of the precise origin of the viruses. T h e s e 
data can then be tested against the hypothesis of coevolution of host and 
viral genomes (Gilden and Oroszlan, 1972) predictable from the inheri-
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Amount of RNA 
hybridization'' 

Cell Origin Type of cell Virus cpm % 

RD 1 14 Human Rhabdomyosarcoma RD 1 14 33.3 498 90.7 
RD Human Rhabdomyosarcoma 229 0 0 
HeLa Human Carcinoma 238 0 0 
Raji Human Lymphoblastoid (EBV) 286 0 0 
SV-80 Human Fibroblast Gibbon 201 0 0 

type C 
AG M Monkey Normal liver 197 0 0 
Rhesus Monkey Normal liver 147 0 0 
Calf Cattle Normal spleen 605 0 0 
Crandell Feline Normal kidney cell 140 476 86.7 
(CC) Feline Normal kidney cell 104 340 73.4 
Cat Embryo Feline Normal fibroblast 74.3 285 61.6 
FL-74 Feline Leukemic cell FeLV 103 519 94.5 
Cat Feline Normal liver 275 251 45.7 
Cat Feline Normal spleen 209 226 41.2 
Cat Feline Normal kidney 193 200 36.4 
Cat tumor Feline Hepatoma (69024) 124 447 81.4 
Cat tumor Feline Hepatoma (69203) 143 463 84.3 
XC Rat RSV-transformed RSV-NP 118 2 0.4 
Rat Rat Normal kidney 441 0 0 
C3H Mouse Normal fibroblast 68.4 1 0.2 
C3H(MSV) Mouse MSV-transformed MSV/RLV 84.0 0 0 
Mouse Mouse Normal kidney 276 0 0 
HT-1 Hamster MSV-transformed (MSV)-NP 150 1 0.2 

Rat tRNA 75.0 3 0.5 
Poly(A) 20.0 0 0 
Poly(G) 20.0 0 0 

RD 114, 70 S 0.09 549 100 
viral RNA 

" From Okabe et al. (1973c). 
" Each RNA preparation was hybridized with the [

: J
H]DNA product of RD 114 (660 

cpm). Hybridized counts were obtained as TCA-precipitable counts after S-l nuclease 
digestion, and given as a net cpm after subtracting the background (59 cpm). The percent 
hybridization was normalized, taking the cpm hybridized with RD 114 70 S RNA as 100%. 

TABLE II 

Hybridization of Various Cellular RNA's with the DNA Product of RD 114 Virus" 
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tance theory. Our studies have focused on techniques of im-

munochemist ry and molecular hybridization, both of which allow 

ranking according to relatedness . Using the quanti tat ive complement-fix-

ation test , which has provided valuable information of relationships of a 

variety of proteins , we have compared the p30 's of the viruses listed in 

Table I. Of initial interest were the two primate viruses isolated from 

species with an est imated divergence time of 40 x 10 6 years . Using two 

sera prepared against purified p30 of W o L V (Fig. 4), a series of C ' F 

1 4—f-H ! I I 
60 100 140 

mm from origin 

F IG . 4. Polyacrylamide gel electrophoresis of purified woolly monkey type C virus gs 
protein. Woolly gs protein purified by isoelectric focusing was analyzed in the presence (A) 
and absence (B) of alcohol dehydrogenase (MW 41,000), and myoglobin (MW 17,200) 
using neutral sodium dodecyl sulfate-polyacrylamide gels. Electrophoresis in 10% 
acrylamide gels was for 5 hours at 8 mA per gel, after which gels were stained with 
Coomassie blue. The molecular weight (~ 29,500) was calculated from measurement from 
the origin to the center of each stained zone using a greater enlargement than shown in the 
figure. The plot is log MW x 10~4 versus distance moved from the origin. The arrow in-
dicates direction of migration. Differences in lengths of the gels are from variable shrink-
age during destaining. 
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1 .5 .25 .125 1 .5 .25 .125 1 .5 .25 .125 

Relative Concentration 

FIG. 5. Quantitative C T curves of anti-WoLV p30 versus WoLV and GaLV p30's. 
Reactions of serum 1 (A) and serum 2 (B) are shown at 2 dilutions in each case. These are 
representative of multiple curves obtained with varying serum concentrations. The higher 
dilution indicates the ability of anti-WoLV serum to clearly differentiate between WoLV 
and GaLV p30. The absolute concentrations of antigen at maximal fixation was —0.016 
ßg/ml Serum dilutions: (A) 1:300: WoLV, • — • , and GaLV, • — • ; 1 :5000: WoLV, 
# — · , and GaLV, Ο — Ο . (B) 1:1000: WoLV, • — • , and GaLV, 1:2000: 
WoLV, # — · , and GaLV, O — O . ( C ) shows that at a 1:100 dilution of serum 1 neither 
MuLV nor RD 114 p30's fixed detectable C . This was true of p30 concentrations ex-
tending 10-fold higher than shown in the figure. Using homologous serum both of the latter 
proteins were readtive in a concentration range similar to WoLV and GaLV. 

curves were prepared (Fig. 5). When the peak of the C ' F curves were 
plotted versus the log of the serum dilution, parallel slopes were ob-
tained as expected (Sarich and Wilson, 1966). It was clearly possible to 
discriminate W o L V from G a L V by this procedure (Fig. 6); however , 
the average immunological distance be tween these proteins (defined in 
Section I I ) was calculated to be 12, leading to an est imate of — 9 7 - 9 8 % 
relatedness between the two p30 ' s (Table I I I ) . These same sera failed to 
react with p30 ' s of the other type C viruses at immunological distances 
of 170 (Fig. 5), thus giving est imates of < 6 5 % relatedness from primate 
to nonprimate viruses. This high degree of relationship among primate 
viruses is supported by hybridization studies (Okabe et al., 1973b), 
showing — 7 0 - 8 0 % relatedness (Fig. 7), results of antigenic assays for 
the virion reverse t ranscriptase (Scolnick et al., 1972), and alternate 
methods of assay of p30 (Fig. 8). T h e guinea pig antisera used in this 
study were prepared in the same fashion as for other species p30 , which 
have always been highly species-specific (Fig. 2). Thus , in reciprocal 
m i c r o - C ' F tes ts , guinea pig sera for o ther p30 ' s gave no reaction with 
W o L V and G a L V . 
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Reciprocal of Serum Dilution (χ ισ
3
) 

FIG . 6. Quantitative differences between WoLV and GaLV p30 determined by quantita-
tive C 'F . The data of Figure 4 (and similar data) were plotted as indicated. The curves 
were drawn by eye; however, they fit statistical analysis and showed no difference in 
calculated slopes. The 50% C ' F points were used for the calculations presented in Table 
III. 

In in t ra -MuLV comparisons (Okabe et ai, 1973b), again both hybridi-

zation (Fig. 7) and m i c r o - C ' F permit discrimination among virus strains 

with relatedness est imates of — 9 8 % for p30. In this case , NH 2- t e rmina l 

sequence analysis has shown one residue difference out of 25 compared 

between a wild mouse isolate and the Rauscher laboratory strain. Pep-

TABLE III 

Estimated Relationship between WoLV and GaLV by Quantitative C'F 

Estimated 
Serum Index of Immunological % sequence 

Sera dilution dissimilarity" distance'' difference' 

Anti-VoLV No. 1 
WoLV 4900 
GaLV 4200 1.17 6.8 1.4 
MuLV >49 > 169 >34 
RD 114 >49 > 169 >34 

Anti-WoLV No. 2 
WoLV 2700 
GaLV 1700 1.58 20 4 

Sera 1 and 2 pooled 1.32 12 2.4 
according to titer 

a
 Ratio serum dilutions giving 50% C'F. 
b
 100 x log index of dissimilarity. 

c
 Five immunological distance units = 1% sequence difference. 
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FIG. 7. Hybridization between [
3
H]DNA probes and 70 S RNA from various viruses. 

[
3
H]DNA probes of RLV (A), FeLV (B), gibbon virus (C), and RD 114 (D) purified as 

70 S complexes from the endogenous reaction mixture of each virus were hybridized with 
increasing amounts of various 70 S RNA preparations in 0.3 M NaCl, 0.02 M Tris-HCl, 
pH 7.2, 0.001 M EDTA, 0 .1% SDS (total 100 μ\) at 67°C for 16 to 20 hours. The radioac-
tivity in the hybrids formed was determined by precipitation with 10% TCA after S-l 
nuclease digestion and plotted relative to the hybridization attained with each homologous 
DNA probe at saturation. The homologous ratios of hybridized to input counts were RLV, 
713/1349 (0.72); gibbon, 1390/1638 (0.84); RD 114, 1077/1256 (0.86). The background 
obtained without added RNA was subtracted before each calculation (54, 53 66, and 94 
cpm, respectively). The 70 S RNA's used were RLV, O — O ; FeLV, Δ — Δ ; gibbon, 
x—X; RD 114, • — • ; NZB, # — · ; WML, Δ — Δ ; AKR, FeSV, A—A; and 

woolly, O — O . The data in this figure show cross-reactivity but distinction between MuLV 
strains (A) and FeLV strains (B), complete distinction of conventional FeLV's and RD 
114 in reciprocal assays (B,D), and the close relationship between WoLV and GaLV (C). 
From Okabe et al. (1973b). 

tide mapping has shown only one to two differences out of approxi-
mately 35 spots , thus it is reasonable to conclude that the est imates of 
M u L V p30 relationship of greater than 9 5 % are firm. When tested with 
heterologous p30 ' s , the guinea pig an t i -MuLV gs serum were nonreac-
t ive; thus , it was not possible to provide species ranking with such sera. 
In sensitive radioimmunoassays it is known that such sera will show 
cross-react ions; however , here again with titers 20- to 100-fold less than 
homologous ti ters. Thus , in a t tempts at virus ranking, the guinea pig sera 
point up the striking resemblance be tween W o L V and G a L V and, in 
turn, the lack of any close relationship between the two most closely 
related species with known endogenous viruses, the mouse and rat. This 
is emphasized by the results of hybridization exper iments in which < 5 % 
cross-reactivity was obtained between M u L V and R a L V (Table IV) . 
This lack of cross-hybridization has made it possible to provide evidence 
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FIG. 8. Specificity of guinea pig anti-WoLV p30. Purified p30's placed in circumferential 
wells and antiserum in the center well. In keeping with C ' F results, the anti-WoLV serum 
is nonreactive with other p30's with the exception of GaLV (not shown) (Gilden et al., 
1973). Thus this serum with the exception of GaLV behaves as the guinea pig antisera 
shown in Figs. 2 and 3. 

for the hybrid nature of a rat-specific virus isolated from a rat tumor in-
duced by murine sarcoma virus (Okabe et al., 1973b). 

In contrast to the guinea pig antisera, which are highly "spec ies" -
specific, certain goat anti-p30 sera have proven highly cross-reactive in 
immunoassays . One such an t i -MuLV serum was used in a t tempts to 
rank heterologous p30 ' s . This serum clearly distinguishes M u L V p30 
from the others , and at the same t ime indicates approximately equal im-
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TABLE IV 

Specificity of Mouse and Rat Viruses Determined by Molecular Hybridization 

Viral [
3
H]DNA transcripts 

Viral RNA M-MSV NRK-9 RPL 

AKR 50" <5 <5 
RLV 75 < 5 <5 
M-MSV 100 < 5 <5 
NRK-9 < 5 100 
RPL < 5 100 

a
 Percent hybridization at saturation concentrations of viral RNA normalized to 100% 

based on the homologous virus. Actual values of homologous reactions were 80-85 % of 
input radioactivity. NRK-9 and RPL are rat viruses from the Ο.Μ. and Lewis strains, while 
AKR, RLV, and M-MSV are mouse laboratory strains. 

munological distances from M u L V to the other proteins with calculated 
sequence relatedness of approximately 9 0 % . T h e goat serum reaction 
was clearly demonstrable in gel diffusion assays where spurring among 
heterologous p30 ' s was not seen. T h u s , when using cross-react ive or 
specific antisera prepared against M u L V p30 , there was no indication of 
preferential react ions with R a L V p30 compared to p30 from any other 
virus. A second goat ant iserum prepared against F e L V p30 indicates 
certain qualitative differences among p30 ' s indicative of intrafamilial 
relationships. T h u s , in gel diffusion, this particular serum is nonreact ive 
with the two "p r ima te" virus p30 ' s (it is, however , positive in more sen-
sitive radioimmunoassays) (Gilden et al, 1974), suggesting that these 
viruses have diverged from the others prior to their own divergence. In 
radioimmunoassays using the F e L V p30 serum and

 1 2 5
I - labe led M u L V 

p30, complete inhibition of precipitation can be obtained with unlabeled 
M u L V , R a L V , H a L V , and F e L V p30 's . T h e p30 of primate viruses and 
R D 114 gave only partial inhibition under the same condit ions (Parks 
and Scolnick, 1972). T h e possibility of a close relationship be tween R D 
114 and the primate viruses is negated by lack of cross-reactivity of 
p30 ' s using guinea pig antisera and the distinction of these viruses by 
reciprocal reverse transcriptase antisera. In such assays , three sub-
families are indicated in a manner consistent with the p30 results taken 
collectively (Scolnick et α/., 1972). In this view, R D 114 has also 
diverged from the other subprimate viruses prior to their own di-
vergence. 

Initial sequence data on p30 's (Oroszlan et ai, 1973) do show several 
interesting features (Fig. 9) that can perhaps explain the difference in 
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FeLV ® © ® E © E ® E E E ( ^ 
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FIG . 9. NH2-terminal sequences of p30's from several type C viruses. The first 24 posi-
tions of FeLV are indicated within the circles. Identical residues are found for the other 
p30's where no residue is indicated. The two mouse p30's (RLV and WMLV) differ only 
at position 4. The asterisk indicates the gap placed at position 5 of RD 114 to maintain 
homology with all other p30's. The rat sequence is completed only to position 15, and 
position 9 in this sequence is also uncertain at present. The key features of these results 
are the obvious overall sequence homology, a hypervariable region (residues 4-10), and an 
invariant region (residues 11-24). All residues were determined by gas chromatography 
thin layer chromatography, and amino acid analysis after degradation using a Beckman 
automated sequencer. 

relatedness est imates from guinea pig and goat antisera. First , there is 

obvious homology among all the p30 ' s examined, giving unqualified sup-

port to a common ancestry hypothesis . T h e number of differences es-

t imated be tween any two nonrelated p30 ' s appears to be approximately 

5/25 residues (Table V) , thus (if this were maintained) permitting a 

TABLE V 

Relatedness among Type C Viral p30's Based on NH2 Terminal Sequence Analysis 

No. residues No. of No. of 
Viruses compared differences" base changes 

AKR versus RLV 15 0 
RLV versus WMLV 19 1 1 
MuLV versus FeLV 24 5 8 
MuLV versus RD 114" 25 5 6-7 
FeLV versus RD 114* 25 5 9 
MuLV versus RaLV

r 
13 3 3-4 

FeLV versus RaLV 13 4 6 
RD 114 versus RaLV 13 4 5 

" All differences thus far, occur after residue 3 and before residue 11. 
* A gap is necessary in the RD 114 sequence, assigned to position 5, to maintain posi-

tional homology. This is not employed in the calculation. 
c
 The rat comparisons suffer from uncertainty at position 9, which is a variable in other 

viruses. 
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calculation of — 8 0 % relatedness. However , examination of the 
sequence indicates a large measure of uncertainty in this calculation. 
The re is an obvious hypermutable region between positions 3 and 11, 
where five differences, many requiring two base changes, are recorded. 
F r o m positions 11 through 25 , complete homology is maintained. T h e 
sequence data thus seem to support the C ' F data, showing no striking 
closeness between M u L V and R a L V and equidistance between M u L V 
and two cat viruses, F e L V and R D 114. It seems possible that the 
guinea pig sera are directed to variable regions of the p30 molecules, 
while the goat ant isera may recognize more of the molecule including 
regions of extensive homology. T h e guinea pig response could thus pos-
sibly be influenced by relative immunologic unresponsiveness to shared 
sequences with the p30 of the currently hypothetical guinea pig type C 
virus. T h e two cat viruses also appear equidistant from one another as 
predicted from C ' F and lack of interviral hybridization (Fig. 7). One im-
portant feature of the R D 114 sequence is the necessity of a gap, tenta-
tively at position 5, to maintain homology. Such events are relatively 
rare compared to replacements and thus serve to indicate a major event 
in the evolution of this virus. 

IV. Discussion 

If one were to draw an evolutionary tree from the data currently in 
hand, without regard to the knowledge of species of origin, it would 
show W o L V and G a L V with the same relatedness as strains of M u L V ; 
both of these viruses are more distantly related to the subprimate viruses 
based on polymerase and gs-3 differences, and the R D 114 virus is 
somewhat removed from the others based on the sequence gap (Fig. 10). 
This event could have occurred postdivergence in a single locus or 
predivergence in one or multiple structural loci. A multiple locus hy-
pothesis would be required if F e L V was an inherited virus based on ex-
t reme difference between viruses; however , since F e L V may not be an 
inherited virus in cats and thus a recent epigenetic arrival in the species 
(from where?) , this cannot be decided. In view of the close relationship 
of M u L V strains, the inheritance theory would certainly predict a close 
relationship with R a L V . At present , this is not seen, and the complete 
lack of cross-hybridization is striking. Is it reasonable for two species, 
separated by 40 x 10

6
 years , to have almost identical viruses (woolly 

and gibbon), and two species separated by 10 x 10
6
 years to have com-

pletely distinct viruses? T h e current evidence that W o L V and G a L V 
apparently are not inherited viruses in primates helps us out of this 
di lemma and explains our current inability to find homologous nucleic 
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RD114 
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HaLV 

RaLV 
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F I G . 10. Approximate relationships among mammalian type C viruses deduced from im-
munologic and molecular hybridization data. ( 1 ) Divergence of 3 major groups of mamma-
lian type C viruses all of which contain a common determinant associated with p30 and 
show sequence homology of p30. All p30's react with a reference goat anti-MuLV in gel 
diffusion. (2) All p30's react in gel diffusion with goat anti-FeLV p30, which does not react 
with the primate virus p30's in gel diffusion. RD 114 is distinct based on antigenicity of 
polymerase and partial inhibition of gs-3 reaction between goat anti-FeLV and MuLV in 
RIA. Also gap at position 5 in p30 sequence. (3) Viruses show polymerase cross-reac-
tivities, "identity" of gs-3 determinant in gel diffusion and RIA. (4) All viruses show spe-
cific p30 reactivities and extensive cross-hybridization between members attached to a 
common origin. 

acid sequences in human cellular D N A . This certainly would have been 
required based on the inheritance theory, since gibbon and man are 
much more closely related than gibbon and woolly monkey. However , 
the question of their origin and that of F e L V becomes of paramount im-
por tance with obvious concerns for possible disease implications. Thus , 
a new virus with no growth restrictions may be accidently introduced in 
a new species, perhaps by vaccine, and these become epigenetic as op-
posed to a rarely seen endogenous virus. Possibilities of recombinants 
are thus raised as described above , which could have an extended or 
newly acquired oncogenic potential. 

T h e above analysis points out the large extent of uncertainty con-
cerning the evolution of R N A tumor viruses in mammals and virtually 
predicts many new findings of import not conceived at this writing. 
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Genetics and Biology of Murine 
Leukemia Virus 

J. A. McCARTER, P. Κ. Y. WONG, 
AND J. K. BALL 

I. Introduction 

Recently, RNA-conta in ing viruses (Gross , 1970) have been studied 
intensively because they have been found to cause leukemia in animals 
and possibly in man. It is important to study the nature of the genomes 
of these viruses, the expression of the genetic information that they con-
tain, and the regulation of its expression in cells. 

The re is little published information on the genetics of murine leu-
kemia viruses and for that reason this chapter may be writ ten prema-
turely. Howeve r , it is appropriate at the outset to consider the evidence 
and the concepts that influence the direction of this work. In this paper , 
we shall review our studies that have been made in the murine system 
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and discuss the findings in relation to those of similar studies of the 
avian R N A tumor viruses. T h e genetic evidence will be considered in 
terms of models based on the concept that the genome consists of seg-
ments of single-stranded R N A . W e shall review the biochemical evi-
dence on which this concept is based and conclude that biological 
problems of these viruses make the interpretation of data from molecular 
biological studies uncertain. W e state our opinion that progress on the 
biological side of the problems is a prerequisi te to progress on the 
molecular side. In particular, the answers to many quest ions concerning 
the nature of the genomes and their functions can come only from 
genetic studies of these viruses. 

Studies of the genetics of the RNA-conta in ing tumor viruses became 
possible with the isolation of mutants of helper-independent strains of 
Rous sarcoma virus (RSV) that are tempera ture sensitive (ts) with 
respect to functions required for the maintenance of the transformed 
state (Toyoshima and Vogt, 1969; Goldé , 1970; Mart in, 1970; Biquard 
and Vigier, 1970; Kawai and Hanafusa, 1971; Bader, 1972; Wyke , 
1973). Mutants have been described that are defective in replication as 
well as transformation (Friis et al., 1971; Wyke and Linial, 1973), and 
other mutants are defective in replication only (Friis and Hunte r , 1973). 
T h e availability of ts mutants of the avian sarcoma viruses has allowed 
genetic analysis of these viruses to begin (Vogt, 1972), and the results of 
these studies will be discussed later in this chapter . 

In the murine system, ts mutants of murine leukemia viruses ( M u L V ) 
have been isolated for the Kirsten strain (Stephenson et ai, 1972), the 
Rauscher strain (J. R. Stephenson, personal communicat ion) and the 
Moloney strain (Wong et al., 1973). Scolnick et al. (1972) have also 
reported the isolation of ts mutants of the Kirsten strain of murine sar-
coma virus (MuSV) . Genet ic studies are jus t beginning. 

II . Isolation of ts Mutants of MuLV 

These murine leukemia viruses, unlike the murine sarcoma virus, 
replicate in cells without inducing alterations in cellular growth or mor-
phology (for an exception, see Hacke t t and Sylvester, 1972). It is there-
fore necessary to use markers other than transformation to look for mu-
tants of M u L V . 

Stephenson et al. (1972) isolated a large number of clones of M u L V 
from mutagenized stocks. F o r this purpose a specially designed micro-
titer system was employed. T h e ts propert ies of the clones of virus were 
assessed at permissive and nonpermissive temperatures using a modifi-
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cation of the XC-cel l assay (Klement et al., 1969) or an assay based on 
measurement of the activity of the enzyme, reverse transcriptase (Scol-
nick et al., 1970). More than 3000 individual cultures were screened for 
the product ion of virus, and 1000 were found to be producers . F r o m 
these , 9 clones of ts leukemia viruses were isolated. 

W e (Wong et al., 1973) have described the isolation of spontaneous ts 
mutants of Moloney murine leukemia virus ( M - M u L V ) using a selective 
procedure and ordinary equipment available in any t issue culture labora-
tory. T h e selection procedure uses S+L— cells (Bassin et al., 1970), 
which are transformed murine cells that carry the genome of the murine 
sarcoma virus (S+) but not , apparent ly, that of murine leukemia virus 
(L—). T h e cells produce noninfectious particles (Bassin et al., 1971) but 
on infection of S + L — cells with M u L V , they produce M u L V and 
M u S V of the S + L - type (Peebles et al., 1971). Although these cells 
produce a mixture of viruses, infectious M u L V particles are readily sep-
arated by cloning procedures as described below. 

T h e usefulness of S + L — cells in the selective procedures for ts mu-
tants of M u L V depends on the fact that S + L — cells infected with wild-
type (wt) M u L V become rounded up and are easily dislodged from the 
culture dish by shaking, whereas uninfected cells, or those infected with 
ts M u L V and kept at the nonpermissive tempera ture (39°C), remain 
firmly at tached. Cells that are infected and can be shaken off the dish 
kept at 39°C are discarded. When the dish is then placed at 32°C, fur-
ther rounding up of cells occurs , virus is released, and this virus is found 
to be enriched with respect to ts mutants . T h e selective procedure can 
be repeated further to enrich the stock, but the ratio of titers of virus 
assayed at 32° and 39°C reaches a limit of approximately 10. T h e ex-
planation for this is probably that most of the mutants are very leaky. 

T h e clonal isolation of the mutants is accomplished in the following 
way: Cells of an established culture of mouse fibroblasts (Wright et al., 
1967) are infected in single cell suspension with leukemia virus, are 
plated sparsely in petri dishes and grown at the permissive tempera ture , 
32°C. When the cells have grown into small colonies, an excess of X C 
cells (Klement et al., 1969) is added to the dish. After a further period of 
incubation, the clones that are infected with M u L V are identified: those 
infected with M u L V have syncytia of X C cells adjacent to them ( X C

+
) , 

whereas uninfected colonies do not (XC~) . T h e proport ion infected 
adheres very closely to Poisson 's distribution over a wide range of val-
ues , and this permits one to calculate the titer of infectious particles in 
the preparat ion that was used to infect the mouse cells. This fact also 
means that an infected colony can arise from a single infectious unit in-
fecting a single cell. It is thus possible to isolate the progeny of single, 
infectious viral units , ei ther by picking medium above an infected colony 
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or by picking the chronically infected cells of the colony. For tunate ly 
cross-infection be tween colonies does not present serious problems for 
three reasons: (1) Cells are infected at low multiplicities of infection so 
that double infections will be rare ; (2) low numbers of cells are plated so 
that the colonies will be well separated; (3) in the absence of poly anions 
(DEAE-dex t ran ) mouse cells are resistant to infection by M u L V (Vogt, 
1967). Fur the rmore , the medium can be replaced after the addition of 
X C cells by medium containing agar, and this further ensures that the 
material picked from one X C

+
 clone will not be contaminated with 

material from another . 
T w o procedures are used to isolate infectious viruses. In the first, 

medium solidified with agar is picked above an X C
+
 clone and is used to 

infect fresh mouse cells to raise a stock at 32°C. T h e viral titer in the 
medium reaches a maximum at a t ime coinciding with the development 
of confluency. T h e titer is then determined by the X C assay described 
above —performed at 32° and at 39°C. T h e ratio of titers for wt virus is 
close to 1. Of 42 clones of virus picked from a nonenriched stock, none 
had 32°C:39°C ratios significantly different from 1. Of 100 clones 
picked from S + L - enriched stock, 29 had 32°C:39°C ratios ^ 5. Of 
these 29, 23 were too leaky to be worthy of further study. Three had 
32°C:39°C ratios of 100 or more. Our genetic studies have so far been 
confined to these three mutants designated M - M u L V t s l , t s2 , and t s3 . 

In the second procedure , the cells of an X C
+
 clone are picked and 

grown. X C cells are picked as well as the mouse cells, so a mixed cul-
ture develops. When the cultures have grown enough to be divided, 
some cells are placed at 32°C, others at 39°C, and the cultures are exam-
ined for the presence of syncytia. Cells chronically infected with ts 
M u L V produce syncytia at 32°C but not at 39°C. Of course , there is a 
chance that the observed ts defect is cellular ra ther than viral, but the 
distinction can be made by harvesting virus from the chronically infected 
cells and examining its propert ies . It might be thought that virus defec-
tive in some transiently required early function would not be detected by 
this cell cloning procedure , but t s l , which we now know is defective in 
an early function, can be isolated by this procedure because it is defec-
tive in inducing X C syncytia at 39°C. 

One of the benefits derived from the cell-cloning method is that the 
virus is isolated after a single infection. When virus is isolated from a 
plaque or a focus of infection, or is grown up by infecting an excess of 
fresh cells, opportunit ies are presented for there to be multiple rounds of 
infection from cell to cell and multiple infections of individual cells by 
different viral particles. T h u s alterations in the genome may be favored. 
This has been clearly demonst ra ted by us in our studies of a helper-in-
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dependent form of the murine sarcoma virus (Ball et al., 1973). When at-
tempts were made to grow up this competent M u S V by infecting an 
excess of mouse cells, the result was a mixture consisting almost exclu-
sively of M u L V and defective M u S V . On the other hand, if the compe-
tent M u S V was clone-purified after a single infection, and the resulting 
infected cells were grown up as a culture of chronically infected cells, 
the integrity of the competent M u S V was retained. Such cultures can be 
used for the product ion of the virus on a large scale, and segregation 
does not take place until new cells are infected. 

T h e behavior of this form of murine sarcoma virus suggests that it is a 
single infectious entity and that it is the murine counterpar t of the 
helper- independent avian sarcoma viruses. Vogt (1971a) has reported 
that the latter viruses segregate nontransforming ("transformation-defec-
t ive") viruses on passage through chick embryo cells. It has been 
suggested that the transformation-defective viruses arise by the deletion 
of a portion of the genome of the sarcoma viruses. T o explain the behav-
ior of the murine sarcoma virus, we suggest that in each complete 
replicative cycle involving formation of D N A provirus there is a finite 
probability that a defective virion will be produced, either replication-
defective (defective M u S V ) or transformation-defective (MuLV) . It is 
important , therefore, to minimize the generation of defective viruses by 
minimizing the number of complete replicative cycles of the virus. T h e 
importance of avoiding cycles of infection in the purification of these 
viruses may not have been recognized previously. Work in progress 
should answer the quest ion whether heterozygotes (mixed genotypes of 
different viruses) can also be preserved in this way so that they can be 
studied. 

III. Complementation by ts Mutants of MuLV 

Complementa t ion is recognized to have occurred when two viruses, 
mutant in different cistrons and infecting the same cell, assist one an-
other to replicate, i.e. the amount of virus produced by a culture with a 
mixed infection at the nonpermissive tempera ture is greater than that 
produced by the single infections. Unfortunately, the ts mutants with 
which we have to work produce some virus at the nonpermissive tem-
perature , and this leakiness increases with increased multiplicity of 
infection. It may, therefore, be difficult to distinguish real complemen-
tation from apparent complementat ion resulting from the nonlinear de-
pendence on multiplicity of infection. F o r this reason we have calculated 
complementat ion values by comparing the amount of virus produced by 
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the culture with a mixed infection with that of the greater of the singly 
infected controls (Wong et ai, 1972). 

F o r the three ts mutants mentioned above , mixed infection with t s l 
and ts2 did not give yields of virus higher than the single infections, i.e., 
the complementat ion value was not significantly different from 1. On the 
other hand, mixed infection with t s l and t s3 , or with ts2 and t s3 , gave 
complementat ion values of approximately 3, significantly different from 
1. Although the complementat ion values were low, they did allow t s l 
and ts2 to be put, tentatively, in one group and ts3 in another (Wong and 
McCar te r , 1973). As shown below, the biological propert ies of t s l and 
ts2 show that they are defective in a different function than t s3 . 

IV. Characterization of ts Mutants of MuLV 

Growth curves for t s l , t s2 , and ts3 in freshly infected cells kept at 
32°C were similar to the growth curve for wt virus, i.e., viral titer 
reached a plateau at about 10

8
 infectious units per ml at 4 - 5 days after 

infection. T h e viral titers reached by wt virus at 39°C were the same as 
at 32°C, but for t s l and ts2 the titers were reduced about 40-fold and for 
ts3 about 500-fold. 

When such cultures were shifted from 32°C to 39°C, a culture of t s l 
or ts2 continued to produce virus at about the same level as it was 
producing at 32°C at the time of shift. In contrast , the product ion of ts3 
was markedly inhibited within 1 hour after shifting the culture from 32°C 
to 39°C. 

A probable explanation for the behavior of t s l and ts2 is as follows: 
T h e experiments with freshly infected cultures involved a situation in 
which, at the multiplicities employed, not all cells were infected at the 
start of the experiment. (It will be remembered that there is a mul-
tiplicity-dependent leakiness that forces us to use low multiplicities of in-
fection to get large differences in titers.) Thus , as the cells grew, there 
were new rounds of infection. F o r mutants defective in an early function 
having to do with the establishment of the infection, an early and 
perhaps transient period of permissiveness would be required. If the cul-
ture should be shifted to the nonpermissive tempera ture during this 
period, then only those cells in which the infection has become es-
tablished would continue to produce virus after the shift. Mutants t s l 
and ts2 are probably defective in some function that is required prior to 
the establishment of a permanent infection. T h e defect in t s3 , however , 
is in a late function, hence shifting the temperature from 32°C to 39°C 
caused an inhibition of the product ion of virus. 

T h e difficulty that not all cells were infected at the start of the experi-
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ment was overcome by using cloned cells chronically infected with ts 
viruses. After an initial period of 8 days at 32°C, X C

+
 clones were 

picked and grown at 32°C and at 39°C. F o r t s l the product ion of virus at 
39°C was 0.7 of that at 32°C, whereas the corresponding figure for ts3 
was 0.005. Tha t is, after an initial period of permissiveness , the t s l 
defect was largely overcome, but for ts3 it was not. These data also 
suggest that the t s l defect is in an early function, while that of ts3 is in a 
late function. 

Cell cultures infected with t s l and ts3 were maintained at 39°C, then 
shifted to 32°C. Cells infected with ts3 released large quantities of virus 
almost immediately after down shift (100-fold increase in titer in 2 
hours) , whereas the product ion of t s l cont inued more or less unchanged. 
Fur the rmore , the release of ts3 for the first hour or so occurred 
unabated even in the presence of act inomycin D and of cycloheximide at 
concentra t ions that inhibited the release of wild type and t s l . T h e ts3 
defect, therefore, is in some process in viral replication that comes after 
the requirement for synthesis of R N A and protein, whereas that of t s l is 
much earlier in the replicative cycle. 

Electron micrographs of cells infected with ts3 and held at 39°C show 
(Fig. 1A) virus presumably arrested in the process of budding, having 
very unusual morphology. At 32°C, or some hours after shifting a cul-
ture from 39°C to 32°C, the morphology of the budding virus is normal 
(Fig. IB). T h e nature of the biochemical defect of ts3 is unknown, but it 
is clearly in a function that plays some part in budding. These are the 
only ts mutants that we have so far studied with regard to function. All 
of the exper iments described in this section are reported in detail by 
Wong and McCar t e r (1974). 

V. Genetic Recombination in MuLV 

W e have shown that genetically stable wild-type recombinants are 
produced with high frequency (8%) in pairwise crosses be tween ts mu-
tants belonging to two different complementat ion groups (Wong and Mc-
Carter , 1973). T h e recombinat ion frequencies are 200 to 800 t imes 
greater than the frequencies of spontaneous reversion of these ts mu-
tants to wt. F o r mutants in the same complementat ion group, the recom-
bination frequency was too low to be detected; however , t s l and ts2 
might be independent isolates of one mutant because they were isolated 
from the same stock. 

T o perform these exper iments , cells were infected with the ts mutants 
in all pairwise crosses and the cells were grown at 32°C. T h e viral har-
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FIG. 1. Electron micrograph of mouse cell chronically infected with M-MuLV-ts3. ( A ) 
Kept at 39°C, (B) 2 hours after shifting from 39°C to 32°C. 
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vests from these cultures and the parental cul tures were then assayed 
using the X C assay at 32°C and at 39°C. T h e data allowed the recom-
bination frequencies for the product ion of wt virus to be calculated. 
However , identification of virions of the wild type rests not only on such 
calculations but also on the clonal isolation of the viral progeny of a 
cross as described below (Wong and McCar te r , 1973). 

Seventeen 3 2 ° X C
+
 clones were obtained from a cross between t s l 

and t s3 . T h e virus from these clones when assayed at 32°C and at 39°C 
showed 15 of the clones to be producing ts virus (32°C:39°C = 100), 1 
to be wild type (32°C : 39°C = 1), and 1 to be neither truly wild type nor 
ts (32°C:39°C = 3 - 1 0 assayed on different occasions) . T h e incidence of 
wild-type virus agreed with that obtained from the titration data (Fig. 
2A). 

(A ) tsl AND ts3 MIXED I N F E C T I O N 

A A A A A1 UTU A A A Α Α A A 

H A R V E S T ( A S S A Y AT 3 2 ° C ) 

X 

φ wt ( 3 2 / 3 9 < 3 ) 

© ts · wt ( 3 2 / 3 9 3 - 1 0 ) 

Ο +s ( 3 2 / 3 9 > I 0 0 ) 

(B) t s l AND ts3 MIXED INFECTION 
HARVEST (ASSAY AT 3 9

e
C ) 

1 

Τ Τ L τ "C-

ό Π * 6 60 

φ wt ( 3 2 / 3 9 < 3 ) 

f ) ts-wt ( 3 2 / 3 9 3-10) 

Ο TS ( 3 2 / 3 9 > Ι00) 

F I G . 2. Nature of viral progeny from a cross between M-MuLV-tsl x M-MuLV-ts3. ( A ) 
32°C X C

+
 clones, (B) 39°C X C

+
 clones. · , wild type, i.e., ratio of titers 3 2 ° C : 3 9 ° C ~ 1; 

€ , intermediate type, i.e., 3 2 ° C : 3 9 ° C = 3-10; O , ts, i.e., 3 2 ° C : 3 9 ° C ^ 100. 
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Four teen 3 9 ° X C
+
 clones also from a cross between t s l and ts3 

gave 9 clones producing wt virus and 5 producing virus with 
32°C : 39°C = 3 -10 . N o clones were producing ts virus alone at this non-
permissive temperature . T h e virus obtained from one wt clone remained 
wt on subsequent passage, but the virus from 4 of the 5 clones producing 
progeny having 3 2 ° C : 3 9 ° C = 3 -10 , did not breed t rue. T h e fifth clone 
was lost. T h e viral progeny from these 4 clones, when examined by fur-
ther clonal purification and assay were found to be either ts or a mixture 
of ts and wt virus: for one clone 6/6 subclones produced ts virus only 
(32°C : 39°C ^ 100); for another the ratio of wt to ts was 1/8; for another 
1/7; and for the fourth also 1/7 (Fig. 2B). 

T h e virus that gave rise to these 4 clones was derived from a cross 
between t s l and ts3 and contained not only these two viral species but 
also wt to the extent of about 8% of the infectious virus. There was 
therefore a possibility that the cells that gave rise to the 4 clones were 
infected with both t s l and t s3 , which can complement one another , or 
with both ts mutant and wt. Presumably, the wt would be dominant in 
the cell with a mixed infection. In either case , the infected colony should 
have been X C

+
. Another possibility is that the virions infecting the cells 

that gave rise to the 4 clones were heterozygotes or heteropolyploid 
virions, i.e., virions containing mixed genotypes of the parental strains; 
or possibly they were aggregates of virions. W e do not have an adequate 
means of distinguishing these possibilities from one another , especially 
where viruses of these intermediate phenotypes are concerned. What 
distinguishes these genetically mixed situations from the wild-type and 
true ts mutants is the genetic stability of wt and true ts viruses. As far as 
we know, heterozygotes or heteropolyploids or aggregates segregate into 
their consti tuent genetic units on passage through cells. Presumably in 
this respect they differ from true molecular recombinants . However , one 
has to be aware of the finding by Vogt (1971a) that nontransforming 
viruses segregate from helper-independent strains of the Rous sarcoma 
virus which are thought to be homozygotes . T h e truth is we do not know 
enough about the genomes of either the avian or murine oncornaviruses 
to unders tand their behavior. 

T h e spontaneous forward rate of mutation of wt virus to t s - M u L V is 
perhaps as high as 1 :10

3
 or 1 :10

4
, and the spontaneous rate of reversion 

of ts mutants has been est imated by us to be of the order of 1 :10
4
. How-

ever, through many clonal passages of wt M - M u L V and t s l and t s3 , 
they have retained their characterist ic 32°C:39°C ratios: their genomes 
are , apparently, quite stable. 

T h e frequency with which wild-type virus was produced in a cross 
between t s l and ts3 was about 8%. A similarly high frequency has also 
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been repor ted for the avian tumor viruses by Kawai and Hanafusa 
(1972). These authors suggested that the high frequency of recombina-
tion might be accounted for by assor tment of subgenomic fragments in 
analogy to the situations in influenza virus and reovirus (Hirst , 1962; 
Simpson and Hirs t , 1968; MacKenz ie , 1970; Fields and Joklik, 1969; 
Fields, 1971; Sugiura et al, 1972). Vogt (1971b) showed that fre-
quencies of genetically stable combinant forms be tween avian tumor 
viruses may be as high as 5 0 % , but not all avian tumor viruses were able 
to interact genetically with each other. A value of 5 0 % suggested (Vogt, 
1972) a genetic equilibrium between unlinked markers , as if the corre-
sponding genes were on independently replicating segments of the viral 
genome. In a more recent study (Weiss et al., 1973), a selective tech-
nique was used to obtain recombinants be tween the genome of the chick 
helper factor (chf) and helper- independent strains of R S V . T h e majority 
of progeny isolated possessed the host range of chf and of the R S V , but 
were unstable and segregated into parental or stable recombinant geno-
types . It was suggested that genetic reassor tment of independent seg-
ments of the genome can occur, resulting in the product ion of het-
erozygotes . Ordinarily on subsequent passage, heterozygotes should 
segregate into the const i tuent units , but occasionally, a t rue molecular 
recombinat ion might occur. Weiss et al. (1973) also suggested that 
genetic reassor tment takes place at the level of R N A , i.e., be tween posi-
tive strands of viral R N A transcribed, presumably, from the viral 
genome integrated into the cellular D N A . 

VI. Models of the Genome of MuLV 

In what follows, we make certain assumptions . First , we assume that 
the ts mutants we have isolated do not contain more than one mutant 
site in the genome. This may not be so. W e do not know whether these 
mutants can be back-crossed to wt virus to allow the segregation and 
purification of single mutants . Second, we assume that the genome is 
segmented. A s pointed out below, this may not be so. T h e high 
frequencies of recombinat ion that have been observed and the weight of 
biochemical evidence reviewed below favor this hypothesis . Third , we 
assume that the segments can replicate independently. T h e findings of 
Vogt (1971b), Kawai and Hanafusa (1972), Weiss et al. (1973), and 
Wong and McCar t e r (1973) are most readily explained by this hy-
pothesis , but o ther explanations are not ruled out. It is helpful to con-
sider several possible models of the genome, as has been done by Vogt 
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(1973). Martin and Weiss (1974) have discussed the current information 
coming from studies of the avian sarcoma viruses in the light of these 
models . 

A. All Segments Are the Same 

In this model, it is supposed that there are three segments of size 30 S 
to 40 S and the segments have the same genetic composi t ion, i.e., χ,χ,χ. 
If one of the ts mutants under considerat ion is represented by x', i.e., 
there is an altered base sequence in the R N A of one of the segments , 
then the genome could be x'xx, x'x'x, or x'x'x'. It is likely that all three 
genomes exist, but the procedure for selection of the ts mutants favors 
the isolation of x'x'x''. T h e reasons for this are (a) that the virions having 
the genetic composit ion x'xx or x'x'x should have minimal ts character-
istics due to dominance of the wt segments , and (b) if the segments can 
replicate independently, then infection of cells by x'xx or x'x'x should 
yield progeny having the composi t ions x'x'x', x'x'x, x'xx, and xxx. T h e 
last genome is wt. W e would expect therefore that wt virus should be 
produced with high frequency, perhaps 1:3 or 2 : 3 if the genomes were 
x'xx or x'x'x, respectively. W e have est imated (Wong and McCar te r , 
1973) that the rate of reversion of t s l , ts2, and ts3 to wt virus is of the 
order of 10~

4
. These arguments , on the basis of the assumptions stated 

above, would lead us to suppose that if the genome is polyploid then the 
ts mutants that we have isolated must bear the marker on each segment, 
i.e., x'x'x'. 

On the basis of the above reasoning we suppose that the s tructure of 
t s l , might be x'x'x' and of ts3 might be x"x"x". W e have seen that a cross 
between t s l or ts2 and ts3 produces wt progeny with a frequency of 8%. 
A cross between x'x'x' and x"x"x" cannot produce xxx by genetic reas-
ortment . T h e progeny that have the composit ion x'x"x" or x'x'x" might 
appear to have wt characterist ics because t s l and ts3 have been shown 
to be complementary mutants (Wong and McCar te r , 1973), but it 
would be expected that on passage, the parental mutant types should be 
regenerated. A s noted above, the wt characteris t ics were retained on 
passage of virus from X C

+
 clones produced in a cross between t s l and 

t s3 . Only the viral progeny having a ratio 32°C : 39°C = 3 - 1 0 segregated 
into ts viruses having 3 2 ° C : 3 9 ° C ^ 100 and wt virus. 

It might be possible that wt virus could be produced by molecular 
recombination involving crossing over between segments x' and x", but 
we do not know whether the frequency could be as high as 8 % or not. 
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B. Two Segments Identical: Third Different 

This model supposes the s t ructure xxy where χ is one sort of strand 
and y is another having a different genetic composit ion. In that event , 
and by the same arguments as those used for the model where all s t rands 
are the same, the s tructure of a stable mutant should be x'x'y or xxy'. 
Crossing x'x'y with another mutant x"x"y should produce no stable wild-
type progeny by genetic reassor tment alone, although unstable het-
erozygotes capable of internal complementat ion might be produced. 
Wild-type viruses might be produced by crossing over—as argued 
above. 

However , if one mutant (say t s l ) has the composit ion x'x'y and the 
second (say ts3) has xxy', then a cross should produce by genetic reas-
sortment: xxy (wt), x'xy, and xx'y (unstable heterozygotes that might 
have phenotypes intermediate be tween ts and wt), x'x'y ( t s l ) , x'x'y' (a 
double mutant) and xxy' (ts3). This sort of model can be used to explain 
our findings (Wong and McCar te r , 1973) reviewed above. We have 
isolated, from a cross between t s l and ts3 a stable virus that might be a 
double mutant : It does not appear to be complemented either by t s l or 
t s3 , and it does not appear to recombine with either mutant . These are 
the propert ies to be expected of a virus containing mutant segments 
from t s l and t s3 , but proof that this viral particle is a double mutant has 
yet to be obtained. In addition, we have no da ta on the frequency with 
which double mutants might be obtained, i.e., if the frequency of produc-
tion of wt is 8 % , is the frequency of product ion of a double mutant also 
8%? 

C. All Segments Different 

This model supposes that the genome consists of segments xyz, each 
having a unique genetic composit ion. Mutan t t s l might be x'yz, and mu-
tant ts3 might be xy'z. T h e progeny of a cross be tween such viruses 
would give x'y'z (double mutant) , xyz (wt), and the parental types . 
Viruses of the haploid genotype having intermediate phenotypes (having 
32°C:39°C ratios greater than 1 but less than the ratios for the parental 
ts mutants) cannot result from such a cross by genetic reassor tment . 

W e have not considered the case where the mutat ions are on the same 
segment, e.g., x'yz for one mutant and x"yz for the other . In this instance, 
wild-type virus could result only from crossing over and not from 
genetic reassor tment . 
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These arguments would lead us to favor the model with the s tructure 
xxy because it can account for our observat ions , but the problem of the 
s tructure of the genomes of these viruses is not resolved. W e have con-
sidered the models because they are at present those that are under ac-
tive consideration by other workers in the field. Speculations based on 
hypothetical models are only of use if they suggest exper iments , but 
experiments in this field are difficult to do in a way that leads to the 
unequivocal interpretation of results. Arguments based on the various 
models have overlooked a number of problems. F o r example , it has been 
assumed that the subunits can replicate independently and their genetic 
information can be expressed independently also. This is not necessarily 
so. Fur the rmore , we have ignored until now the fact that particles 
produced from cells with a mixed infection may be heteropolyploid, i.e., 
contain both parental genomes in one virion. 

According to Simon (1972) multiploid viruses have been found for 
Newcas t l e disease virus, M l 3 , and respiratory syncytial virus. Their ex-
istence in the murine leukemia viruses has not been demonst ra ted , but 
the particles we have described having a phenotype intermediate 
between wt and ts might be of this type. A t this time we cannot be cer-
tain that the observat ions can be accounted for by one explanation and 
not another. Clearly, more data are needed, not more hypotheses . 

It is also necessary to be aware that the high frequency of genetic 
recombinat ion may arise because of the unique method of replication in-
volving the formation of D N A copies of the R N A (Temin and Bal-
t imore, 1972). 

The re is one further complication that underlies all of this work, and it 
is unique to the RNA-conta in ing tumor viruses: All cells in which one 
has to propagate the viruses themselves contain endogenous viral infor-
mation. Weiss et al. (1973) have provided the first evidence with defined 
genetic markers that recombinat ion takes place between avian sarcoma 
viruses and endogenous genetic elements of the host cell. T h e extent of 
genetic interaction between exogenous murine leukemia viruses and en-
dogenous cellular information is not known. 

These deficiencies in our knowledge of the biology and genetics of the 
R N A tumor viruses lead us also to ask how good are the conclusions 
coming from molecular biological studies of the genomes of these 
viruses? 

VII. Evidence That the RNA of the Virion is Segmented 

It is known that the virion consists of a core containing ribonucleic 
acid ( R N A ) and protein surrounded by a lipoprotein envelope acquired 
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from the plasma membrane of the infected cell. In this and other 
respects , the murine leukemia viruses are very similar to the RNA-con-
taining avian leukosis and sarcoma viruses. 

A problem in studies of the physical nature of the R N A of the virion 
is that the infectivity of the virion diminishes spontaneously at 37°C with 
a half-life of 2 - 5 hours (Dougher ty , 1961; Hanafusa et al., 1964; 
Pluznik and Sachs , 1964). It has been suggested (Bader and Steck, 
1969) that the loss of infectivity is due to the scission of the molecule of 
viral R N A . It has been common practice to harvest t issue culture 
medium at intervals constituting several half-lives, e.g., after a period of 
10-24 hours ; therefore, it is likely that the medium contains a consider-
able quanti ty of inactivated virus. D a t a on the ratio of physical par-
ticles/infectious units are scarce in the l i terature. Crawford and Craw-
ford (1961) found a value of 750 for a 4-hour t issue culture harvest of 
the defective strain of R S V . After correcting for the presence of R A V 
and inefficiency of the focus assay Vogt (1966) est imated that the ratio 
might be 5 : 1 to 15 :1 physical particles per infectious unit. Bader and 
Bader (1970) found, for a 42-hour collection, a ratio of 2600 to 5000 for 
physical particles to focus forming units . Applying the correct ions noted 
above , the ratio of physical particles to infectious units might be 2 5 : 1 to 
5 0 : 1 , however , in neither of these published studies were there mea-
surements of the actual titer of R A V , so these corrected ratios are only 
est imates. During the purification and isolation of the virus particles, 
there is opportuni ty for further loss of infectivity. T h e R N A that is 
isolated from tissue culture harvests after a period of labeling of several 
hours may therefore be largely from noninfectious virions. Bader and 
Steck (1969) recognized the importance of collecting virus at short in-
tervals (hourly harvests) to minimize the product ion of artifacts during 
the isolation of the R N A . 

When R N A is isolated using procedures that should preserve the na-
tive state, i.e., rapid purification of virus followed by extraction of the 
R N A with sodium dodecyl sulfate and phenol , the nucleic acid consists 
largely of single-stranded R N A with a sedimentat ion coefficient of 
approximately 60 S to 70 S. This value corresponds to a molecular 
weight of about 10

7
 daltons (Robinson et al., 1965; Robinson and 

Baluda, 1965; Duesberg and Robinson, 1966; Bader and Steck, 1969). 
Trea tment of the high molecular weight R N A with heat or dimethySulf-
oxide results in the product ion of smaller R N A molecules with sedi-
mentat ion coefficients approximately 30 S to 40 S and 4 S to 12 S 
(Duesberg, 1968; Erikson and Erikson, 1971; McCain et al., 1973). T h e 
major 30 S to 40 S component had a molecular weight approximately 
3 X 10

6
 daltons. It appears that the R N A of the virion must consist of 3 
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or 4 subunits rather than a single polynucleotide. According to McCain 
et al. (1973) the 69 S R N A of murine sarcoma-leukemia virus is com-
posed of at least three physicochemically distinct subunits . It has to be 
kept in mind, however , that the murine sarcoma-leukemia virus is a mix-
ture of at least two viruses. Duesberg et al. (1973) have reported that 
the R N A of the Kirsten strain of murine sarcoma virus is significantly 
smaller than that of the Kirsten murine leukemia virus. In fact, the 
purity of a viral stock in terms of whether or not it consists of a single in-
fectious viral entity is seldom, if ever, known, and in general not enough 
care is taken to use clonally purified stocks of virus for molecular biolog-
ical studies. F o r example , Duesberg and Vogt (1970) reported the R N A 
of avian-transforming viruses contains two electrophoretically separable 
subunit classes a and b . In subsequent work, Duesbe rg et al. (1973) 
prepared s tocks of avian sarcoma viruses from clones of singly infected 
cells and found that the R N A of the sarcoma viruses grown in this way 
contained only the a subunit , whereas s tocks grown by repeated cycles 
of infection contained both a and b subunits . 

It has been shown that Rous sarcoma virus (Prague) harvested at 3-
minute intervals contains a minor amount of 60 S to 70 S R N A , major 
amounts of 30 S to 40 S R N A , and variable amounts of 4 S to 12 S 
R N A (Canaani et al., 1973). U p o n incubation of the virus in cell-growth 
medium or Tris-saline buffer, most of the 30 S to 40 S R N A was con-
verted to 60 S to 70 S R N A . Cheung et al. (1973) showed that R S V 
(Prague) harvested at 5-minute intervals contained very little 68 S R N A . 
T h e principal native component had a sedimentat ion coefficient of 55 S 
to 60 S, and in the denatured state the R N A consisted of approximately 
equal parts of very homogeneous 36 S R N A , R N A which sedimented 
heterogeneously between 36 S and 4 S, and 4 S R N A . By contrast , the 
native R N A of mature (24 hour) virus consisted of 68 S R N A which, on 
denaturat ion, gave heterogeneous R N A of 36 S to 4 S. 

T h e s e observat ions argue for 30 S to 40 S R N A as precursor of the 
60 S to 70 S R N A of Rous sarcoma virus. T h e techniques of nucleic 
acid hybridization using D N A probes made on 70 S viral R N A template 
have been used to examine the size of intracellular R N A in infected 
cells. Leong et al. (1972) showed that virus-specific R N A is present in 
both nuclei and cytoplasm of Rous sarcoma virus-infected chick cells. 
T h e R N A was very heterogeneous in size and varied from preparat ion 
to preparat ion. Much of the native virus-specific R N A in some prepara-
tions of cytoplasm from infected cells appeared to be 70 S R N A . The re 
was also a species of 90 S to 95 S R N A , presumably from the nuclei, 
along with smaller species of R N A . When the R N A was denatured, the 
70 S and 90 S to 95 S species were lost and the R N A sedimented het-
erogenously from 50 S to 4 S. Leong et al. (1972) at tr ibuted inconsis-
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tencies from preparat ion to preparat ion to the presence of varying 
amounts of budding virions not removed from cell surfaces by tryp-
sinization. Tsuchida et al. (1972) found single-stranded 35 S and 20 S 
viral R N A species synthesized in virus-producing mouse and rat cells 
t ransformed by the murine sarcoma virus: once again it should be 
pointed out that the presence of a mixture of viruses ( M u S V and 
M u L V ) complicates the interpretation of such data. 

It is evident that as yet there is no definite answer from molecular bio-
logical studies as to the size of the genome of the RNA-conta in ing tumor 
viruses. N o r is it certain that the R N A is segmented. Despi te the best 
efforts to isolate the R N A in intact form, there remains the possibility 
that large molecular weight R N A possesses a limited number of sites 
uniquely sensitive to the action of nucleases. T h e virions are known to 
possess an associated endonuclease (Quintreil et al., 1971; Grandgene t t 
et al., 1972). Only two nicks would be sufficient to produce three frag-
ments . T o account for the observat ions that have been made , one would 
have to say that the nuclease-sensit ive sites, if there are such, are 
located so that equal-sized pieces, 30 S to 40 S, are made , and for 
unknown reasons , these can associate with one another and with 4 S to 
12 S R N A to form the R N A structure of the mature virion. While the 
conclusion must be left open, the weight of evidence favors the segmen-
tation of the R N A of the virion. 

VIII . Conclusions 

In view of all these difficulties, problems and lack of factual data, fur-
ther speculation is unjustified. W e do not know how much R N A consti-
tutes the genome, i.e., whe ther it consists of the entire complement of 
R N A of the virion or not. A n answer should come from genetic studies 
now in progress which should reveal how many cistrons there are. Also 
likely to emerge from genetic studies will be an answer to the question of 
whether cistrons are linked, as would be predicted by a segmented 
genome, or not. It is important to have available mutant viruses that are 
defective in various viral functions, not only to learn what those func-
tions are but also to learn about transcriptional and translational regula-
tion of the expression of these functions in infected cells. Ways must be 
found to overcome the formidable obstacles that block unequivocal un-
derstanding of the genetics and biology of these viruses. 
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I. Introduction 

T h e student of carcinogenesis is continuously confronted with an over-
whelming complexity of etiological and permissive factors and their 
various interactions. F o r that reason he must/will often focus his atten-
tion on a single aspect of cancer biology, or will resort to simplistic uni-
tarian concepts of carcinogenesis , such as the somatic mutat ion (Boveri, 
1914) or oncogene-activation (Huebner and Toda ro , 1969) hypotheses . 

With regard to the present assignment to review the comparat ive biol-
ogy of avian and murine tumor viruses, I decided for similar reasons of 
simplicity to discuss only the oncogenic R N A viruses. T h e avian and 
murine R N A cancer viruses share so many structural , biochemical, and 
biological propert ies that they can be regarded as belonging to the same 
separate virus group, the oncornaviruses (Nowinski et al., 1970). These 
viruses display several highly interesting interactions with the host 
genome (Bentvelzen, 1972a) as Lwoff (1953, 1960) had foreseen, 
although he may not have expected that R N A viruses would play a pre-
dominant role in naturally occurring viral carcinogenesis at that t ime. 

T h e decision to refrain from reviewing oncogenic D N A viruses leaves 
out several viruses, which are highly interesting from a naturalist 's point 
of view, such as the herpesvirus associated with Marek ' s disease in 
chicken (Churchill and Biggs, 1967; for a review, see Nazer ian , 1973), 
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the murine polyoma virus (Gross , 1953; Stewart , 1953; for reviews, see 
Eddy, 1969; Sambrook, 1972), and a p a p o v a v i r u s associated with papil-
lomas of chaffinches (Lina et al., 1973). All these viruses display inter-
esting features with regard to latency and transmission. Less to be 
regretted is the omission of the chicken embryo lethal orphan ( C E L O ) 
virus. This adenovirus is oncogenic to hamsters (Sarma et al., 1965; An-
derson et al., 1971), but as McAll is ter et al. (1972) discussed for those 
human adenoviruses , which are oncogenic to rodents , it is doubtful that 
this virus is oncogenic to its natural host. 

T h e present chapter will focus on the interactions be tween host 
genome and oncornaviruses and will present a somewhat opinionated 
view on carcinogenesis . However , the multifactorial approach to cancer , 
so typical for the Mühlbock school of cancer research (Emmelot and 
Bentvelzen, 1972), will probably glimmer through. Finally, it must be 
mentioned that my personal experience is only with the murine oncor-
naviruses. T h e knowledge attained in this field has been applied to that 
of the avian viruses, of which I have been a passive observer . (See the 
citations of C. Bernard above.) 

II. Delineation of the Oncornavirus Group 

Oncogenic R N A viruses resemble myxo- and paramyxoviruses in that 
maturat ion and release of virions takes place through a budding process 
of the cell membranes . They have been regarded as being different in 
that they have no cytocidal effect (Hanafusa, 1970; Montagnier , 1970; 
Nowinski et al., 1970). However , various notorious except ions have 
been described since then for various R N A cancer viruses (Klement et 
al., 1969a; Bassin et al., 1971b; Kawai and Hanafusa, 1972; Graf, 
1972; Smith and Bernstein, 1973; Reinisch and Bang, 1973). 

T h e R N A tumor viruses can be distinguished morphologically from 
the myxo- and paramyxoviruses , since they have a spherical internal 
s t ructure at a restr icted site instead of a nucleocapsid with an obvious 
helical configuration, which is distributed throughout the interior of the 
virus (Nowinski et al., 1970). It has been suggested to call these agents 
leukoviruses (Fenner , 1968) or Thylaxovir idae (sac-like viruses) by a 
group of senior electron microscopists studying those viruses [J. Nat. 
Cancer Inst. 37, 3 9 5 - 3 9 7 (1966)]. Howeve r , these names do not refer to 
the most outstanding biological proper ty , which is the induction of 
neoplasms in their natural hosts . It is for that reason that we go along 
with the unusual pract ice of renaming a virus group and will use the term 
"oncornav i ruses" as Nowinski et al. (1970) have suggested. 
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T h e oncornaviruses display unique biochemical propert ies , such as 
the heavy weight single-stranded R N A (60 S -70 S), which, upon 
heating or t reatment with dimethyl sulfoxide is disaggregated into sub-
units of approximately 36 S (for a review, see Duesberg , 1970). An 
even more interesting characterist ic is the presence of an RNA-depen-
dent D N A polymerase ("reverse t ranscr iptase") as first discovered by 
Temin and Mizutani (1970) and Baltimore (1970) and subsequently 
found in a great variety of oncornaviruses (Spiegelman et al., 1970a,b; 
Scolnick et al., 1970). Implications of this finding will be briefly dis-
cussed below and at great length by Vigier in Chapte r 9 of this volume. 
T h e reader is also referred to the review of Temin and Baltimore (1972). 

T h e agents , which induce sarcomas or various forms of leukosis, 
belong to the avian oncornaviruses . Some of the avian leukosis virus 
strains can also induce renal carcinomas (Carr , 1956, 1960; Walter et 
al., 1962), ovarian tumors (de T h é , 1964), or osteopetrosis (Burmester et 
al., 1959; Freder ickson et ai, 1964). T h e murine oncornaviruses com-
prise the sarcoma-leukemia virus complex and the mammary tumor 
virus. 

T h e sarcoma and leukemia viruses of either animal species have the 
so-called C type electron-microscopic appearance (Bernhard, 1958). 
The re are minute differences be tween the avian and murine viruses with 
regard to the size of the nucleoid and surface projections (Feller et al., 
1971). T h e murine mammary tumor virus differs from either C type 
virus in having the considerably smaller nucleoid eccentrically located. 
T h e virion, called Β type particle by Bernhard (1958), has very promi-
nent protrusions at its outer membrane . 

T y p e Β particles have been observed in pulmonary (Calafat, 1969) and 
brain tumors of mice (Moore et al., 1969). T y p e C particles have been 
seen in murine pituitary and adrenal tumors (Mitchell et al., 1971), hepa-
tomas (Maca et al., 1970), and also pulmonary adénomes (Rabotti , 
1966; Brooks, 1970; Kimura et al., 1972; Bucciarelli and Ribacchi, 
1972). In all these cases an etiological role has not been established. It is 
very well possible that these particles represent passenger viruses only. 

F o r an extensive historical account of the discovery of the oncor-
naviruses and their various strains see the book by G r o s s (1970). One 
must keep in mind that several of the virus isolates, such as the 
Rauscher leukemia virus, which have been intensively used in experi-
mental studies, are laboratory artifacts, and also are often complicated 
mixtures (Graffi et al., 1966; Smith and Moscovici , 1969; Ishizaki et al., 
1971). Although these isolates are valuable tools in cancer research, it is 
important to s tudy naturally occurring tumor viruses as well (Andervont , 
1952; Pope , 1963; Freder ickson et al., 1964; Weiss , 1972), as they may 
provide more accurate insight into the natural history of cancer. 
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III. Interactions between Host Genome and Oncornaviruses 

At one t ime, when there was still little evidence for the viral etiology 
of several neoplasms, Lwoff (1953) suggested that lysogeny —integration 
of a phage 's genetic material into that of a bacter ium —could have its 
animal counterpar t in carcinogenesis . Lwoff (1960) detailed this supposi-
tion in that neoplasia could arise either after the integration of the 
genome of administered virus into the host genome, or by the induction 
of genetically t ransmit ted viruses following the administration of car-
cinogenic drugs. 

A. Somatic Provirus 

A s far as the oncornaviruses are concerned, sufficient evidence is ac-
cumulating that upon infection with an exogenous virus a D N A copy of 
the viral genome will be made , which may become integrated into the 
host genome. This copy, called somatic provirus by Bentvelzen and 
D a a m s (1972), may serve as a template for virus replication and under 
certain curcumstances give rise to neoplastic conversion of its host cell. 

Several oncornaviruses may replicate in various t issues without t rans-
forming them (Dougher ty and Di Stefano, 1969). F o r the establishment 
of such infections D N A synthesis is also necessary , such as in the case 
of the transforming viruses (Duesberg and Vogt , 1969; Vigier, 1970), 
suggesting that also in the absence of neoplastic conversion a somatic 
provirus will be produced and integrated. Since such viruses may rapidly 
transform other t issues, it is obvious that epigenetic factors are highly 
important for the expression of the " o n c o g e n e s " of a somatic provirus. 
Other virus functions may be also strongly influenced by the differentia-
tion status of a cell. 

B. Germinal Provirus 

I have suggested that in various inbred mouse strains endogenous 
mammary tumor viruses can be t ransmit ted as a genetic factor of the 
host (Bentvelzen, 1968a, 1972; Bentvelzen et ai, 1968, 1970b, 1972a; 
Bentvelzen and D a a m s , 1969, 1973). It was envisaged that one of the 
chromosomes would carry genetic information (germinal provirus, Bent-
velzen and D a a m s , 1972) for such a virus in the form of a D N A copy of 
the viral genome. This copy would be transcribed either spontaneously 
or following t reatment with ionizing radiation or carcinogenic drugs, 
giving rise to virus release in the target cell and eventually to neoplastic 
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transformation. It was hypothesized that inhibition of virus release 
would be the normal state and would be achieved by classical re-
pressors . Later on a genetical t ransmission has also been postulated for 
an endogenous murine leukemia virus (Rowe, 1972; Rowe and Hart ley, 
1972) and an endogenous avian C type virus (Weiss, 1972). It must be 
noted here that Huebne r and Toda ro (1969) presented a unitarian hy-
pothesis , that a segment, oncogene, of a single genetically transmitted C 
type virus, whose germinal provirus is called virogene, can be held 
responsible for the development of most tumors , irrespective of the ini-
tial carcinogenic stimulus. T h e various carcinogenic t rea tments can ac-
tivate the expression of the whole virogene, leading to the product ion of 
virions, or of only some segments such as the oncogene(s) . This hy-
pothesis has encountered vehement opposit ion, but also at tracted zeal-
ous support from many cancer researchers . 

C. Genetic Susceptibility 

A more classical aspect of hos t -v i rus interactions is genetically con-
trolled susceptibility to exogenous infections. Several genes have been 
detected, which contr ibute to the chance that an organism will develop a 
tumor after administration of an oncogenic virus. Such genes can control 
the penetrat ion of the virus in a target cell, influence the rate of replica-
tion, and allow cell-surface al terations, which may lead to neoplastic 
conversion or determine the degree of immunological response to either 
the virus or virus-coded tumor-specific cell-surface antigens (Bentvelzen, 
1972a). In addition, genes may influence various o ther humoral factors 
(e.g., hormone product ion, growth rate) that contr ibute to the develop-
ment of a tumor (Hes ton , 1945). Some of those genes also influence 
tumorigenesis by endogenous viruses. T h e presumed genetic t ransmis-
sion of oncornaviruses and the sometimes predominant role of such 
genes, leads to the reemergence of the idea that cancer is a hereditary 
disease. 

D. Viral Gene Action 

A very important aspect of this host genome-v i rus interaction is 
whether the virus turns on certain cellular genes, which cause the cell to 
disobey growth-controlling stimuli (or switch off the genes that do the 
opposite) , or whether unlimited growth is the consequence of direct ac-
tion of viral genes. Unfortunately, no single experimental fact is avail-
able to have a sensible discussion of this problem. 
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IV. Technological Aspects of the Study of Oncornaviruses 

Differences in the biology of tumor virus groups may be due to (a) dif-
ferent target organ, (b) differences in the biology of the target organ from 
one species to the other, or (c) an intrinsic proper ty of the virus itself. 
Such differences may be artificial owing to a lack of pat ience, as seen in 
the case of researchers in the avian tumor virus field as compared to the 
mammary tumor virologists (Emmelot and Bentvelzen, 1972), or to a 
" technology g a p " (Bentvelzen, 1972c). Techniques for detect ion and 
assaying various oncornaviruses are presented in Table I and are de-
tailed below. 

Rapid developments in virology may only be anticipated when the 
virus can be grown in t issue culture and can be quanti tated effectively. It 
is preferable that the virus show a cytopathic effect in vitro, although 
this is not a prerequisi te . T u m o r viruses often induce morphological and 
physiological transformation of cells in vitro. This phenomenon has been 
extensively described and been discussed in relation to neoplasia by 
Macpherson (1970) and Ponten (1971). 

A. Avian Sarcoma Viruses 

Rous sarcoma virus (RSV) rapidly transforms chicken embryonic fi-
broblasts in vitro (Manaker and G r o u p é , 1956). This phenomenon has 

TABLE I 

Technological Aspects of the Assay of Oncornaviruses
0 

ASV ALV MSV MuLV MTV 

Transformation in vitro +++ ++ +++ + — 

Cytocidal effect in vitro + ++ - +++ -
Replication in vitro, + +++ — +++ + 

detectable by immuno-
assay 

Interference - +++ - +++ — 
Rescue - +++ - +++ -
Tumor induction in vivo +++ +++ +++ +++ +++ 
Quantitative assay of - - - ++ ++ 

preneoplastic lesions 
Antibody production test + + + +++ + 
Immunobioassay — + — + +++ 
Reverse transcriptase + + + +++ +++ 

° + + + , routine method for all members of the group; + + , routine methods not applicable 
for each member of the group; +, good perspectives for the development of a routine 
method. 
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been utilized for an accurate quantitative assay of this virus (Temin and 
Rubin, 1958; 1959). So far only the M C 2 9 strain of avian leukosis virus 
(ALV) is capable of transforming the same kind of cells (Langlois and 
Beard, 1967; He ine et al., 1969). This effect is due to a defective princi-
ple (Ishizaki et ai, 1971) which is helped by an erythroblast ic leukemia 
virus (Langlois et al., 1971). 

Β. Avian Leukosis Viruses 

T h e avian myeloblastosis virus ( A M V ) is capable of in vitro transfor-
mation of bone marrow cells, giving rise to cont inuous proliferation in 
shaker cultures (Beaudreau et ai, 1960). Baluda and G o e t z (1961) ob-
served in yolk sac cultures that within 1 week after exposure to the virus 
morphologically altered myeloblasts and osteoblasts appeared. Other 
cell types remained normal, but would produce virus. Various other 
A L V strains proved to be ineffective in this test (Baluda et al., 1964). 
With some modifications of the culture technique Lacour et al. (1966) 
obtained foci of t ransformed cells within 4 days . T h e number of foci was 
proport ional to the virus concentrat ion in the medium. Thus far we have 
not noticed the use of this method on a routine basis in the li terature. 

Langlois et al. (1969) observed that the exposure of chicken bone 
marrow to the M C 3 9 virus leads to a transient growth of myelocytes 
which does not take place in cultures of normal bone marrow. T h e cells 
look quite different from neoplastic myeloblasts transformed by A M V . 
This observat ion by Langlois et al. (1969) does not seem to be useful for 
a quanti tat ive in vitro assay of the M C 2 9 virus. 

In vitro demonstra t ion of an avian leukosis virus may be accomplished 
by one of the following: (a) the induction of resistance to morphological 
transformation by subsequent challenge with R S V ( R I F test of Rubin, 
1960a); (b) product ion of foci with virus-specific antigen, detectable by 
immunofluorescence (Vogt and Rubin, 1961); (c) the reproduct ion in 
vitro of a group-specific antigen, detectable by complement fixation 
( C O F A L test of Sarma et al., 1964) or radioimmunoassay (Weber and 
Yohn , 1972); (d) the rescue of "defec t ive" Rous sarcoma virus from so-
called nonproducer cells (Rispens and Long, 1970). Recently, a cy-
topathic effect has been observed with avian leukosis viruses in cells 
transformed by a temperature-sensi t ive mutant of R S V (Kawai and 
Hanafusa, 1972) or in normal cells (Graf, 1972; Smith and Bernstein, 
1973). This effect is limited to viruses belonging to subgroups Β and D . 
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T h e mouse sarcoma virus (MSV) can transform in vitro mouse embry-
onic fibroblasts (Hart ley and R o w e , 1966; Simons et al., 1967b). Foci , 
which become apparent within 5 days , consist of either round or spindle-
shaped cells. T h e kinetics of the product ion of these foci indicates that 
two infectious particles are necessary for the rapid development of such 
foci (Hart ley and Rowe , 1966). 

M S V can also readily transform morphological embryonic cells of 
o ther mammalian species (Ting, 1966; Bernard et al., 1967; Simons et 
al., 1967a). Kinetics of this phenomenon is single hit (Parkman et al., 
1970; Levy, 1971) and may be therefore bet ter utilized for titration of 
M S V preparat ions . 

D. Murine Leukemia Viruses in Vitro 

Murine leukemia viruses ( M u L V ) have been reported to be able to 
transform embryonic fibroblasts in vitro (Tyndall et al., 1966; Osa to et 
al., 1966; Dug-Nguyen et al., 1967; Rhim et al., 1969). Even when 
spontaneous transformation may be ruled out as a cause , virus-induced 
transforming events seldom seem to take place. Ishimoto et al. (1972) 
found that when spleen cells from 4-week-old C 5 7 B L mice are infected 
in vitro with the Rauscher leukemia virus, rapid cell proliferation took 
place 2 weeks after infection. 

Hacke t t and Sylvester (1972) developed a peculiar subline of 
B A L B / 3 T 3 fibroblasts, which upon infection with a M u L V rapidly 
transforms morphologically. This cell line has some physiological at-
tr ibutes of t ransformed cells and seems to need only the M u L V to 
become morphologically altered. It is quest ionable whether the observed 
transformation has any relevance to the leukemogenic potential of the 
virus. 

When obvious target cells ( thymocytes) are mixed in vitro with G L V -
passage A (Gross , 1957) or B /T-LV (Tennant , 1965), which predomi-
nantly induce thymic-dependent lymphosarcomas , transformation takes 
place only after several passages (Ioachim, 1967; Tennant , 1969). 

Our laboratory is involved in the study of in vitro t ransformation of 
murine myeloid precursor cells by Rauscher leukemia virus (RLV) . 
Normal bone marrow cells can produce colonies in a semisolid agar 

C. Mouse Sarcoma Viruses 
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culture system in the presence of a specific stimulating factor (derived 
from human urine, mouse embryo extracts , or condit ioned medium of 
various kinds of cultures). This factor (CSF) has a concentrat ion-depen-
dent effect on the number and size of these colonies (Metcalf, 1970). We 
observed that bone marrow from B A L B / c mice with RLV-induced 
myeloid leukemia produces considerably fewer colonies than control 
material following the administration of optimal amounts of C S F . At low 
levels of C S F , however , leukemic bone marrow produces several more 
clones than the controls . Even in the absence of C S F , leukemic cells 
were capable of producing several small colonies, whereas normal bone 
marrow produces virtually none (Bentvelzen et ai, 1974). T h e same has 
been found for well-established cell lines of murine myeloid leukemias 
(Pluznik, 1969; Metcalf et al., 1969; Ichikawa, 1972). This finding could 
be interpreted to mean that the transformed cells have a more efficient 
utilization of C S F , as has been described for the "multiplication-
stimulating ac t iv i ty" in the case of RSV- or MSV-transformed fibro-
blasts (Temin, 1969, 1970). However , the growth of leukemic clones is 
more pronounced when high number of cells are plated. This can be an 
indication that leukemic cells can produce , to some extent , their own 
proliferation-inducing factor (probably different from C S F ) , which can 
trigger some cells in the leukemic populat ion to produce small colonies. 
This phenomenon would be comparable to the leakage of an "over-
growth factor" by RSV-transformed chicken embryonic fibroblasts 
(Rubin, 1970). 

We found that for the establishment of an infection with R L V in vitro, 
as determined by virus reproduct ion, hemopoiet ic cells needed to be cul-
tured in the presence of C S F . After 1 week of culture under optimal 
condit ions, replating of the infected cells in a CSF-free system with a 
high cell number , leads to the product ion of several small colonies of im-
mature myelocytes , whereas the control cultures only produced a few 
macrophage colonies (Bentvelzen et al., 1974). Unfortunately, this 
system lacks constant reproducibility and is far from quanti tat ive at the 
moment . 

Murine leukemia viruses so far cannot satisfactorily be assayed in 
vitro for their transforming (oncogenic) potential , but several methods 
are available for the assessment of infectious entities. O n e of the fastest 
methods is by determining the number of antigen-positive foci by im-
munofluorescence (Osato et al., 1964; Pinkel et al., 1966; Woods et al., 
1970). AU these authors study the appearance of a virus-specific antigen 
in the cytoplasm, but Nordenskjöld et al. (1970) investigated the appear-
ance of a virus-coded cell membrane antigen, detectable by either im-
munofluorescence or immune adherence . T h e latter immunoassay proved 
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to be more sensitive with regard to virus titer, but it took several more 
weeks in culture before the antigen could be detected. 

Another widely used immunological approach is the appearance of a 
virus-specific complement-fixing antigen, the so-called C O M U L test by 
Har t ley et al. (1965). T h e recent development of a radioimmunoassay 
for the group-specific antigen of M u L V (Parks and Scolnick, 1972) out-
dates the C O M U L test . 

Murine leukemia viruses have the ability to rescue defective mouse 
sarcoma virus from nonproducing transformed cells (Huebner et al., 
1966). This phenomenon can be employed in titrating murine leukemia 
viruses. A somewhat different approach is coinfection of a culture with a 
two-hit M S V preparat ion and a leukemia virus preparat ion. T h e even-
tual excess of helper virus would then give rise to a linear relationship 
be tween M S V dose and number of foci of t ransformed cells (Fischinger 
and O 'Connor , 1968). Virus titer can be determined by the lowest dilu-
tion that still p romotes focus formation by defective M S V . A n interest-
ing observat ion with this system is that the leukemia virus need not be 
capable of replication in the target cell by itself to provide helper activity 
(Fischinger and O 'Connor , 1969b). Possibly, the defective sarcoma 
virus can complement defective leukemia viruses with regard to replica-
tion. 

Preincubation with a leukemia virus can interfere with focus formation 
by M S V , as was described for the avian tumor virus system. This prop-
erty can also be employed for titration of a leukemia virus (Sarma et al., 
1967). 

Klement et al. (1969a) observed a cytopathic effect after cocultivation 
of MuLV-infected embryo cells and the X C cell line, derived from a 
RSV-induced rat tumor. This strange proper ty has been utilized for the 
now widely used X C test by Rowe et al. (1970). Bassin et al. (1971b) 
observed that M u L V infection of a MSV-transformed mouse cell line 
(D56) , which does not produce infectious virus, does not only lead to 
the rescue of the defective M S V genome but has a cytopathic effect as 
well. G r u n d n e r et al. (1972) compared this technique with the induction 
of a membrane antigen as described by Nordenskjöld et al. (1970). T h e 
plaque assay proved to be considerably faster and of a more quanti tat ive 
nature. Howeve r , upon prolonged culture the immunological assay 
proved to be more sensitive. 

E. Murine Leukemia Viruses in Vivo 

In vivo assays often comprise long observat ion periods with a great 
variation in latency. Some fast-acting viruses can be assayed by estima-
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tion of the average spleen weight within a fixed period (Rowe and 
Brodsky, 1959). This parameter correlates reasonably well with tenfold 
dilutions of the virus. Within 1 week, at the proper dilutions, erythro-
blastosis viruses produce conspicuous foci of erythroblasts at the surface 
of the spleen (Pluznik and Sachs , 1964; Axelrad and Steeves , 1964). 
This assay gives a different dose - r e sponse relationship than the spleen 
weight method. Depending upon the host and the proport ion of the 
focus-producing principle and the helper virus, the response is either 
single or multi-hit (Lilly, 1970b; Steeves and Eckner , 1970; Bentvelzen 
etal, 1972b). 

T h e defectiveness of the erythroblastosis-inducing principle can be 
employed for the titration of helper virus activity. Mice in which the 
erythroblastosis virus gives a multi-hit pat tern are infected with a mix-
ture of a low dose of erythroblastosis virus and various doses of the 
preparat ion to be assayed for helping activity. T h e helping effect will 
become manifest in the augmentat ion of the number of foci (Steeves et 
al, 1971). 

F o r those viruses that do not have a short latency period the mouse 
antibody product ion ( M A P test by Klein and Klein (1966) seems to be 
very worthwhile. Virus quantitation is based on the inverse relationship 
be tween virus doses and the latency period for cytotoxic antibodies 
against leukemic cells to appear . This tests requires 9 weeks for comple-
tion, which is relatively short as compared to the latency period of 
leukemogenesis of several virus strains. T h e sensitivity of the method 
corresponds well with titration on the basis of leukemogenicity (Fey and 
Pasternak, 1969), but one must keep in mind that a t tenuated forms of a 
leukemia virus may also be scored as positive in the M A P test. 

F. Mouse Mammary Tumor Virus 

T h e technology of the mouse mammary tumor virus ( M T V ) is still in a 
backward stage. T h e usual practice for demonstrat ing infectivity is the 
induction of tumors . Most investigators in this field keep the animals 
under observat ion during their whole life span, although this would not 
be necessary for virulent virus preparat ions. It seems that low dilutions 
of virus are only reflected in a lesser incidence of "ea r ly" arising tumors 
but not by a later appearance of malignancies. However , such patience 
has been rewarding because virus strains have been detected, which 
have latency periods in years (Hageman et al., 1972). It would be worth-
while to look for such low-oncogenic strains in other tumor-v i rus 
sys tems, since they have great re levance to the natural history of "spon-
t aneous" cancer. 
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Nandi (1963a,b) introduced a rapid bioassay for the detection of 
M T V . In this method mammary glands are inspected for the appearance 
of hyperplast ic alveolar nodules , which are thought to be precursory 
stages of mammary adenocarc inomas . Even the recent improvements of 
this method (Nandi et al., 1971) do not make it comparable to the spleen 
focus assay of murine erythroblastosis virus strains, because the virus 
concentrat ion is not reflected so much in the average number of nodules 
per mouse but in the incidence of mice with nodules. 

Charney et al. (1969) described an immunological bioassay for M T V 
in which the detection by immunodiffusion of the group-specific antigen 
in the milk is taken as evidence for infection. With the recent develop-
ment of a complement fixation test (Parks et al., 1972b) and of radioim-
munoassay for M T V (Vers t raeten et al., 1973), which can also detect 
the presence of antigens in the serum of mice, this bioassay can be 
refined, but will a lways be semiquanti tat ive in nature. 

Links et al. (1972) described replication of M T V in cultures of baby 
mouse kidney cells as demonst ra ted by immunofluorescence method of 
Hilgers et al. (1971b, 1972a) and by electron microscopy. They also 
reported morphological transformation, but this seems to be a rarity sim-
ilar to that described for M u L V in fibroblasts. T h e observed replication, 
however , opens up new avenues for the study of M T V . 

G. Molecular Probes 

Virus activity in various systems can also be assayed by the simulta-
neous detect ion of high molecular weight R N A and reverse transcrip-
tase (RT) (Schlom and Spiegelman, 1971), and subsequent quantification 
of the enzyme (Kelloff et al., 1972). T h e R T ' s of various oncornavirus 
groups display pronounced antigenic differences that can be used in de-
termining the virus in a given sample (Aaronson et al., 1971a; Oroszlan 
et al., 1971; Scolnick et al., 1972; Parks et al., 1972a; Watson et ai, 
1972; Nowinski et al., 1972). 

V. Some Biological Aspects of Various Oncornaviruses 

Despite the recent progress in techniques dealing with tumor virus infection at the 
cellular and the subcellular levels, questions of animal pathology remain of con-
tinued importance in research on avian tumor viruses. Many problems can be 
defined and solved only at the animal level, and insights gained by modern in vitro 
techniques must be implemented in the animal (P. K. Vogt, 1965a). 
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Before going into the comparison of the biology of the various oncor-
naviruses a brief resume of the most pronounced characterist ics of every 
virus group will first be presented below. 

A. Avian Sarcoma Viruses 

Rous and associates (for a review, see G r o s s , 1970) succeeded in 
isolating sarcomatogenic viruses from several t ransplantable sarcomas. 
T h e kind of sarcoma induced by these agents differs according to the 
original source of the virus. Several o ther groups of investigators suc-
ceeded in isolating sarcoma viruses from field cases or even from chemi-
cally induced neoplasms. It seems that success of virus retrieval is as-
sociated with transplantability of the tumor. Since the malignancies were 
transplanted in random-bred flocks, it seems likely that the recurrence of 
the tumor in grafted animals is due to transfer of the virus, with sub-
sequent transformation of host cells, ra ther than to proliferation of donor 
cells. With the aid of sex chromatin as a marker Ponten (1962) demon-
strated that RSV-induced tumors have only limited transplantability. 
Ponten (1964) postulated that the growth of R S V tumor cells is due to 
both proliferation of donor cells and recrui tment of host cells. In corre-
spondence with this hypothesis is Pontén ' s observat ion (1970) that cul-
tures of RSV-transformed chicken embryonic fibroblasts have a much 
more limited life span (10 -14 passages) than normal cells (20 -27 pas-
sages). 

7. Defectiveness 

An interesting aspect is the defectiveness of the sarcoma-inducing 
genome in several R S V preparat ions. T h e concept found its origin with 
the observat ion in vitro that at low multiplicities of infection the majority 
of the foci do not release virus, that is able to transform normal chicken 
embryonic cells (Temin, 1962; Hanafusa et al., 1963). Infection of such 
nonproducer cells with an avian leukosis virus leads to the rescue of a 
transforming agent, which can be neutralized with an ant iserum directed 
against the corresponding helper virus (Hanafusa et al., 1964; Vogt, 
1964). A t low multiplicities of infection, the rescued virus again pro-
duces nonproducer foci, indicating that the retr ieved RSV was not due 
to genetic recombinat ion be tween the defective R S V genome and the 
superinfecting A L V , but to phenotypic mixing (Hanafusa et al., 1964). 
It seems that the helper virus provides the outer coat of the defective 
R S V . T h e helper virus will probably also provide several enzymatic 
functions, which are associated with virus replication (Hanafusa and 
Hanafusa, 1971). 
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Later it was found that so-called nonproducing RSV-transformed 
cells often release C type particles, which are transforming but display 
another host range than the original preparat ion (Weiss, 1967; Vogt , 
1967; Hanafusa and Hanafusa, 1968). T h e implications of this finding 
will be discussed in Section V I I I , A. 

2. Transformation of Mammalian Cells 

Rous sarcoma virus can induce tumors in various mammalian species, 
ranging from mouse to monkey (for a review, see Zilber, 1965; Svoboda, 
1966; G r o s s , 1970). T h e virus can transform in vitro cells from many 
various kinds of mammals . Transformed cells usually do not produce 
virus particles even when competent strains of the virus have been used. 
Some notorious except ions have been described by Svoboda and Kle-
ment (1963), Al taner and Svec (1966), and Kryukova (1966). Nonpro -
ducing cells synthesize, however , the group-specific antigen of the avian 
tumor virus as detected by the complement-fixation test (Huebner et al., 
1964). Some C type virus part icles, which are spontaneously released by 
so-called nonproducing RSV-transformed mouse or rat cells, do not con-
tain the group-specific antigen of the avian tumor viruses despi te its 
presence in the cytoplasm (Oda et al., 1971; Klement et al., 1972). 
These particles represent endogenous mouse or rat C type viruses. 

T h e Rous sarcoma virus genome can be retr ieved from nonproducing 
cells, t ransformed by competent R S V , by inoculation into chickens 
(Svoboda and Chyle , 1963), or by cocultivation in vitro with chicken 
cells (Simkovic et al., 1962). T h e rescue of the R S V genome is achieved 
when intercellular bridges are formed between the mammalian and 
chicken cells, or bet ter still when complete fusion be tween the cells 
takes place (for an extensive review, see Svoboda and Hlozânek , 1970). 
F o r the retrieval of defective R S V from mammalian cells, mixed cul-
tures must be superinfected with avian leukosis virus (Sarma et al., 
1966; Vigier, 1966). Some cell lines from murine tumors , induced by 
nondefective R S V , are not virogenic. T h e cells carry a presumably 
virus-coded tumor-specific cell surface antigen but lack the internal 
group-specific antigen. It seems that in these cells only a fragment of the 
R S V genome is present (Svoboda, 1972). 

Svoboda (1972) made the interesting observat ion that fusion or 
virogenic cells with chicken ery throcytes , macrophages , thymocytes , 
hepatocytes , and cells of the mesonephros does not give rise to infec-
tious R S V or R S V coat antigen. Usual ly it is assumed that chicken cells, 
in contrast to mammalian fibroblasts, provide a factor that can lead to 
the full expression of the genome of competent R S V . This ability does 
seem to be limited to only one type of chicken cells. 

Infection of rat cells with the B77 sarcoma virus produces , according 
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to Kotier (1971), many more virogenic than transformed cells. Focus 
formation in vitro by R S V on chicken embryonic fibroblasts is also 
strongly influenced by various external sources (Vogt, 1969). Synthesis 
of infectious virus is not automatically accompanied by morphological 
transformation (Rubin, 1960b; Trager and Rubin, 1964). Probably, the 
physiological status of a cell strongly influences the chance of neoplastic 
conversion following the integration of the sarcoma virus genome. 

3. Multipotential Oncogenicity 

An important question is whether avian sarcoma viruses have a pluri-
potency with regard to oncogenicity. T h e occurrence of lymphomatosis 
following infection with R S V (Burmester and Walter , 1961) can easily 
be explained by coinfection with a leukosis virus. 

Altaner and Hlavayova (1973) were able to transform in vitro rat liver 
cells with B77 avian sarcoma virus. T h e transformed cells retained their 
epitheloid morphology. Biggs et al. (1973) tested two nontransforming 
mutants of cloned competent R S V for oncogenicity in vivo. In contrast 
to the parental R S V strains, the mutants did not induce sarcomas which 
otherwise would appear within 1 week. Both mutants evoked erythro-
blastosis and lymphoid leukosis. One mutant induced osteopetrosis and 
an os teochondrosarcoma as well. T h e most likely explanation is that the 
parental R S V has a multipotential oncogenicity, which is usually over-
shadowed by the sarcomatogenic property. T h e oncogenicity for, e.g., 
hemopoiet ic t issues, is coded by different genes than the ones for sar-
comatogenic conversion, which have been lost or mutated in the two 
mutants . 

4. Immunological Response 

T h e amount of virus recovered from RSV-induced tumors is initially 
proport ional to the quantity of virus in the inoculum (Bryan et al.y 1955). 
During subsequent growth of the tumor the amount of virus rapidly 
declined. However , there is ample evidence that cell-mediated immunity 
strongly reacts against virus-producing tumor cells (Rubin, 1962). T h e 
immune reaction seems to be mainly directed against the viral coat, 
since tolerance to the virus leads to progressive growth of virus-
producing tumor cells. Antibodies against the virus do not seem to play 
a role in the elimination of a tumor. 

T h e emerging virus-free tumors are probably derived from cells, 
which have been transformed after infection with a single defective R S V 
particle. Often such tumors will ultimately regress, indicating that they 
also evoke an immunological response , although weaker than the viral 
envelope. 
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By means of immuno-electron microscopy, Gelderb lom et al. (1972) 
demonst ra ted that RSV-transformed cells have on their surface not only 
a viral envelope antigen but also an additional tumor-specific antigen. 
T h e same, or at least a cross-react ive, antigen can be found on R S V -
transformed mammalian cells (Kurth and Bauer, 1972b; Gelderblom and 
Bauer, 1973). Ant ibodies to this antigen can be elicited in chickens by 
infection with avian leukosis viruses or nontransforming mutants of 
R S V (Kurth and Bauer, 1972a). This would indicate that this group-
specific tumor antigen is also formed in o ther cell types . 

B. Avian Leukosis Viruses 

A great variety of chicken viruses have been isolated which are as-
sociated with tumors of the reticuloendothelial system (for reviews, see 
G r o s s , 1970; Burmester and Purchase , 1970). Viruses , which concur 
with R S V (Rous-associated viruses, R A V ) and provide helper functions 
to the defective sarcomatogenic genome (Hanafusa, 1965) also belong to 
this group. Thei r leukemogenic activity still remains to be established in 
many cases . Well-established leukosis viruses also display the aforemen-
tioned helper activity (Vogt, 1964). Preinfection of chicken fibroblasts 
with a leukosis virus strongly inhibits focus formation by a subsequent 
challenge with R S V (Rubin, 1960a, 1961). T h e various R A V strains can 
induce a similar degree of resis tance (Hanafusa, 1965; Vogt , 1965b). 

T h e predominant reticuloendothelial malignancies in chickens are 
lymphoproliferative diseases. Visceral lymphomatosis , induced by on-
cornaviruses , may not be confused with the Marek ' s disease (neurolym-
phomatosis) . T h e latter disease entity, which is caused by a herpesvirus 
(Churchill and Biggs, 1967) can easily be separated from visceral lym-
phomatosis following histological and cytological examination (Biggs 
and Payne , 1964). 

/. Transmission and Immunity 

Oncornavi ruses , which induce visceral lymphomatosis , seem to occur 
in most commercial chicken flocks, and by sexual maturi ty the majority 
of the birds become infected. T h e incidence of clinical manifestations of 
infection is generally ra ther low (Burmester and Purchase , 1970). It is 
obvious that immunological factors play an important role in this. These 
viruses are horizontally t ransmit ted by close contact (Burmester and 
Gen t ry , 1954) or "ver t ical ly" t ransmit ted by the eggs (Burmester , 1962). 
Viremic roosters do not transmit the viruses, however (Rubin et al., 
1961). Horizontal t ransmission leads to humoral immunity to the virus, 
while "ver t ica l" t ransmission leads to immunological " to le rance . " T h e 
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immunological responders usually are not viremic and in most cases do 
not shed virus into their eggs (Rubin et al., 1961, 1962). 

2. Oncogenic Spectrum 

Laboratory strains of avian leukosis virus often display a broad spec-
t rum with regard to the type of induced neoplasms (Burmester and 
Purchase , 1970). T h e problem of whether these lesions are due to a 
single viral genotype or that the laboratory strains represent mixtures of 
viruses with a different oncogenic potential can usually be answered by 
the use of cloned virus only. T h e availability of plaque assays for avian 
leukosis viruses (Kawai and Hanafusa, 1972; Graf, 1972) makes it now 
possible to purify the various A L V strains. 

T h e M C 2 9 strain of A L V has a t remendously broad host response 
with regard to oncogenicity (Langlois et al., 1970). T h e viral complex 
can transform chicken embryonic fibroblasts in vitro (Langlois and 
Beard, 1967), but sarcoma induction has rarely been observed for 
M C 2 9 . T h e transforming principle proves to be defective (Ishizaki et al., 
1971). A non-focus-forming agent has been isolated from M C 2 9 , by ter-
minal dilution, which induces erythroblastosis , but not myeloid leukosis; 
renal adenomas ; hepa tocytomas ; or mesethel iomas (Langlois et al., 
1971). Rescue of the transforming principle from nonproducing M C 2 9 -
transformed cells by the associated erythroblastosis virus leads to com-
plete restoration of the oncogenic spectrum of parental M C 2 9 (Ishizaki 
et al., 1971). This finding indicates that the defective transforming entity 
is multipotential as far as oncogenicity is concerned. 

3. Subgroups 

T h e avian leukosis viruses are momentari ly divided into five sub-
groups (see Table II) . T h e subgroups A and Β were delineated by Vogt 
and Ishizaki (1965, 1966a,b) and Ishizaki and Vogt (1966) on the basis 
of reciprocal pat terns of interference, genetic susceptibility, and im-
munological neutralization. Preinfection of cells with a virus from sub-
group A only interferes with A pseudotypes of R S V , i.e., defective R S V 
that is phenotypically mixed with a virus of subgroup A. Chicken cell 
phenotypes were found which are resistant to subgroup A (CIA) but not 
to Β and vice versa. Phenotypes (C/O) were detected which are resistant 
to neither subgroup. T h e pat tern of genetic susceptibility coincided 
beautifully with serotypes and interference pat terns . 

T h e genetically controlled resistance to an A L V subgroup is ex-
plained by a lack of receptor for viruses of that serotype (Rubin, 1965). 
Interference, on the other hand, is assumed to be due to blocking of the 
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TABLE II 

Classification of Avian Tumor Viruses on the Basis of Host Range (H), 
Serotype (S), and Interference (I)

a 

Tested Subgroup 
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subgroup A B C D Ε 

A H
+
I

+
S

+
 H I S - H I S " H ~ I S H
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+
I

+
S

+
 H

+ /
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+ 

Ε H
+
I

+ 

°+, same host range, serotype, or mutual interference; +/—, some members have this 
property in common. 

subgroup-specific receptor by the preinfecting virus (Steck and Rubin, 
1966). 

Later on Duff and Vogt (1969) recognized two additional subgroups, 
which displayed a somewhat more complicated pat tern of host range. 
Some C/B phenotypes proved also to be resistant to viruses of the new 
subgroup C, whereas CI A are fully susceptible. Phenotypes , which are 
resistant to subgroup B, are semiresistant to subgroup D , irrespective of 
resistance to the A and C types . T h e Β and D subgroups display some 
cross-reaction with regard to interference and neutralization. 

G r e a t differences in host range are displayed by the four subgroups 
when cultures of embryonic fibroblasts from different avian species, 
such as the turkey or ringneck pheasant , are employed (Vogt, 1970). 

So-called nonproducing RSV-transformed cells somet imes release a 
transforming particle, with a different host range than the initial transfor-
mant (Weiss, 1967; 1969a,b; Vogt , 1967; Hanafusa and Hanafusa, 
1968). Mos t phenotypes are resistant to this new type called Ε by T. 
Hanafusa et al. (1970b). Cells of several other avian species are quite 
susceptible to R S V with an Ε-type coat (Vogt, 1970). Viruses from 
subgroup Β and D interfere with E. 

C. Murine Sarcoma Viruses 

Sarcomatogenic viruses have been isolated from mice infected with a 
murine leukemia virus (Harvey , 1964; Moloney, 1966; Kirsten and 
Mayer , 1967). Subsequent passage of one of the M S V strains (Moloney) 
in Ν Β rats led to the isolation of an os teosarcoma virus (Soehner and 
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Dmochowsk i , 1969). An os teosarcoma virus has also been isolated from 
a spontaneous bone tumor in mice (Finkel et al., 1966). G a z d a r et al. 
(1971 , 1972a,b) retrieved an interesting sarcoma virus from a spontane-
ous sarcoma in ( N Z W X N Z B ) F i mice. Some mouse strains have a 
fairly high incidence of spontaneous sarcoma (Mühlbock, in Bentvelzen, 
1972b), and it seems worthwhile to at tempt isolation of a sarcoma virus 
from them. 

Ball et al. (1973) inoculated a nontransforming C type virus, isolated 
from murine J L S - V 9 cells, into several mouse strains and obtained a 
rapid development of sarcomas. These tumors produced a sarcoma virus 
that is also transforming in vitro. These authors hypothesized that the 
J L S - V 9 virus associates with an endogenous murine sarcoma virus by 
either phenotypic mixing or genetic recombination. 

7. Pathogenic Spectrum 

M S V preparat ions have been reported to be capable of inducing 
various types of tumors . T h e most remarkable finding in this respect is 
that M S V can transform cloned murine renal epithelial cells, and that 
upon transplantat ion, the transformed cells produced anaplastic medul-
lary carcinomas with tubule formation ( Ikawa et al., 1970). Liver cells 
have been reported to be transformed by M S V while retaining their 
epitheloid morphology (Altaner and Hlavayova , 1973; Ikawa et al., 
1973). U p o n transplantat ion the transformed cells produced hepatomas 
( Ikawa et al., 1973). 

Although the Harvey and Moloney strains of M S V have been derived 
from the same leukemia virus strain (Moloney) , they display pronounced 
pathological differences. T h e sarcomas induced in three mouse strains 
are quite similar (Berman and Allison, 1969), although the Harvey 
strain-induced tumors display more endothel iomatous features. Simons 
and McCul ly (1970), however , observed in Prince Henry mice that the 
tumors induced by the Harvey strain ( M S V - H ) exhibit more angiosar-
comatous features, while the Moloney strain (MSV-M) lesions are char-
acterized by large, bizarre giant cells. U p o n oronasal administration of 
equal amounts of virus, as ti trated by focus formation in vitro, M S V - H 
induced vasoformative lesions in the lung and hemorrhages throughout 
the whole body in B A L B / c mice. M S V - M only induces muscular tumors 
in addition to lymphatic leukemia (McCully et al., 1971). Also in vitro 
the two MSV-st ra ins display differences in the morphology of induced 
foci (Simons et al., 1969; Simons, 1970). 

Another pronounced difference between M S V - H and M S V - M is the 
rapid induction of erythroblastosis , character ized by splenomegaly, by 
the Harvey strain (Chesterman et al., 1966). At tempts to separate the 
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sarcoma-inducing principle from the erythroblastosis-inducing compo-
nent by means of terminal dilution have been unsuccessful, while a 
lymphocytic-inducing virus could be easily isolated in this way (Harvey , 
1968). Infection of a nonproducing M S V - H induced tumor cell line with 
a lymphocyt ic leukemia virus leads to the release of a virus that induces 
both sarcomas and erythroblastosis (Bassin et al., 1968). It seems that 
the M S V - H genome is capable of the induction of both lesions. 

T h e Kirsten isolate of M S V is also associated with erythroblastosis 
(Kirsten and Mayer , 1967). T h e virus preparat ion contains an erythro-
blastosis virus as a helper (Somers and Kirsten, 1969), but the defective 
sarcoma genome may be erythroblastosis-inducing by itself (Kirsten, in 
Hirsch and Harvey , 1969). 

Taylor et al. (1972) derived an erythroblastosis virus from cell cul-
tures of MSV-M-induced rat rhabdomyosarcomas , which proved to be 
separate from the sarcomatogenic entity. It seems that the Moloney 
leukemia virus ( M u L V - M ) is a mixture of a lymphocytic leukemia virus 
and sarcomatogenic and erythroblastosis- inducing entities. T h e latter 
two are probably defective and helped by the lymphocytic component . 
T h e lymphatic leukemia virus usually overshadows the oncogenic activ-
ity of the two defective principles, although they may occasionally domi-
nate. Vare t et al. (1971) noted that t rea tment of MuLV-M-infec ted mice 
with anti lymphocytic serum induced erythroblastosis! T h e Harvey iso-
late may contain a defective genome, which is a recombinant of the 
truly sarcomatogenic principle of M S V - M and the erythroblastosis 
virus. 

2. Pathogenesis of Sarcomas 

Extensive pathological descriptions of sarcoma formation by M S V 
have been given by Ches te rman et al. (1966), Stanton et al. (1968), 
Berman and Allison (1969), and Simons and McCully (1970). T h e earli-
est change observed is the massive accumulat ion of edema in the con-
nective t issue, followed by the formation of foci of fusiform cells in areas 
where the edema borders mesenchymal s t ructures . It seems, at least in 
the early stages, that the tumor does not so much proceed from prolifer-
ation of transformed cells but from cont inuous recrui tment of contiguous 
mesenchymal cells by the virus (Berman and Allison, 1969; Siegler, 
1970b). Stanton et al. (1968), who regard these lesions as granulomatas , 
and Siegler (1970a,b) refuse to accept M S V tumors as being neoplastic. 
Siegler (1970a,b) is of the opinion that the mesenchyme proliferation for 
repair of virus-induced tissue injury. A s long as the host ' s immune 
system is unable to keep the virus under control , the proliferation will 
proceed. 
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With some effort t ransplant lines can be developed from every tumor 
(Berman and Allison, 1969). It therefore seems that truely neoplastic 
cells are present in the lesion. In the initial phase mainly reactive prolif-
eration is responsible for the growth of the tumor, but in the second 
phase neoplastic growth may be dominating. 

3. Defectiveness 

Defect iveness of M S V and its dependence upon murine leukemic 
virus is suggested by the following. 

a. T h e two-hit titration pat tern of focus formation by M S V in mouse 
cells, which is convertible to a linear pat tern by coinfection with a 
murine leukemia virus ( M u L V ) 

b. T h e observed inability of transformed cells to produce foci in agar 
c. T h e suppression of focus development by antisera directed against 

the outer coat of the coinfecting leukemia virus (Hart ley and Rowe, 
1966; Huebne r et al., 1966; Huebner , 1967) 

Levy and Rowe (1971) infected mouse embryo cells with low doses of 
M S V . Eighteen hours later the cells were t reated with trypsin, which 
very effectively removes extracellular virus. They then added M u L V or 
plated the cells on embryo cells, which were infected with M u L V . T h e 
cells, which were exposed to M S V before, were capable of giving rise to 
foci following superinfection with M u L V . These results conform with 
the hypothesis that the M S V particle with a M u L V envelope pene-
trates the cell and causes its morphological transformation. Coinfection 
with M u L V would then give rise to the product ion of M S V particles 
with a M u L V coat and straight M u L V virions. T h e M S V particles can 
infect and transform neighboring cells which, if infected with the two 
classes of virions, can also reproduce M S V particles. T h e foci of t rans-
formed cells would then develop not so much from the proliferation of a 
single neoplastically conver ted cell but ra ther from the spread of virus 
(Fig. 1). This concept certainly would support Sieglers ' (1970a,b) hy-
pothesis that in vivo M S V tumors result only from reactive prolifer-
ations and not from true neoplastic cells. 

This idea proves to be somewhat too simplistic, since several continu-
ous MSV-transformed cell lines have been developed (Berman and 
Allison, 1969; Aaronson and Rowe , 1970; Bassin et al., 1970; Somers 
and Kit, 1971; Massicot et al., 1971). Following infection with M S V 
"no rma l " B A L B / 3 T 3 cells give rise to very small colonies in agar 
(Aaronson et al., 1970); this phenomenon exhibits single hit kinetics. It 
must be noted, however , that the cont inuous cell lines have been derived 
from tumors or well-established " n o r m a l " cell lines instead of primary or 
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FIG . 1. Focus formation by the MSV-MuLV complex. 

secondary embryo cell cul tures. Never the less , M S V seems to be able to 
bes tow some neoplastic potential on mouse cells. 

Nonproduc ing MSV-transformed cell lines do not synthesize the 
group-specific internal antigen of the murine sarcoma-leukemia virus 
group (Aaronson and R o w e , 1970), or at least not all the antigenic com-
ponents (Fischinger et ai, 1972). This would be unlike the avian tumor 
system where , for instance, RSV-transformed mammalian cells do pro-
duce the avian group-specific antigen (Huebne r et al., 1964). However , 
the G a z d a r strain of M S V seems to be able to code for this antigen in 
so-called nonproducing cells (Gazdar et al., 1972b; Sarma et al., 1973). 

Peebles et al. (1971) studied the rescue kinetics of M S V following 
M u L V infection on a nonproducing MSV-transformed cell line. The re 
proves to be a 9-12-hour eclipse period followed by simultaneous re-
lease of M S V and M u L V . T h e product ion of M S V closely paralleled 
that of M u L V , indicating that replication of M u L V is needed for the 
release of M S V and that the leukemia virus provides a " l a t e " function, 
presumably synthesis of a viral envelope, to the defective M S V . Rowe 
(1971) used an even more elegant method in a study of the same phe-
nomenon. H e could identify individual cells for both M S V and M u L V 
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product ion and observed that almost every MSV-induced focus coin-
cided with a MuLV- induced plaque in the X C test (Rowe et al., 1970). 

In two cloned lines of 3T3 cells t ransformed by M S V , Bassin et al. 
(1971a) detected the release of C type particles, which are noninfec-
tious, to diverse susceptible cell species because they lack reverse 
t ranscriptase. 

Stocks of M S V sometimes contain a competent focus-inducing princi-
ple (Guillemain et al., 1968; O 'Connor and Fischinger, 1968; Fischinger 
and O 'Connor , 1968, 1969a; H a h n et al., 1970). Sedimentat ion analysis 
on sucrose gradients and filtration exper iments indicated that the "corn-
po ten t " particles represent interviral aggragates of M S V pseudotypes 
and M u L V (O 'Connor and Fischinger, 1969). Such aggregates are 
formed during ultracentrifugation. When defective M S V is centrifuged 
together with an excess of another leukemia virus, new pseudotypes 
may originate that have an altered host range (Fischinger and O 'Connor , 
1969c). 

4. Transspecies Transfer of MSV 

T h e various strains of mouse sa rcoma virus can induce tumors in rats 
(Harvey , 1964; Kirsten and Mayer , 1967; Perk et al., 1968; Soehner 
and Dmochowsk i , 1969) and in hamsters (Harvey , 1964; H u e b n e r et al., 
1966; Klement et al., 1969b; Soehner and Dmochowsk i , 1969). In vitro 
transformation has been described for rat (Ting, 1966), hamster (Ber-
nard et al., 1967; Simons et al., 1967a), and bovine cells (Thomas et ai, 
1968). An interesting feature is the morphological transformation of 
human fibroblasts by M S V (Boiron et ai, 1969; Bernard et ai, 1969; 
Aaronson and Toda ro , 1970). Especially cell lines from individuals with 
neoplasia and genetic or chromosomal abnormalit ies are generally more 
susceptible to transformation by M S V than cells from normal individu-
als or fetuses (Klement et al., 1971). 

Often MSV-transformed cells from other species are nonproducing. 
They may produce some C type particles, which are noninfectious 
(Somers and Kit, 1971) probably because they lack reverse t ranscriptase 
(May et al., 1972; Peebles et al., 1972). With the D N A product made in 
an endogenous reaction of M u L V , Benveniste and Scolnick (1973) ob-
served the presence of hybridizable R N A in MSV-transformed normal 
rat kidney cells. This would indicate that the defective M S V genome has 
some homology with M u L V . Tsuch ida et al. ( 1972) made an intriguing ob-
servation that in product ive MSV-transformed rat and mouse cells 35 S 
and 20 S R N A subunits are found which hybridize with the M S V 
product , while in nonproducing hamster cells only hybridizable elements 
of 35 S are detected. This may imply that the M u L V genome provides a 
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20 S subunit, which codes for late functions that the M S V genome lacks. 
Stephenson and Aaronson (1971) hybridized the D N A products of 
M S V - K and M u L V - K with the R N A of both viruses. They concluded 
that the defective M S V genome shows less than 5 0 % homology with the 
R N A of the leukemia virus. 

T h e virus can be rescued from nonproducing xenogeneic cells either 
by superinfection with M u L V , giving rise to the original M S V (Huebner 
et al., 1966), or by a leukemia virus from a different species, giving rise 
to new pseudotypes with a different host range (Sarma et al., 1970). 
Those pseudotypes would carry the group-specific internal antigen from 
the superinfecting leukemia virus and not from the murine virus group. 
However , G a z d a r - M S V , rescued by feline leukemia virus, produces 
both kinds of group-specific antigen (Sarma et al., 1973). 

Cell fusion, mediated by inactivated Sendai virus, is the most efficient 
method of rescue be tween a nonproducing M S V tumor line and cells, 
which shed leukemia virus (Kelloff et al., 1971). A s early as 2 hours 
after fusion infectious virus is released, while this takes 9 - 1 2 hours fol-
lowing superinfection (Peebles et al., 1971). In the case of superinfec-
tion the M u L V must first go through a reproduct ive cycle (reverse 
t ranscr ipt ion- integrat ion- t ranscr ipt ion) before being able to provide late 
functions, while in the he terokaryon these are immediately available. It 
takes about 70 minutes from the end of synthesis of viral R N A until 
budding of complete virions occurs (Bader, 1970). 

Clones derived from heterokaryons of a MSV-hamste r tumor cell line 
and MuLV-infected " n o r m a l " mouse cells differ in their ability to pro-
duce M S V or M u L V (Long et al., 1972). It is assumed that the balance 
between the chromosomes of both species is of u tmost importance for 
the rate of product ion of either virus and that the chromosomal consti tu-
tion differs from one clone to the other. 

S tephenson et al. (1972a) described morphological rever tants of 
MSV-transformed rat cells, which still contain the viral genome as deter-
mined by rescue following M u L V infection. These rever tants , which 
display several physiological at tr ibutes of normal rat cells (low glucose 
uptake and saturation density, etc.) , are highly resistant to retransforma-
tion by M S V but not by the unrelated S V 4 0 (Stephenson et al., 1973). It 
seems that a host genetic factor specifically blocks the transforming 
activity of the M S V genome, but does not induce resis tance to transfor-
mation. 

Sometimes MSV-transformed cell lines of various species release 
transforming particles with a different host range and serotype than the 
original mouse virus (Ting, 1967, 1968; Bassin et al., 1968; Klement et 
al., 1969b; Sarma et al., 1970). T h e shift in host range observed for 
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M S V cultured in human cells (Aaronson, 1971a; Bernard et al., 1972) is 
most interesting. Since Aaronson (1971b) isolated a rat-specific helper 
virus from a rat-tropic M S V , it seems a probable hypothesis that the 
M S V , which specifically grows in human cells, has associated with a 
human helper virus. Bernard et al. (1972) observed, however , that 
human cells supported growth of a virus, which is leukemogenic in mice, 
but that sarcomatogenic potential for that species was lost. In this case 
phenotypic mixing be tween the M S V genome and a human helper virus 
seems unlikely, since mouse-tropic M S V must then also be produced. 
T h e possibility that a stable genetic recombinant has arisen, from M S V 
with a human-specific " leukemia v i rus ," giving rise to a competent 
human-specific transforming virus, cannot be excluded. This new virus 
would not phenotypically mix with M u L V . 

5. Immunobiology 

Inoculation of newborn mice with M S V leads to the progressive 
growth of sarcomas , whereas in adult mice the tumor, if it appears at all, 
will regress sooner or later (Fefer et al.y 1967b). T h e ability of mice to 
resist progressive tumor growth develops with age in correlation with 
the maturat ion of the immune system (Fefer, 1969; Zisblat t et al., 1970). 
Neona ta l thymectomy, which impairs the development of immune com-
petence to a great extent , also causes progressive growth of tumors in-
duced by M S V after inoculation at adult age (Law and Ting, 1965). This 
effect can be largely abolished by the administration of thymosin, a 
thymus-derived " h o r m o n e " that can restore the immunological abilities 
of neonatally thymectomized mice to a great extent (Zisblatt et al., 
1970). 

Trea tment of adult mice with anti- lymphocytic serum renders them 
susceptible to either the induction of tumors by low doses of virus (Law 
et al., 1968a; Zisblatt and Lilly, 1972) or to progressive growth of 
tumors , which otherwise would regress (Varet et al., 1968; H o o k et al., 
1969; Zisblatt and Lilly, 1972). Inoculation with living B C G makes 
adult mice, depending on the protocol , ei ther partially or completely 
resistant to M S V sarcomatogenesis (Schwartz et al., 1971). All these 
findings indicate that an immunological reaction either prevents the in-
duction of tumors by low doses of virus or causes the regression of those 
appearing after inoculation with a high dose. 

Immune sera against M S V when repeatedly injected into neonatally 
infected mice can prevent the development of tumors (Bubenik et al., 
1969). T h e neutralizing activity of the sera correlated well with the rate 
of protect ion against tumorigenesis . Such sera could sometimes also 
inhibit the growth of t ransplanted M S V tumors , but enhancement was 
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also observed. This study suggests that in the initial stages of tu-
morigenesis, a humoral response may play an important protect ive role. 
With Sieglers ' (1970a,b) concept in mind, that the initial proliferation is 
only for repair of t issue injury by the virus and that the lesion proceeds 
by cont inuous recrui tment of mesenchymal cells by the virus, it will be 
unders tandable that interception of the virus by neutralizing antibodies 
will modera te this proliferation to a large extent . 

Serum from mice with regressing tumors contains neutralizing an-
tibodies (Fefer et al., 1967b, 1968; Schlom et al., 1970; M c C o y et al., 
1972a). This might indicate that these antibodies are instrumental in the 
destruct ion of the tumor. Howeve r , transfer of spleen cells from mice, in 
which the tumor regresses , can interfere with the growth of M S V tumors 
in the recipients (Hel ls t röm et al., 1969; Fefer, 1969) even when their 
immune system has been impaired by cyclophosphamide (Fefer, 1970) 
or sublethal irradiation (Pollack, 1971). This might imply that cell-
mediated immunity is responsible for the regression of tumors in adults. 

Hel ls t röm and Hel ls t röm (1969, 1970) observed that lymph node cells 
from mice bearing M S V tumors could inhibit the development of colo-
nies of M S V tumor cells in vitro. Sera from mice with progressively 
growing tumors could block this colony inhibition, while sera from mice 
in which tumors started to regress had no such an effect. Skurzak et al. 
(1972) observed, that, depending on the concentrat ion, sera from tumor-
bearing mice could either enhance or reduce the cytotoxic effect of im-
mune lymphocytes on M S V tumor cells. N o clear-cut correlation was 
found with the "progressor or regressor" status in this test. 

Leclerc et al. (1972) demonst ra ted anti- tumor cytotoxic activity of 
lymph node cells from mice with MSV-induced tumors by means of the 
chromium release test . They observed that cytotoxic cells rapidly disap-
peared in progressors , while they persisted considerably longer in the 
regressors . Sera from either kind of mice did not block this cytotoxicity. 
They favor the hypothesis that in progressors cytotoxic lymphoid cells 
are blocked in vivo by a circulating soluble factor. 

Transplantat ion antigenicity has been well established for MSV-in-
duced tumors by Fefer et al. (1967a), L a w and Ting (1968), Law et al. 
(1968b), Koldovsky et al. (1968), and Chua t et al. (1969). Transplan-
tation immunity can be directed against the virus itself (Koldovsky et 
al., 1968) or against antigens, which are virus-coded but not part of the 
envelope of the inducing virus (Law, 1972; M c C o y et al., 1972b). T h e 
latter type of antigens have been detected by immunization with non-
virus-producing tumors . T h e possibility that such tumors would release 
another virus, unrelated to the inducing virus, must not be excluded, 
however remote that it may seem. Stephenson and Aaronson (1972a) 



TABLE III

Laboratory Strains of Murine Leukemia Virus

Name Abbreviation Predominant lesion Host range New cellular antigen

Gross leukemia virus GLV Lymphosarcoma N G
Friend leukemia virus FLV Erythroblastosis N FMR
Graffi leukemia virus GiLV Myeloid leukemia NB FMR
Moloney leukemia virus MoLV Lymphosarcoma NB FMR
Radiation-induced leukemia virus RadLV Lymphosarcoma B G
Rauscher leukemia virus RLV Erythroblastosis NB FMR
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failed to evoke transplantat ion immunity with their nonproducing trans-
formed mouse cells. Strouk et al. (1972) could not detect serologically 
distinct cell surface antigens on MSV-transformed cells. 

In the chromium release test of Leclerc et al. (1972), the lymph node 
cells seems to detect o ther antigens as serologically defined cell-surface 
antigens, which are coded by the murine leukemia viruses (Old et al., 
1963a,b, 1964, 1965; Boyse et ai, 1964). By means of immuno-electron 
microscopy Aoki et al. (1973) detected in several MSV-transformed cell 
lines an antigen, which is distinct from the viral envelope of various 
M u L V strains and M u L V - c o d e d cell surface antigens. T h e antigen did 
not occur on spontaneously transformed cells or on those transformed 
by X irradiation. 

D. Murine Leukemia Viruses 

Every self-respecting scientist in the mouse leukemia field seems to 
have felt it necessary to have isolated his own leukemia virus, which 
resulted in an infinite list of M u L V strains. T h e most widely used strains 
are (1) the G r o s s virus ( G L V ) isolated from spontaneous lymphosar-
comas of A K R mice (Gross , 1951); (2) Fr iend virus ( F L V ) , an 
erythroblastosis virus, recovered after inoculation of a cell-free extract 
of Ehrlich asci tes tumor (Friend, 1956, 1957); (3) Graffi virus (G iLV) , a 
myeloid leukemia virus isolated from a transplantable ret iculum sarcoma 
(Graffi, 1957); (4) Moloney virus ( M o L V ) , a lymphatic leukemia virus 
retr ieved from an anaplastic sarcoma (Moloney, 1959, 1960); (5) ra-
diation-induced virus ( R a d L V ) , a lymphatic leukemia virus, obtained 
from a radiation-induced lymphoma (Lieberman and Kaplan, 1959); and 
(6) Rauscher virus (RLV) , an erythroblastosis virus, which fortuitously 
developed upon repeated passage in B A L B / c mice of cell-free material, 
originally derived from a virus-induced leukemia in adult Swiss mice. A n 
extensive and sometimes touching description of the discovery of these 
strains of M u L V is given by G r o s s (1970) (see Table I I I ) . 

All these strains have been potent iated in their virulence by repeated 
passage. By mutat ion and mixing, either phenotypically or genetically 
with endogenous viruses of their hos ts , they may have evolved into mix-
tures of virus types that differ in pathogenic propert ies , virulence, and 
host range. Exemplary in this respect is G i M L V ; this virus induced 
various forms of myeloid and lymphoid leukemia. Depending on the 
leukemia type , further passage leads to the development of viruses with 
a less pluriform pathogenic spect rum (Graffi et ai, 1966). Following 
inoculation with the s tandard G i L V in the preleukemic phase , cell-free 
extracts are made from the separate organs, a similar pat tern of Auf split-
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terung (splitting) is observed (Fey , 1969). T h e explanation that each 
organ would provide different histiotropic receptors to the virion does 
not seem acceptable . More likely, the various target organs support 
bet ter replication of the corresponding oncogenic virus over that of the 
different passengers . 

F o r the student of the natural history of leukemia, naturally occurring 
viruses which induce reticulum cell sarcomas (Fujinaga et al., 1970; 
Ebbesen et al., 1973) are far more interesting. 

/. Classification of MuLV Strains 

T h e M u L V strains can be divided according to their serotype in 
serum neutralization reactions into a group with G L V as proto type on 
the one hand (G) , and a group with F L V , M o L V and R L V on the other 
( F M R ) (Rowe et al., 1966). Mos t "natural ly occurr ing" M u L V strains 
seem to belong to the G group, while various " laboratory art i facts" 
belong to the F M R group (Hart ley et al., 1969). T h e G a z d a r strain of 
M S V , isolated from a spontaneous tumor of a ( N Z W x N Z B ) F i mouse , 
has a helper virus from the F M R subgroup (Gazdar et al., 1972a). 

T h e classification on the basis of neutralization corresponds generally 
with that of a new cell surface antigen, as detected by cytotoxicity tests 
(Old et al., 1963a,b, 1964, 1965; for a review, see Pasternak, 1969). Ac-
cording to Levy et al. (1968) G i L V induces a new cellular antigen, 
which cross-reacts with F M R . This observat ion does not coincide with 
the pat tern of virus neutralization (Steeves and Axelrad , 1967; Levy et 
al., 1968, 1969). 

Heterologous ant isera detect a common viral envelope antigen in neu-
tralization tests (Gross , 1965; Igel et al., 1967; M c C o y et al., 1968; 
Levy et al., 1969). In addition, they detect , by means of immunodif-
fusion, a group-specific soluble internal antigen of the nucleoid (Geering 
et al., 1966; Fink et al., 1968a; Gregor iades and Old, 1969; Schäfer et 
al., 1969). W e observed that in addition to group-specific determinants 
this antigen contained type-specific determinants that differ for G L V , 
R L V , and B/T-LV (Tennant , 1965), respectively (P. Bentvelzen, J. 
Brinkhof, and S. Offers, unpublished results , 1972). 

A completely different classification of the M u L V strains was made 
on the basis of their host range. Kaplan (1967) observed that R a d L V 
grows bet ter in other mouse strains than does G L V . On the basis of the 
growth of M u L V in embryo cell cultures of either B A L B / c or N I H -
Swiss mouse strains, Hart ley et al. (1970) were able to classify the virus 
strains in three categories: one which grows well in B A L B / c and not in 
N I H - S w i s s (B-tropic), another which exhibits the reverse pat tern (N-
tropic), and a third group which grows well in both kinds of cells ( N B -
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tropic). T h e in vivo results of Kaplan (1967) correlate well with these in 
vitro observat ions . 

These differences in t ropism do not correspond with serological clas-
sification in contrast to the subgroup classification of avian leukosis 
viruses (Vogt and Ishizaki, 1965). In the latter system resis tance proves 
to be of a more absolute nature , while in the murine system some virus 
replication still takes place when cells are infected with a virus of ad-
verse tropism. 

By means of hybridization of the D N A product of one virus strain 
with the R N A of another strain, p ronounced genomic differences can be 
found (between G L V , R L V , and M o L V ) , especially when the melting 
tempera ture of the hybrid is taken into account (Haapala and Fischinger, 
1973). It is still too early to recognize a subgroup pat tern useful for clas-
sification. 

2. Pathogenic Spectrum 

T h e various murine leukemia virus strains can induce a very great 
variety of neoplastic afflictions of the reticuloendothelial system, ranging 
from polycythemia to reticulum cell sarcomas or chloromas. T h e pre-
dominant lesion, however , is a diffuse, poorly differentiated lymphosar-
coma. This tumor can be found in every mouse strain, usually in a low 
incidence, except in the C 5 8 and A K R mouse strains. U p o n t rea tment 
with various carcinogens, such as ionizing radiation or a broad variety of 
chemicals , lymphosarcomas may appear in a high incidence (for a re-
view, see Kaplan, 1967, 1972). 

O n e virus strain can induce many different lesions, but even in the 
case of the " G r o s s Passage A v i rus" (Gross , 1966), it is doubtful whether 
this is due to a single viral genotype. Since leukemia viruses can now be 
plaque-purified in the X C test of R o w e et al. (1970), this problem can be 
settled at the moment . 

H o s t factors are also very important in this respect . Convent ional R F 
mice will develop many myeloid leukemias after X irradiation, while 
germ-free mice develop lymphosarcomas only (Walburg et al., 1965). 
T h e viral etiology of both lesions is well established (Jenkins and Up ton , 
1969). 

3. Pathogenesis of Various Murine Leukemias 

In most mouse strains the thymus is important for the induction of 
lymphosarcomas . Thymec tomy abrogates their early development , but 
ectopic t ransplantat ion of thymuses restores the suspectibility to this 
disease (Kaplan et al., 1956; H a r a n - G h e r a et al., 1966). It must be 
noted that in thymectomized mice lymphosarcomas may appear very 
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late in life in a moderately high incidence (van Bekkum and Balner, 
1973). 

In radiation leukemogenesis an important aspect is the injury to the 
thymus , which is followed by an influx of immature lymphoblast ic cells, 
also seen in the neonate organ. It is believed that this cell type is the 
target for R a d L V (Kaplan, 1972). 

Recently, a virus has been separated from M o L V which induces 
lymphosarcomas that do not involve the thymus (Abelson and Rabstein, 
1970). Only on the basis of morphological descript ions, Siegler et al. 
(1972) speculated that this malignancy is not a true neoplasm but a reac-
tive proliferative disease as they had also postulated earlier (Siegler, 
1970a,b) for MSV-induced sarcomas. They assume that the virus-in-
fected lymphocytes would not be taken up by the lymph nodes . These 
organs would then, by normal physiological mechanisms, induce prolif-
eration of stem cells in the bone marrow. Since these cells are infected, 
they will not differentiate into physiologically mature lymphocytes , 
which can be taken up by the lymph nodes . There will be therefore a 
cont inuous stimulation of the bone marrow, giving it the appearance of a 
neoplastic disease. This tempting theory must certainly be followed up 
by extensive experimentat ion, but is cited here because of its relevance 
to the work of our laboratory on the pathogenesis of erythroblastosis in-
duction by R L V . 

Both R L V and F L V upon inoculation in mice induce a rapidly devel-
oping erythroblastosis , which is character ized by splenomegaly and an 
excess of nucleated red cells in the peripheral blood. Transplantat ion of 
leukemic cells readily reproduces the disease, but by means of chromo-
somal markers it became clear that the resulting leukemia consisted 
mainly of host cells (Takada et al., 1971; Brommer, 1972; Brommer and 
Bentvelzen, 1973). 

A multi-hit spleen focus formation in several mouse strains was ob-
served by Steeves and Eckner (1970), and Steeves et al. (197J) for F L V 
and by Bentvelzen et al. (1972b) for a peculiar R L V preparat ion. In 
both cases it could be made acceptable that the focus-forming virus 
( S F F V ) would be defective and needs coinfection with a helper virus. In 
analogy to the induction of M S V foci in vitro (Levy and Rowe , 1971), it 
was assumed that this defectivity of S F F V would be in its inability to 
reproduce by itself and that such ability would be necessary for focus 
formation. This implies that the foci do not develop by proliferation of a 
single transformed cell but from the spread of S F F V and its helper virus 
(Bentvelzen et al., 1972b), By passage of R L V through relatively resis-
tant hosts , such as C 5 7 B L mice, a lymphatic leukemia virus could be 
separated from the erythroblastosis agent ( Ishimoto and Maeda , 1970). 
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T h o m a s and Axelrad (1968) claim to have developed a focus assay for 
true tumor cells in FLV- induced erythroblastosis . Inoculat ion of leu-
kemic spleen cells into unirradiated hybrid hosts , which are resistant to 
focus formation by F L V , would support growth of tumor cells from the 
susceptible parent . Bentvelzen (1972d) investigated an anologous 
system for R L V and found indeed that the hybrid ( C 5 7 B L X C B A ) F t is 
resistant to focus formation by cell-free R L V as compared to parental 
C B A . Leukemic C B A cells produced many colonies in this hybrid, but a 
high dose of radiation (up to 6000 rad) did not drastically reduce this. It 
was concluded that the intact cell provides a great protect ion to the in-
fectivity of R L V as was also found for G L V by H a y s (1972). T h e 
majority of the colonies did not develop from true neoplastic cells. 

With a great effort, t ransplantable tumors have been developed from 
FLV- induced leukemias (Buffet and Fur th , 1959; Fr iend and Haddad , 
1960; D a w s o n et al., 1963). Such tumors are classified as ret iculum cell 
sarcomas. They may also be grown in t issue culture (Friend et al., 1966; 
Patuleia and Fr iend, 1967). Trea tment of such cultures with dimethyl 
sulfoxide induces the synthesis of hemoglobin, indicating that these cell 
lines s tem from an erythroid precursor cell, in which erythroid matura-
tion has been blocked (Friend et al., 1971). 

Some of these tumors do not produce virus. Infection of these tumors 
with a lymphatic virus leads to the retrieval of S F F V (Fieldsteel et al., 
1969). Infection with o ther M u L V strains has the same effect (Fieldsteel 
et al., 1971 ; D a w s o n and Fieldsteel , 1973), including a lymphatic leu-
kemia virus isolated from F L V (Dawson et al., 1966). T h e helper 
viruses determine, to a great extent , the host range of S F F V , but the 
C 5 7 B L mouse strain exhibits a great innate resis tance to focus forma-
tion, irrespective of the helper virus (Dawson and Fieldsteel , 1973). 

A s far I know, only one group has been able to develop cont inuous 
erythroid cell lines derived from RLV-induced erythroblastosis (Miyoshi 
et al., 1968, 1969). N u m e r o u s a t tempts in our own laboratory have been 
unsuccessful. T h e picture emerges that in F L V , but especially in R L V , 
induction of erythroblastosis , t rue tumor cells will appear in a slow rate 
and that most of the proliferation is react ive, owing to the gradually 
arising lack of physiologically active erythroid cells. Leukemic mice 
have an elevated level of erythropoiet in in their serum, although not as 
high as might be anticipated on the basis of the extremely low hema-
tocrits (Ebert et ai, 1972; Camiscoli et ai, 1972). 

Pluznik et al. (1966) manipulated the erythroid compar tment in mice 
by inducing hypoxia or polycythemia and observed a pronounced influ-
ence on R L V induction of spleen foci. T h e y concluded that a primitive 
erythroid cell would be the target cell for the virus. Siegel and Mor ton 
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(1966a,b) observed an impaired immunological response in RLV-in-
fected mice, and they postulated a competi t ive effect of the antigens and 
R L V on the pluripotent hemopoiet ic s tem cell for differentiation into an-
tibody-producing cells or leukemic erythroblasts . Pre t rea tment of mice 
with different antigens enhances the leukemic response (Brommer and 
Bentvelzen, 1973). It has been demonst ra ted that antigenic stimulation 
induces proliferation of the hemopoiet ic s tem cell (Boggs et al., 1967; 
McNei l l , 1970). However , a prolonged immunization interferes with the 
Splenomegalie response (Siegel and Mor ton , 1967, 1969). This phenom-
enon was attr ibuted to a decrease in available target cells for the virus as 
a consequence of their commitment to immunological reactivity. 

Pre t rea tment with ant i - thrombocyte serum, which does not seem to 
have an influence on the erythroid compar tment , increases the spleno-
megaly, indicating that a common cell of the erythroid and mega-
k a r y o c y t e compar tments is involved in the origin of the disease. T h e pat-
tern of changes in the number of s tem cells in the spleen corresponds 
with the alterations in average spleen weight or number of spleen foci 
following inoculation with R L V (Brommer and Bentvelzen, 1973). 

Preirradiation of the host initially decreases the susceptibility to R L V , 
but several days after the irradiation an overshoot reaction will take 
place (Brommer and Bentvelzen, 1973; Seidel, 1973). This pat tern cor-
relates well with the variation in s tem cells after irradiation. All of these 
data seem to suggest that the hemopoiet ic s tem cell is the primary target 
for erythroblastosis induction by R L V and presumably also by F L V . 

T h e hemopoiet ic stem cell of RLV-infected mice are able to overcome 
the bone marrow syndrome of supralethally irradiated mice (Brommer, 
1972; Brommer and Bentvelzen, 1973). T h e restored mice will gradually 
develop erythroblastosis . It has been hypothesized that upon a differen-
tiation signal into the erythroid direction, an RLV-infected stem cell will 
become transformed and will not mature along the erythroid pathway 
(Fig. 2). 

With regard to the polycythemia-inducing variant of F L V , sufficient 
evidence has accumulated that erythropoiesis proceeds in the absence of 
erythropoietin (Mirand, 1967; Tambour in and Wendling, 1971; Ste-
phenson et al., 1972b). This phenomenon can be regarded as au-
tonomous proliferation, characterist ic for neoplasia, although in this case 
normal maturat ion occurs . 

T h e reactive nature of RLV-induced erythroblastosis is also evident 
from the fact that hypertransfusion diminishes the Splenomegalie 
response (Dunn et al., 1966; Brommer, 1972; Seidel, 1972). T h e trans-
fused mice still display a so-called "hiatus leukaemicus" according to 
Seidel (1972), in which he interprets that R L V transforms the stem cell 
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FIG . 2. Schematic representation of the induction of erythroblastosis by R L V . 

and when the abnormal erythroid proliferation is inhibited, the aberrant 
granulopoietic process will cont inue. T h e possibility must not be over-
looked, that both diseases are induced by separate principles in the R L V 
mixture. 

We investigated the growth pat tern in vitro of numerous RLV-induced 
myeloid leukemias. They display a very poor growth rate , but need less 
" h o r m o n e " than normal cells to develop clones in agar. T h e serum of 
leukemic mice contains a high level of a colony-stimulating factor, pre-
sumably the granulopoietic hormone (Bentvelzen et al., 1974). T h e s e 
findings coincide with a similar model as developed for erythroblastosis 
(see Fig. 2), but momentari ly any indication that the myeloproliferative 
disease is react ive and that the stem cell is involved is lacking. 

4. MuLV in Vitro 

Several strains of M u L V can be successfully propagated in t issue cul-
ture (Manaker et al., 1960; Ginsberg and Sachs , 1961 ; G r o s s , 1961). 
Transformation has seldom been observed, as was discussed in Section 
IV . In a series of publications from Huebne r ' s groups , it was indicated 
that infection of cells with an M u L V makes them much more susceptible 
to in vitro t ransformation by carcinogenic compounds (Freeman et al., 
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1970; Price et ai, 1971; Rhim et al, 1972a). By preinfection with 
M u L V the transforming action and presumably also oncogenicity could 
be established from condensates of city smog (Freeman et ai, 1971; 
Rhim et al., 1972b) and even from a cannabinoid (Price et al., 1972). 

T h e hypothesis has been advanced that the carcinogenic compounds 
would derepress the transforming oncogenes of M u L V (Huebner and 
Gilden, 1972). A n alternative hypothesis could be that M u L V provides 
endogenous oncogenes the attr ibutes (for example , by reverse transcrip-
tase) to amplify and to express themselves as envisaged in Temin ' s 
(1971) protovirus theory or germinal-somat ic provirus hypothesis by 
Bentvelzen and D a a m s (1972). 

It seems that in one way or the other M u L V makes cells more prone 
to transformation events . MuLV-infected cells are also far more suscep-
tible to conversion by the oncogenic D N A viruses S V 4 0 (Rhim et al., 
1971a) and polyoma (Rhim et al., 1971b) than uninfected ones . 

Infection of mouse cells with R L V leads to a rapid at tenuation of the 
virus (Hart ley et al., 1965; Barski and Youn , 1965, 1966; Wright and 
Lasfargues, 1966; Schlom et al., 1971). F o r the virus passaged in vivo 
the L D 5 0 is 10

6
 particles, but for the virus passaged a long time in vitro, 

the doses must be 10
1 1
 particles (Barbieri and Barski, 1973). It is pos-

sible that the virus genetically alters in t issue culture or that selective 
propagation of avirulent types in the R L V mixture takes place. It is 
interesting to investigate whether such at tenuation also take place in 
vivo and whether this would be associated with regression, which is ob-
served following inoculation with low doses of virus. 

Rauscher leukemia virus can also grow in human embryonic cells 
(Wright and Korol , 1969; Chandra et al., 1970; Traul et al., 1972; 
Ablashi et al., 1972). The virus becomes rapidly a t tenuated with respect 
to leukemia induction in mice (Wright and Korol , 1969; Ablashi et al., 
1972). After serial passage in human cells, R L V loses its ability to infect 
mouse cells, but can be propagated in human cells. This human cell pas-
saged R L V still contains the M u L V group-specific antigen, but serum 
neutralization studies strongly suggest that this viral form has obtained 
new envelope antigens (Wright and Korol , 1969; Traul et al., 1972; 
Ablashi et ai, 1972). T h e possibility that R L V has obtained this new 
coat from a human oncornavirus , either by phenotypic mixing or by true 
genetic recombination, should be considered. 

T h e human diploid cell line W I 3 8 is restrictive for M o L V . When in-
fected mouse cells are fused with W I 3 8 nonpermissiveness for M o L V 
prevails (Tennant and Richter, 1972). Loss of many human chromo-
somes by the cell hybrid leads to the reappearance of the virus, 
suggesting that human genes exert a repressive control over mouse virus 
expression. 
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5. Immunobiology 

Mice treated with formalin-activated F L V show significant resistance 
to subsequent challenge with live virus (Friend, 1959). T h e host there-
fore seems to be capable of an immune response against the virus. It is 
also able to produce transplantat ion immunity to isografts of MuLV-in-
duced lymphomas (Klein et al., 1962; Pas ternak et al., 1962; Sachs , 
1962). 

Immunizat ion of mice with virus-induced leukemic cells leads to for-
mation of cytotoxic antibodies (Old et al., 1963a,b, 1964, 1965). A n ex-
tensive discussion of the nature of the detected antigens is given by Pas-
ternak (1969). It is not clear at the moment whether the cell surface 
antigen F M R , induced by F L V , M o L V and R L V , is nonvirion or not 
(F . Lilly, personal communicat ion to the author) . 

By means of immunoelectron microscopy Aoki et al. (1970) observed 
that G L V seldomly buds from regions, which contain the so-called G 
antigen as detected by mouse antisera. This would indicate that this an-
tigen would be nonvirion. Rat antisera to GLV-t rans formed cells detect 
two more classes of G cell surface antigens (Stockert et al., 1971), one 
of which is the viral envelope (Aoki , 1971). Ano the r is a determinant 
that can also be found on normal thymocytes of some mouse strains. In 
that case it is an alloantigen, whose expression is controlled by two sep-
arate genes (Stockert et ai, 1971 , 1972; Boyse et al., 1972). 

T h e antigen detected by mouse ant isera is a very weak transplantat ion 
antigen (Aoki and Johnson , 1972). I ts expression can be modulated in 
immunized hosts , i.e., it will not be formed temporari ly under influence 
of immunosuppress ion as has also been described for the T L alloantigen 
(Boyse et al., 1967). A similar finding has been reported by Ioachim et 
al. (1972) for the intracytoplasmic synthesis of the group-specific in-
ternal antigen of M u L V in GLV- induced R L V leukemias. T h e appear-
ance of this antigen is temporari ly halted during passage in immunized 
ra ts , but can recur in t issue culture. 

Adul t mice are ra ther resistant to G L V as compared to R L V and 
F L V . This might indicate a strong immunological response against 
G L V . Howeve r , mice do not produce many neutralizing antibodies upon 
immunization with G L V (Wahren, 1964). Passive immunization with 
mouse ant isera to a GLV- induced lymphoma does not retard the growth 
of t ransplants despite their in vitro cytotoxicity (Aoki and Johnson, 
1972), while passive immunization with rat antisera leads to rejection 
(Old et al., 1967). It seems that neither neutralizing nor cytotoxic an-
tibodies play a great role in the immunologically mediated resis tance of 
adult mice to G L V . 

Both F L V (Friend, 1959) and R L V (Fink et al., 1966) can evoke the 
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product ion of neutralizing antibodies in mice. T h e administration of 
statolon, a double-stranded RNA-conta in ing mycophage, suppress 
leukemogenesis by F L V for a considerable length of time (Wheelock et 
al., 1969). During this induced latency phase mice produce many neutra-
lizing antibodies to the virus, but also produce antibodies that are cyto-
toxic to leukemic cells as tested both in vivo and in vitro. All antibody 
levels decline when the mice started to develop leukemia (Wheelock et 
al., 1972). These data would suggest that in the F L V system humoral 
immunity would play a great protect ive role. Rich and Clymer (1971) 
observed that mice in which the Fr iend disease has regressed after inoc-
ulation with a special strain of F L V do contain many neutralizing an-
tibodies in their serum, but are equally susceptible to reinfection with 
the standard F L V as normal control mice. This would be in conflict with 
the idea that humoral immunity would provide protect ion, but these 
studies must be repeated on a more quanti tat ive basis. 

In the closely related R L V system M c C o y et al. (1972c) observed 
that neonatally infected C 5 7 B L mice produce antibodies to R L V -
producing cells for a long period, while the ability to produce transplan-
tation immunity to R L V tumors does not persist for such a long time 
and disappears concurrent ly with the development of primary lym-
phomas . These studies may suggest that humoral immunity would not 
play any role in the relative resistance of the C 5 7 B L mouse strain to 
R L V . 

M c C o y and associates (1972c) studied an antibody that reacts in 
the indirect membrane immunofluorescence test with an RLV-induced 
lymphoma. This antibody may be quite different from the ones that neu-
tralize virus or that are cytotoxic in vivo. 

Glynn et al. (1969) could cure a transplantable MoLV-induced lym-
phoma by the combined therapy of cyclophosphamide and immune 
spleen cells. Nei ther t reatment alone had any success . This experiment 
would suggest that cell-mediated immunity can to some extent control 
M o L V leukemogenesis . 

Ha ran -Ghe ra (1970a,b, 1971) has collected sufficient evidence that 
the R a d L V is highly antigenic to its natural host , the C 5 7 B L mouse 
strain. Immunosuppress ion is necessary for lymphoma induction when 
the virus is inoculated into adult mice. Inoculation of newborn C 5 7 B L 
mice leads to a strong transplantat ion immunity to RadLV- induced 
lymphoma cells and to a high titer of neutralizing antibodies to the virus. 
After about 6 months both immunological responses rapidly decline, 
concomitant with the development of lymphomas (Haran-Ghera , 1972). 
T h e question arises here, too, whether or not humoral immunity is in-
volved in resis tance to leukemogenesis . 
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Inoculat ion of newborn mice with a M u L V leads to a relative state of 
immunological inertia in most mouse strains with regard to the virus or 
virus-associated antigens (Axelrad, 1965; Klein and Klein, 1966; 
Chieco-Bianchi et al., 1967). T h e A K R mouse strain, which hereditarily 
carries G L V and releases this virus early in life (Rowe and Pincus, 
1972; Hilgers et al. 1972b), also displays an immune deficiency to this 
agent (Hays , 1973). The re is no t rue tolerance to the virus, however , as 
deposits of immune complexes of virus-specific antigens can be found in 
A K R kidneys in association with glomerulonephrit is (Oldstone et al., 
1972). 

Inoculation of a small number of syngeneic leukemia cells after ad-
ministration of B C G leads to a strong inhibition of spontaneous leuke-
mogenesis in this mouse strain (Lemonde et al., 1971). This inhibition is 
not achieved by B C G alone. It seems that potentiation of the weak 
immunity to a cross-react ive antigen can influence the course of sponta-
neous leukemogenesis . This result is of great importance for cancer 
prevention. 

A chronic infection with the intracellular parasi te Besnoitia jellisoni 
leads to a significant delay in the spontaneous development of lympho-
sarcomas in A K R mice (Lunde and Ge lderman , 1971). T h e authors as-
sume that the activation of macrophages by the protozoan infection 
leads to a greater resis tance to tumor development . It must be noted that 
severely immunosuppressed mice can be protected against R L V leuke-
mogenesis by pyran copolymer , which exerts its influence through ac-
tivation of macrophages ra ther than by potentiat ion of the cell-mediated 
immunity (Hirsch et al., 1972). 

F r o m this discussion the picture that emerges is that much more 
research is needed on the quest ion of which hematological compart-
ments are involved in control of viral leukemogenesis in mice. It may be 
anticipated that p ronounced differences will be found be tween the 
various M u L V strains, depending upon their biology. 

E. Mouse Mammary Tumor Viruses 

F o r more than three decades it has been realized that mammary car-
cinomas in mice result from the interaction of a virus, hormonal stimula-
tion, and a suitable genetic consti tut ion (Bittner, 1942). T h e last aspect 
proves to be a relative one , since genetic resis tance can be overcome by 
increasing the hormonal stimulation (Mühlbock and Boot, 1959, 1960; 
Hes ton , 1964; Hes ton et al., 1972). T h e problem of whether or not the 
late appearing tumors , which are induced by such excessive hormonal 
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stimulation, are due to a virus needs attention. In several cases , the viral 
etiology could be established, and I believe that every mammary tumor 
in mice is caused by an M T V or at least a related entity; however the 
evidence for this opinion is rather circumstantial as yet. All investigators 
in the mammary tumor field will agree upon one thing: Hormona l stimu-
lation of the mammary gland is an absolute necessity for the induction of 
these tumors . T h e main principle in this is the pituitary hormone pro-
lactin, which is released after estrogenic stimulation. T h e ovarian hor-
mone progesterone can act as a cocarcinogen to prolactin (Mühlbock 
and Boot, 1967; Boot, 1969). 

T h e standard mammary tumor virus strain M T V is generally known 
as the "milk factor." It was found that in high mammary cancer strains a 
maternal influence is responsible for the early development of mammary 
neoplasia (Staff of the Roscoe B. Jackson Memorial Labora tory , 1933; 
Korteweg, 1934). This factor proved to be transmit ted by the mother ' s 
milk to the offspring (Bittner, 1936, 1937). Mos t research in the M T V 
field is still being done with this "milk factor ," but since then several 
other M T V strains have been discovered which exhibit another pat tern 
of vertical t ransmission in their hosts (Bentvelzen, 1968a, 1972b; Mühl-
bock and Bentvelzen, 1968; Bentvelzen et al., 1970b). In most mouse 
strains that develop a high incidence of mammary cancer before 1 year 
of age, the virus is t ransmitted as a milk factor. 

T h e biology of the various M T V strains has recently been discussed 
thoroughly by Blair (1971a), Hageman et al. (1972), Bentvelzen (1972c), 
and Nandi and M c G r a t h (1973). A few main points and some new mate-
rial will be presented in the following survey. 

1. Pathogenesis 

T h e development of mammary tumors is usually preceded by the 
development of many hyperplastic alveolar nodules in the mammary 
gland (van Rijssel, 1956). These lesions are thought to be preneoplast ic 
precursory stages of mammary carcinoma ( D e O m e et al., 1959, 1962). 
One of their abnormal features is that they can grow indefinitely during 
serial t ransplantat ion without hormonal stimulation. 

In neonatally infected mice, these lesions can be observed after the 
first pregnancy, and the number increases with age. They can be induced 
by artificial hormonal stimulation (Nandi , 1963a,b), and by means of 
pituitary isografts they can be induced within 6 weeks (Nandi et al., 
1971). One must take into account that with this methods several weeks 
are required for the regression of normal mammary tissue before the 
hyperplastic nodules may become discernible. This signifies that they 
have originated within a few weeks after the beginning of the hormonal 
stimulation. Several months are necessary before a nodule will become a 
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true carcinoma. Immunological factors will certainly play a role, but 
probably hyperplast ic cells must undergo many changes before a true 
neoplasm will emerge. 

Foulds (1956) described another lesion of the mammary gland which 
appears in certain mouse strains during pregnancy, attains maximum 
size by the t ime of parturit ion, and regresses soon thereafter. These 
lesions may reappear during subsequent pregnancies and may evolve to 
pregnancy-independent carc inomas. T h e s e lesions, unfortunately called 
plaques by Foulds (1956), are regarded by most exper ts as premalignant, 
although they may become very large tumors by continued hormonal 
stimulation. Mainly progesterone and some estrogens are needed for the 
growth of these lesions (van Nie and D u x , 1971). They can rapidly be 
induced in G R mice by administration of 17a-ethynyl-19-nortestos-
terone, which exerts a strong progestat ive and a weak estrogenic effect 
(van N ie et ai, 1972). T h e tumors are able to regress to normal mam-
mary ductal e lements (Nair , in Nand i and M c G r a t h , 1973). A res-
semblance comes to mind with the hormone-dependent erythroblastosis 
induced by R L V , but also with hormone- independent FLV- induced 
polycythemia, in which normal maturat ion can occur. 

2. MTV Strains 

Eight different mammary tumor virus strains have been described thus 
far (see Table IV) . T h e "milk factor ," isolated from Amer ican high 
cancer strains is indicated with M T V - S by Bentvelzen and D a a m s 
(1969). It may be expected that the isolates of the various mouse strains 
will differ in virulence and serology, but this has not yet been studied in 
great detail. T h e M T V - S virus (group) is character ized by the rapid induc-
tion of hyperplast ic nodules , which subsequently are transformed into 
hormone- independent carc inomas. Thei r milk transmission, in contrast 
to other modes of vertical t ransmission by other M T V strains, is an ar-
tificial at t r ibute, which will not be used for classification. 

T h e virus, which is present in the G R , D D , and R I I I mouse strains, 
induces the pregnancy-dependent plaques (also called Ρ tumors by van 
Nie and D u x , 1971). This virus strain M T V - P is slightly less virulent 
than M T V - S . It is also serologically distinct (Blair, 1971b; Nowinski 
and Sarkar, 1972; Hageman et al.f 1972; D a a m s et ai, 1973) and 
displays a somewhat different host range (Mühlbock and D u x , 1971). 

In some Amer ican sublines of the R I I I strain, the resident M T V 
strain has lost its ability to induce plaques but has gained in virulence. It 
is antigenically distinct from the M T V - S of C 3 H mice and displays the 
same host range as M T V - P from G R . This variant has been named 
M T V - P S (see Schlom et ai, 1973). 

When American high mammary cancer strains are liberated from their 



TABLE IV

Laboratory Strains of the Murine Mammary Tumor Virus

Antigenic determinants"

VJ
N
o

Prototype
Strains Abbreviation host strain Type of tumor Virulence A B C D

Standard S C3H Hormone-independent +++ + + + +
fast-growing carcinoma

Plaque inducing P GR Hormone-dependent ++ + + +
P tumors

Low oncogenic L C3Hf Hormone-independent + - + +
slow-growing carcinoma

Wild W Wild mice Hormone-independent +++ + - +
fast-growing carcinoma

"Overlooked" 0 BALB/c Hormone-independent +++ not tested
fast-growing carcinoma

X-ray induced X 020 Hormone-independent +++ not tested
fast -growing carcinoma

y C57BL ? ? not tested

a According to Blair (1971 b).
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M T V - S by means of foster nursing of the young on low strain foster 
mothers , the derived sublines will still carry an avirulent form of M T V , 
called M T V - L (Bentvelzen and D a a m s , 1969). This virus strain has also 
been known as nodule inducing virus (Nandi , 1966), but it is inferior in 
this respect to M T V - S . Dmochowsk i et al. (1963) claimed to have found 
oncogenicity for this virus strain. In t ime-consuming exper iments 
Hageman et al. (1972) succeeded in affirming the tumor-inducing activ-
ity of this virus after an average of 17 months . M T V - L is antigenically 
quite distinct from M T V - S with which it occurs in the same mouse 
strains (Nowinski and Sarkar, 1972; Hageman et al., 1972; D a a m s et 
al., 1973). 

T h e B A L B / c mouse strain is a low mammary cancer strain, which 
seems to be free of any M T V . Hageman et al. (1972) succeeded in 
isolating a virulent M T V from mammary glands of old retired breeders , 
which upon passage in B A L B / c mice produces many mammary tumors 
at an early age. Since the B A L B / c strain is so susceptible to infection 
with any MTV-s t ra in , the virus found in old mice may be due to hori-
zontal t ransmission. D a a m s and Hageman (1972) clearly demonst ra ted 
that this new virus M T V - O is serologically distinct from any other M T V 
strain used in their laboratory. 

T h e O 2 0 mouse strain is also a low mammary cancer strain. Irradia-
tion in combinat ion with a t reatment with ure than induces early mam-
mary tumors . These tumors contain typical Β particles, and cell-free 
extracts can rapidly induce mammary tumors in B A L B / c mice (Tim-
mermans et al., 1969). In view of its derivation from a radiation-induced 
tumor it has been called M T V - X . 

T h e C 5 7 B L mouse strain is one of the most resistant strains to mam-
mary cancer induction. Irradiation, especially when combined with 
ure thane t rea tment or aging, induces the appearance of MTV-specific 
antigens in hemopoiet ic t issues (Bentvelzen, 1972b). Injection of blood 
cells from irradiated mice induces mammary tumors in otherwise resis-
tant hosts (Boot et al., 1971). Hybridizat ion of cytoplasmic R N A of 
t issues from aged or carcinogen-treated C 5 7 B L mice with the D N A 
product of M T V occasionally revealed the presence of MTV-specific 
R N A (Schlom et al., 1973). 

N o Β particle could be found in this strain, not even following car-
cinogenic t reatment . In cultures of C 5 7 B L kidney cells, J. Links , O. Toi , 
F . Buijs, and J. Calafat (unpublished results , 1973) succeeded in in-
ducing the appearance of Β particles ( M T V virions) after t rea tment with 
methylcholanthrene. T h e oncogenic activity of this particle remains yet 
to be established. T h e latent M T V of the C 5 7 B L strain has been called 
M T V - Y by Bentvelzen et al. (1970b). 

Andervont (1952) found a mammary tumor-inducing milk factor in 
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wild house mice. U p o n passage in B A L B / c mice, the agent proved to be 
a rather virulent one (Andervont and Dunn , 1956). It is possible that 
this virus strain has been genetically altered in the meant ime. Blair 
(1971b) studied the antigenic determinants that contr ibute to the im-
munoprecipi tat ion of intact virions of this virus in Ouchter lony plates. 
T h e M T V - W strain proves to have a unique viral coat antigen. 

This enumerat ion of the M T V strains contain some elements of a clas-
sification, since all the M T V variants present in the artificially es-
tablished low mammary cancer mouse strains, such as C3Hf, DBAf, and 
Af, have been lumped together as M T V - L , while all their virulent 
counterpar ts in the parental mouse strains are called M T V - S . A thor-
ough investigation may reveal additional serological differences among 
members of both groups. T h e low oncogenic variant in D D f mice also 
induces the development of so-called plaques (Hes ton and Vlahakis , 
1971). Probably this variant must be regarded as being separate from 
classical M T V - L . In that case I propose to call it M T V - L P . 

Many more studies on serological markers and host range are needed 
before a good subgroup classification can be made as was achieved for 
the avian tumor viruses and to some extent for the murine leukemia 
viruses. 

3. Epigenetic Influences on the Expression of Exogenous MTV 

Following infection with M T V - S , bioactivity can be retr ieved from 
many different organs (see Nand i and M c G r a t h , 1973). Since infectivity 
is also found in peripheral blood (Bittner, 1945), the bioactivity of 
various organs can be due to contamination with blood or blood cells. 
Consensus has been reached concerning the fact that the virus replicates 
in hemopoiet ic t issues (Nandi et al., 1972a; Hageman et al., 1972; 
Hageman and Calafat, 1972). 

T h e common site for synthesis and budding of complete virions in the 
mammary gland are the microvilli. Β particles are most consistently ob-
served in mammary cells, which are organized for synthesis and secre-
tion of milk proteins (Nakayama, in Nand i and M c G r a t h , 1973). In-
tracytoplasmic A particles, which are a precursory stage of the M T V 
virion (Tanaka et al., 1972), are observed in most mammary cells irre-
spective of their organization for secretion (Nakayama, in Nandi and 
M c G r a t h , 1973). 

Β particles ( M T V virions) are found in male mice in the epididymis 
and seminal vesicles (Smith, 1966), which explains the observed infec-
tivity of sperm from high cancer strain mice (Mühlbock, 1950). Virus 
product ion by the male accessory sex organs is not associated with 
malignant transformation. 
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T h e state of M T V in the hemopoiet ic t issues is intriguing. Extensive 
electron microscopic search did not indicate the presence of Β particles 
(Daams et al., 1970). Incidentally intracytoplasmic A particles can be 
found in hemopoiet ic organs of old R I I I mice and several lymphomas 
(Nowinski et aL, 1971; Hilgers et aL, 1972a; T a n a k a et aL, 1972; 
Hilgers and Galesloot , 1973). T h e internal group-specific antigen of 
M T V can be observed in the spleen of several mouse strains infected 
with M T V - S or M T V - L (Hilgers et aL, 1972a). An MTV-assoc ia ted cell 
surface antigen can be detected on spleen cells by means of im-
munofluorescence (Daams , 1970; D a a m s et aL, 1970). Immunizat ion 
with spleen cells from infected animals can evoke transplantat ion immu-
nity to mammary tumors (Rejthar, 1972; Rejthar and Wotke , 1973). 

Preparat ion of cell-free extracts of peripheral blood cells or hemo-
poietic t issues drastically reduces the infectivity (Nandi et aL, 1972b; 
Hageman et aL, 1972; Hageman and Calafat, 1972). In contras t to 
Nandi and M c G r a t h (1973), we observed that hemopoiet ic cells, which 
have been irradiated with 3000 rads under oxygenated condit ions, did 
not lose their infectivity (P. Bentvelzen and J. Brinkhof, unpublished 
results , 1973). T h e viability of the cell does not seem to be a prerequisi te 
for the transfer of the virus. Integrity of the cell surface seems to protect 
this subviral form of M T V . After lysis the infectivity remains with the 
ghosts (Hageman and Calafat, 1972). This may eventually be explained 
by the presence of a few intact cells in the ghost preparat ion. Titrat ion 
studies can easily settle this problem. At the moment , I am of the 
opinion that the subviral form of M T V needs large cell membrane struc-
tures for the preservat ion of its infectivity. It seems that in hemopoiet ic 
cells, the virus is not fully expressed. Since transfer of blood cells in-
duces the appearance of Β particles in the mammary gland of the recipi-
ents (Nandi , 1967), it can be concluded that the whole viral genome is 
present , but that epigenetic factors prevent its complete expression. 

As infectivity appears earlier in the peripheral blood than in the mam-
mary gland (Ritter and Nand i , 1968a,b), a life cycle for M T V has been 
postulated by Nand i (1967) (see Fig. 3). T h e virus would first infect the 
hemopoiet ic t issues and the blood cell-bound form of the virus would 
subsequently infect the mammary gland. Ingested Β particles would be 
unable to infect the gland directly. Since the subviral form carried by the 
peripheral blood cells is not infectious in the cell-free state, it is tempting 
to assume that infection of the mammary gland takes place by means of 
intercellular bridges. 

By means of a complement-fixation assay for the M T V group-specific 
antigen, Parks et al. (1972b) found that kidneys of MTV-infected mice 
are consistently positive for M T V . Whe the r this is due to replication of 
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R O U T E O F I N F E C T I O N : THE M I L K Y W A Y 

FIG . 3. Life cycle of the mouse mammary tumor virus. 

M T V in the kidney or to deposits of immune complexes cannot yet be 
determined. Links et al. (1972) achieved replication of M T V in cultures 
of baby mouse kidney cells, and we recently observed that kidney cells 
of B A L B / c f C 3 H mice can transmit M T V (P. Bentvelzen and J. 
Brinkhof, unpublished results 1973). Schlom and co-workers (1973) de-
tected MTV-specific R N A in kidneys of high mammary cancer strain 
mice with the D N A product of M T V as a probe. It seems that M T V 
can indeed replicate in the kidney. 

We have never observed the appearance of kidney tumors under the 
influence of M T V . Felluga et al. (1969), however , found a change of a 
high mammary cancer strain toward a renal tumor strain. These tumors 
contain intracytoplasmic A particles and produce virions that have some 
resemblance to Β particles. Possibly, the M T V in this strain has mu-
tated into a kidney tumor virus. 

MTV-specific antigens and intracytoplasmic A particles have been de-
tected in a Leydig cell tumor (Nowinski et al., 1971). W e did find bioac-
tivity of testicular cells (P. Bentvelzen and J. Brinkhof, unpublished 
results , 1973). MTV-specific R N A has been detected by Schlom et al. 
(1973) in testes of high mammary cancer strain mice. We never ob-
served any testicular tumor to appear under influence of M T V , and 
therefore, we believe that the tumor studied by Nowinski et al. (1971) 
has arisen independently from the presence of M T V . 

F r o m the discussion above, the picture emerges that M T V can infect 
several t issues, but that the epigenetic state of the cell determines the 
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rate of expression. In some cell types only some viral antigens will be 
produced, while in others complete virions are released. In only one 
organ, the mammary gland, is malignant transformation a regular event 
that must be triggered by hormonal stimulation. 

4. Immunobiology 

T h e antigenicity of M T V to its host species, the mouse , has been well 
established by the induction of neutralizing antibodies (Blair, 1968; 
Bentvelzen, 1968a) and antibodies that can precipitate various M T V an-
tigens in the double immunodiffusion test (Blair et al., 1966; Nowinsk i 
et al., 1967; F ink et ai, 1968b; Bentvelzen et ai, 1970a; Hilgers et al., 
1971a). 

T h e failure of neonatally infected mice to produce cross-reactive 
transplantat ion immunity to MTV-S- induced mammary tumors has been 
interpreted to mean that such mice would be tolerant to the virus and 
virus-associated antigens (Morton, 1964, 1969; Weiss et al., 1966). 
T h e s e mice do strongly react against unique transplantat ion antigens, 
invalidating the old claim that chemically induced tumors are essentially 
nonviral because of their non-cross-react ive transplantat ion antigenicity 
(Vaage, 1968a,b; Mor ton et ai, 1969a,b). 

T h e humoral response to the virus is still intact as concluded from the 
ease with which precipitating antibodies against several M T V antigens 
can be produced (Blair et ai, 1966; Bentvelzen et al., 1970a; Hilgers et 
al., 1971a). Tumor-bear ing mice of various strains have a high content of 
anti-viral precipitating antibodies in their serum (Bentvelzen et al., 
1970a; Müller et al., 1971). 

By means of the indirect immunofluorescence technique on mammary 
tumor slices Müller and Zot te r (1973) and Zot te r et al. (1973) detected 
that neonatally infected mice of both sexes already have antibodies 
against the viral coat early in life. T h e titer increases by age, so that an-
tibodies are also detectable by immunoprecipi tat ion. Zot te r et al. (1973) 
observed in utero t ransmission of antibodies to the virus. Bentvelzen 
(1968b) found that infected C 5 7 B L mice could passively immunize their 
offspring to small amounts of M T V - S , whereas the susceptible B A L B / c 
females could not. 

By means of the macrophage-inhibit ion technique, Müller and Zo t te r 
(1972) found that this hematological compar tment reacts against M T V -
associated antigens. Working with another mouse strain and with the 
colony-inhibition test, Heppne r (1969) found only very weak cellular 
immunity to cross-react ive mammary tumor antigens. Hyper immuniza-
tion of mice with M T V leads to an accelerated appearance of "spontane-
o u s " mammary tumors in neonatally (Bentvelzen et al., 1970a) or prena-
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tally infected mice (Bentvelzen, 1972e). This earlier appearance of 
tumors is accompanied by the appearance of precipitating antibodies to 
the virus. This could be explained either by the fact that these are 
blocking antibodies, or that cellular immunity is readily exhausted by 
hyperimmunizat ion on contrast to the humoral response . 

T u m o r s induced by M T V - S are strongly antigenic to syngeneic mice 
without the virus. T h e evoked immunity is against a cross-reactive an-
tigen. Zot te r et aL, (1972) observed by means of immunoelectron micros-
copy that besides the virion another MTV-specific cell surface antigen 
exist. I ts antigenic strength in transplantat ion is unknown. 

It will be obvious that , as in several o ther tumor virus sys tems, contin-
uous extensive research must be done for the elucidation of the role of 
various immunological systems and their interactions in the control of 
viral mammary tumorigenesis. T h e fact that in some instances a signifi-
cant delay or even inhibition of mammary tumor development can be 
achieved, by immunological manipulation such as immunization with 
heated tumor cells (Check et aL, 1971), a soluble mammary tumor 
transplantat ion antigen (Irie and Irie, 1971), or another MTV-s t ra in (van 
der Gugten and Bentvelzen, 1969), is encouraging. The re is a great 
danger in multiple immunizations because sometimes tumors will appear 
even earlier than in the controls (Bentvelzen, 1972e). 

VI. Comparative Biology of Avian and Murine Tumor Viruses 

In Table V various biological aspects of the oncornaviruses isolated 
from birds and mice have been summarized. T h e minus signs may, in 

TABLE V 

Comparative Biology of the Oncornaviruses 

ASV ALV MSV MuLV MTV 

Multipotential oncogenicity + + + — — 

Recruitment + - + + — 
Hormone dependency - - + + 
Classification + + — + — 

Defectiveness + + + + — 

Interference - + — + + 
Transspecies transfer + + + + -
Immunosuppression - + - + + 
Horizontal transmission - + - - + 
Vertical transmission - + - + + 
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several cases , be replaced by a question mark. It often reflects ignorance 
concerning this aspect of the respect ive virus group. T h e plus signs may 
hold t rue for only a few members of that group. Mos t of this table is 
based upon data presented in the preceding pages. They will either not 
be discussed at all or only briefly mentioned below. N o mention is made 
of aspects that were presented in Table I, such as in vitro t ransforma-
tion. Genet ica l aspec ts , such as susceptibility and genetic t ransmission, 
are also deleted. T h e y will be discussed in the next section. 

A. Recruitment 

It is not likely that mammary tumors will grow by means of continu-
ous recrui tment of mammary cells by the virus, even not the Ρ type of 
tumors . In the case of the murine leukemia viruses no recrui tment has 
been observed for thymic-dependent lymphosarcomas , although such a 
phenomenon cannot be excluded in an early stage. Recrui tment has not 
been repor ted for avian leukosis viruses, but the defectivity of the 
myelocytoma-inducing principle in M C 2 9 A L V strain (Ishizaki et aL, 
1971) suggests that this disease may proceed along this line. 

B. Classification 

T h e avian tumor virus subgroups can be neatly classified on the basis 
of their antigenicity, host range, and interference pat tern, especially 
when the subgroups A and Β are involved (Vogt, 1970). T h e murine 
leukemia viruses are divided on the basis of their serotypes into two 
groups (Pasternak, 1969), but this does not seem to have any associat ion 
with host range (Hart ley et aL, 1970). Theoret ical ly six subgroups of 
murine leukemia viruses could be made on the basis of serology and host 
range, but representat ives of two such groups ( F M R - B and G - N B ) have 
not yet been found. 

C. Defectiveness 

T h u s far, I have failed to detect a single case of defectiveness in the 
murine mammary tumor virus system. Hageman et al. (1968) observed 
that high doses of M T V - L could help low doses of M T V - S in the induc-
tion of mammary tumors . This phenomenon need not be explained in 
terms of phenotypic mixing, but on the basis of overcoming the im-
munological response by a large dose of particles. Terminal dilution of 
M T V - S has not yet resulted in the isolation of a low oncogenic strain of 



328 P. BENTVELZEN 

M T V , as was reported for F L V by Rowson and Parr (1970). M T V - L , 
which has been isolated from C 3 H f mice, will certainly concur with 
M T V - S in the milk of C 3 H mice. T h e amount of M T V - L in the milk of 
C 3 H f mice is low (Hageman et al., 1968), but it is possible that the 
product ion of this virus strain is helped by coinfection with M T V - S . 
Evidence for this is lacking at the moment . 

D. Interference 

Both avian and murine leukosis viruses can interfere with the transfor-
mation of fibroblasts by the corresponding sarcoma virus, if it has the 
same envelope as the preinfecting virus (Rubin, 1960a; Sarma et al., 
1967). Preinfection of mice with a murine leukemia virus interferes with 
the induction of splenomegaly (Rowe, 1963) or spleen foci (Bentvelzen 
et al.y 1972b) by subsequent challenge with an erythroblastosis virus. 

According to Nandi and D e O m e (1965) the low oncogenic mammary 
tumor virus of C 3 H f mice can interfere with subsequent challenge by 
M T V - S . According to Bentvelzen et al. (1970b), who titrated purified 
M T V - S preparat ions in several mouse strains, this resis tance evoked by 
M T V - L is only of a modera te degree. D e O m e et al. (1970) observed 
that hyperplastic mammary nodular outgrowths of B A L B / c mice are 
resistant to superinfection with M T V - S when they carry M T V - L . 

E. Transspecies Transfer 

The avian sarcoma viruses can transform many cells of different ver-
tebrate species and are also able to induce tumors in a great array of 
animals. T h e avian myeloblastosis virus has been reported to induce 
leukemia in hamsters (Lacour et al., 1969) and to be reproduced in this 
malignancy (Delain et al., 1969). T h e murine sarcoma viruses can only 
induce tumors in other rodents but can transform many different cell 
species in vitro. T h e murine leukemia viruses can replicate in cells of 
unrelated ver tebrates , but induce leukemia only in rats . We have at-
tempted to introduce the murine mammary tumor virus in rats and 
hamsters but the results were negative (P. Bentvelzen and J. H . D aams , 
unpublished results , 1968). 

F. Immunosuppression 

T h e R P L - 1 2 strain of A L V has been repor ted to cause im-
munosuppress ion of the host (Peterson et al., 1966; Purchase et al., 
1968). Coinfection with avian leukosis viruses of subgroups A + Β leads 
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to a lesser ant ibody product ion to influenza (Meyers and Dougher ty , 
1971). T h e immunosuppress ion caused by murine leukemia viruses is 
well documented (Peterson et al., 1963; Siegel and Mor ton , 1966a,b; 
Salaman and Wedderburn , 1966). This suppression is not only seen at 
the humoral level but also on the cellular one as measured by the 
response on phytohemagglutinin stimulation (Häyry et aL, 1970). In sus-
ceptible strains R L V blocks the synthesis of IgG (Toth et aL, 1971). It 
is not clear whether this is associated with a good replication of the virus 
in a susceptible host or that the immunosuppress ion is instrumental in 
the onset of the disease. 

Peled and H a r a n - G h e r a (1971) observed the immunosuppress ive ac-
tion of R a d L V . They postulate that the observed immunodeficiency of 
aged C 5 7 B L mice may be due to accumulat ion of R a d L V . 

C 3 H mice, which have been neonatally infected with M T V - S , have a 
depressed ability to mount a hypersensi t ive reaction to methylated bo-
vine serum albumin (Griswold et aL, 1973). According to Blair et al. 
(1971) mice infected with M T V - S also display an impaired response to 
sheep erythrocytes and a lower rate of rejection of foreign skin grafts. 
This immunosuppress ion at both levels becomes more severe with age. 
It seems that the residence of M T V in the hemopoiet ic t issues interferes 
with the functionability of immunocytes despite incomplete expression. 

G. Horizontal Transmission 

This pat tern of t ransmission, i.e., from one individual to the other, 
i rrespective of relationship, has been well established for the avian 
leukosis viruses (Burmester , 1962). Usual ly such infection does not lead 
to viremia, vertical t ransmission by the eggs, and leukosis during the 
short observat ion periods poultry breeders watch their flock. It would be 
interesting to study the effect of immunosuppress ion on chickens that 
have been infected in adult life. 

Myers et al. (1970) found excret ion of M u L V in the feces but not in 
oral swabs or urine. T h e y did not find any evidence for horizontal t rans-
mission, however . 

N o evidence has been found for horizontal t ransmission of M T V by 
Mühlbock and Bentvelzen (1968); however , there is a single report that 
the virus can be transmit ted by fleas (Pogossiantz, 1956). 

H. Vertical Transmission 

Milk-borne transmission has been observed for M T V (Bittner, 1936, 
1937) and for M u L V (Law and Moloney, 1961; G r o s s , 1962; Krischke 
and Graffi, 1963). T h e mammary tumor virus can also be transmit ted by 
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the male, although le i s efficiently than by the milk (for a review, see 
Mühlbock and Bentvelzen, 1968). I do not know of any report on trans-
mission of M u L V or M T V by the ovum after infection of the mother . 
Transmission by the gametes in close association with the host genome 
will be discussed in Section V I I I . 

VII. Genetics of Susceptibility to Oncornaviruses 

Our understanding of the inheritance of many single-gene diseases is relatively ad-
vanced, but the same cannot be said for multiple-gene diseases. Quantitative 
genetics has long offered us ways of describing multiple-gene traits in terms of their 
population dynamics. But, for an understanding of the mechanisms whereby a 
complex genotype influences a biologic character, there seems to be no substitute 
for the lengthy process of identifying, mapping, and studying one by one the sepa-
rate genes which act concertedly in each individual (F. Lilly, 1972b). 

A. Avian Tumor Viruses 

T h e dissection of polygenic systems that control the chickens suscep-
tibility to virus induction of a malignancy has been considerably facili-
tated by the use of in vitro t ransformation by R S V . A recent review of 
such studies by Payne (1972) describes single autosomal loci that con-
trol susceptibility to various subgroups of avian tumor viruses. T h e three 
genes identified as controlling susceptibility to ei ther subgroup A, B, or 
C are called tva, tvb, and tvc, respectively (Cri t tenden et al., 1967). Sus-
ceptibility alleles are indicated with, for instance, tva

s
, and their resistant 

allelomorphs with tva
r
 and so on. T h e susceptibility alleles prove to be 

dominant . Probably multiple alleles occur at such loci, leading to dif-
ferent levels of susceptibility as encountered in some inbred chicken 
lines (Payne and Biggs, 1964). Whereas most genes which confer resis-
tance to specific subgroups are recessive, Dhaliwal (1963) observed a 
single case of full dominance of resis tance. Payne (1972) also found a 
single rooster in a noninbred Rhode Island red flock which conferred 
resis tance on all his progeny. 

T h e genetics of susceptibility to subgroup D remains to be elucidated. 
With regard to susceptibility to the endogenous Ε-type virus, Payne et 
al. (1971) found a locus comparable to the loci controlling susceptibility 
to the other subgroups. In addition, they found another dominant gene 
that is epistatic to tve and confers resistance to subgroup Ε despite the 
presence of tve

8
. This gene I

e
 p roves to be at least associated, but proba-

bly identical with, the gene that controls the synthesis of the group-
specific antigen of the avian tumor viruses in apparently normal cells as 
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detected by Payne and C h u b b (1968; see also Pani and Payne , 1973; 
Cri t tenden et al., 1973). Ano the r gene has been described by Cri t tenden 
et al. (1973) that also causes the release of this viral antigen and is 
linked to the Rj erythrocyte antigen. This gene is also coupled with an 
allele of the tvb locus (Cri t tenden et al., 1970). This gene confers sus-
ceptibility to subgroup E, irrespective of the presence of I

e
. 

B. Murine Leukemia Viruses 

A rapid breakthrough in the unders tanding of the genetic control of 
susceptibility to murine leukemia viruses has taken place during the last 
few years (for an excellent review, see Lilly and Pincus , 1973). T h e 
t ropism of murine leukemia viruses for either Swiss N I H (N) or 
B A L B / c (B) cells proves to be controlled by a single gene (Pincus et al., 
1971a). In this study it was found that resis tance proves to be dominant , 
while in the avian system susceptibility usually proves to prevail in 
hybrids of resistant and susceptible strains. In the avian system there is 
sufficient evidence that in most cases resis tance is associated with a 
block in the penetrat ion or uncoat ing of the virus (Piraino, 1967; Crit-
tenden, 1968). In this N B system inhibition of virus replication seems to 
be an intracellular event as has been elucidated by F e n y ö et al. (1973) 
by the use of cell hybridization. 

In a study on the susceptibility to spleen focus formation by F L V , 
Lilly (1970b) detected that two different genes control the response to 
the virus. O n e of these genes, Fv-1, p roved to be identical with the Ν Β 
locus (Pincus et al., 1971b; Axelrad et al., 1972) and suppresses virus 
growth. T h e other gene probably controls an intrinsic proper ty of the 
erythroid compar tment to develop erythroblast foci or erythroblastosis 
irrespective of virus replication (Axelrad et al., 1972; D a w s o n and 
Fieldsteel , 1973; Odaka and Hino , 1973; Bennet and Eckner , 1973). 

Ware and Axelrad (1972) tested the susceptibility of two congenic 
mouse strains for susceptibility to N - and B-tropic viruses in vitro. One 
of these mouse lines had been selected for resis tance to N- t ropic F L V . 
T h e differences in the spleen focus assay were reflected in vitro. T h e 
susceptible line proved to replicate N-t ropic virus at a high rate , whereas 
the derived resistant congenic line is susceptible to B-tropic agents. 
Ware and Axelrad (1972) made the very interesting observat ion that 
when cells are infected by a virus with the proper tropism, single-hit 
kinetics can be observed, while in the case of adverse tropism, a multi-
hit response is found. This can be interpreted that in the latter case more 
than one particle must penetra te the cell before replication will take 
place. A similar finding has been reported by Yoshikura (1973b). 
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T h e histocompatibility-2 locus seems to play an important role in the 
induction of lymphosarcomas by G L V (Lilly et al, 1964; Lilly, 1966, 
1970a) or B /T-LV (Tennant and Snell, 1968) and the induction of 
splenomegaly by F L V (Lilly, 1968). In a congenic line of B A L B / c dif-
fering only at the H-2 locus, Lilly (1972a) observed a stronger im-
munological response to F M R antigens. It is possible that the resistance 
of this line to the induction of splenomegaly by low doses of virus can be 
attr ibuted to this immunological response . An alternative hypothesis is 
that H-2 controls the appearance of F M R . When under influence of H-2, 
F M R disappears and the tumor eventually escapes from immunological 
rejection. Pers is tence of F M R would lead to a strong antibody response. 
Mutat ions , which affect the hemopoiet ic system, also influence the 
response to M u L V (Steeves et ai, 1968; Axelrad, 1968). 

C. Mammary Tumor Viruses 

Although since the thirties (Korteweg, 1936) extensive genetic studies 
have been made on susceptibility to mammary cancer in mice, up till 
now there is little insight into the genetics of this malignancy (for a 
review, see Bentvelzen, 1972c). If only tumor incidences are taken into 
account in crosses be tween high and low cancer strains as presented by 
Bittner (1958), the data fits a single genie difference in susceptibility to 
this malignancy. But when also the distribution of tumor ages is consid-
ered, multifactorial inheritance becomes evident (Hes ton et al, 1945). 

In a series of backcrosses of the high cancer strain C 3 H to the low 
strain C 5 7 B L , the standard mammary tumor virus rapidly disappears 
(Hes ton et al., 1956). This finding indicates that the number of genes, 
which affect the propagation of M T V - S , must be small. Mühlbock and 
D u x (1971) observed that in the C 5 7 B L strain substitution of the H-2

h 

gene leads to a remarkable increase in susceptibility to M T V - S . Titra-
tion of purified M T V - S is necessary to establish subtle differences in 
susceptibility be tween these congenic C 5 7 B L lines and C 3 H . 

D u x (1972) reported on the development of a congenic C 5 7 B L line in 
which selection had occurred for C 3 H strain genes that cause a large 
size in the mammary gland. This line carries the H-2

h
 allele, but is quite 

susceptible to M T V - S . Also in this case titration studies must be done to 
establish the degree of susceptibility as compared to C3Hf. I have 
postulated that these two genes control the difference in susceptibility to 
M T V - S between the C 3 H and C 5 7 B L strains and that they have an ad-
ditive effect (Bentvelzen, 1972c). 

T h e understanding of the gene physiology of resistance to M T V is far 
more important than the formal genetics. T h e role of the H-2 locus in 
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resis tance to M T V - S suggests an immunological response . T h e C 5 7 B L 
strain proves to be a good antibody producer to M T V . Bentvelzen, 1968 
a,b), but it is indeed doubtful whether this contr ibutes to the resis tance 
of tumorigenesis (Nandi and M c G r a t h , 1973). It would also not explain 
the unresponsiveness of this locus to M T V - P (Mühlbock And Dux , 
1971). 

Hybr ids of the resistant C 5 7 B L and I strains are fully susceptible to 
M T V - S (Andervont , 1943), indicating that different genes are involved 
in the determination of resis tance. Transplanta t ion of mammary t issues 
of either strain into this hybrid easily leads to the induction of nodules 
and tumors by M T V - S , indicating that the target itself is not refractory 
to the virus (Nandi et aL, 1966 ,1972b; Nand i , 1967). It must be noted that 
D u x and Mühlbock (1968) observed in similar exper iments that the 
C 5 7 B L mammary gland retains a great deal of resistance. According to 
Bentvelzen (1968a,b) the resis tance of the C 5 7 B L strain is caused 
at different levels by different genetic systems with additive action. 

T h e nodules , which arise in C 5 7 B L mammary glands following t rans-
plantation into MTV-infected (C57BL X \)¥x mice, will p roduce tumors 
upon transplantat ion into C 5 7 B L mice. Transplanta t ion of I strain nod-
ules, obtained by a similar procedure , into I mice leads to rejection, 
suggesting a strong immunological mechanism (Nandi et aL, 1972b). 

Susceptibility of M T V - S is positively correlated with replication of 
the virus (Hairs tone et aL, 1964; Bentvelzen, 1968b; Bentvelzen et aL, 
1970b). We assumed that many viral R N A molecules must be present in 
the target cell before neoplastic conversion can take place (Bentvelzen, 
1968a; Bentvelzen and D a a m s , 1969; Bentvelzen et aL, 1970b). This 
problem can now be investigated by means of molecular hybridization, 
using M T V D N A product as a probe . 

D. Comparative Aspects 

G o o d humoral antiviral responses in some mouse strains have been 
reported for M S V , M u L V , and M T V (Fefer et aL, 1967c; M c C o y et al, 
1967

r
; Bentvelzen, 1968a,b). W e do not know of similar findings in the 

avian tumor system. In the cases in which the malignant disease pro-
ceeds mainly by cont inuous recrui tment of host cells by the virus, a 
good humoral response may be an important controlling factor. Since it 
will take some time before the onset of antibody product ion and the 
virus meanwhile will have entered its target cell, humoral responses will 
have no effect on the development of t rue neoplasms unless the an-
tibodies are cytotoxic . 

Gene t ic blocking at the cell surface has been reported for the avian 
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tumor virus system only. It may be that extensive investigations in the 
murine leukemia system would reveal the existence of a similar mecha-
nism, but the possibility cannot be excluded that the murine viruses can 
penetra te every cell species. Mammary tumor virus particles cannot 
penetrate fibroblasts (Lasfargues et ai, 1970) and not even mammary 
cells (Nandi and M c G r a t h , 1973). W e found, however , that in vivo even 
the most resistant genotype replicate M T V in their mammary gland to 
some extent . With the Nand i ' s (1967) hypothesis of the life cycle of M T V 
in mind, one could envisage that a block for M T V could occur at the 
level of the hemopoiet ic t issues, although this does not seem to be the 
case . 

Intracellular interference with the replication of an oncornavirus is ob-
served with the murine leukemia and mammary tumor viruses but not 
with the avian leukosis viruses. 

Gene t ic resistance to neoplastic conversion independent of replication 
of the virus has been detected for lymphoid leukosis induction by R P L 
12 virus in chickens (Cri t tenden et al., 1964). T h e Fv-2 locus in mice 
controls the susceptibility of the erythroid compar tment to the induction 
of erythroblast foci by F L V . T h e H-2 locus might play a role in the 
development of t rue tumor cells in FLV- induced erythroblastosis by 
interference with membrane alterations. It may even do so in the devel-
opment of thymic-dependent lymphosarcomas and mammary tumors . 

Genet ic factors in the regression of avian tumors have been discussed 
by Payne (1972). Since these tumors often proliferate by recrui tment , it 
is not clear whether the genetic influence is achieved by a strong cell-
mediated immunological response or by resistance to reinfection. T h e 
resistance of some mice to progression of MSV-induced sarcomas is 
most likely due to a good immunological response . T h e situation is all 
but clear in the murine leukemia system. In the mammary tumor system, 
the I strain is very likely to be resistant because of a good cellular immu-
nity. 

T h e five possible ways in which genes can exert their influence on on-
cogenesis have not been encountered with every tumor virus. This may 
be accidental , but can also be due to differences in the biology of the 
virus, such as tumorigenesis by recrui tment or an omnipotency with 
regard to penetrat ion. 

VIII. Endogenous Oncornaviruses 

Medical research progresses in waves, and today viruses are riding the crest of the 
wave of cancer research. Three to four decades ago the genetics of the host was on 
the crest of the wave and virus was a forbidden word in cancer research . . . the 
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greater advances in cancer research in the future are going to be made at the union 
of the host genome and the virus (W. E. Heston, 1972). 

A. Avian Leukosis Viruses 

Dougher ty and DiStefano (1966) observed a flock of leukosis-free 
chickens in which the embryos occasionally contained the group-specific 
antigen of the avian tumor viruses. T h e y also observed C type particles 
in the pancreas and livers of embryos from some flocks (Dougher ty et 
ai, 1967). By the use of inbred chicken lines Payne and C h u b b (1968) 
detected that the occurrence of this viral antigen in one line is controlled 
by a single dominant gene. Recent ly, a recessive gene was found by 
Cri t tenden et al. (1973) in another chicken line, which also causes the 
appearance of this antigen. O n e of the possible explanations for Payne 
and Chubb ' s (1968) findings was genetic integration of an avian tumor 
virus genome. 

A breakthrough in the elucidation of this problem has been the work 
on the so-called nonproducing RSV-transformed cells. It is a curious 
note that Temin ' s (1962, 1964) now famous (somatic) provirus theory 
found its origin in these nonproducers ! These nonproducers sometimes 
do release transforming virus, but with a different host range than the 
initial convert ing agent (Vogt, 1967; Weiss , 1967; Hanafusa and Hana-
fusa, 1968). T h e new virus was only made in cells, which synthesized 
the group-specific antigen (Weiss, 1969a). Gene t ic analysis demon-
strated that the ability to produce the new virus R S V (O) segregates 
together with the antigen (Weiss and Payne , 1971). It seems that these 
chicken cells also make , in addition to the antigen, some coat material 
that can be utilized by the defective R S V genome. T . Hanafusa et al. 
(1970a) independently found the helper effect of seemingly normal 
chicken cells to defective R S V . Subsequent ly this led to the discovery of 
a genetic element in normal chicken cells that could help R S V and 
which has been called chf (chicken helper factor) by H . Hanafusa et al. 
(1970). 

T h e cells, which do not ordinarily produce the group-specific antigen, 
can upon infection with defective R S V produce C type particles. T h e s e 
virions are noninfectious when tested on a great array of cells (Weiss, 
1969b; T . Hanafusa et al., 1970a). T h e noninfectivity is readily ex-
plained by the absence of reverse t ranscriptase (Hanafusa and Hana-
fusa, 1971). T . Hanafusa et al. (1970b) succeeded in retrieving a new 
Rous-associated virus from cells with chf following infection with an-
other leukosis virus. They assumed that recombinat ion be tween chf and 
the superinfecting virus genome would give rise to a new A L V 
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(RAV-60) with a new host range. Vogt and Friis (1971) observed the 
spontaneous release of an A L V in some embryos , which they named 
R A V - O . Some cells that lack the antigen can nevertheless provide the 
helper function to defective R S V (Weiss, 1972; Hanafusa, 1972; Hana-
fusa et al., 1972). This may be due to the relatively insensitive tech-
niques used for the detection of the antigen, but it seems that most , if not 
all, embryo cells contain the genetic information for helping defective 
R S V and that the expression of this information is controlled by a regu-
latory gene (Hanafusa et al., 1972). 

By means of carcinogenic chemicals or ionizing radiation Weiss et al. 
(1971) succeeded in retrieving C type particles from normal chicken 
cells, whether they expressed chf and the antigen or not. This indicates 
that every normal chicken cell carries the information for an oncor-
navirus, but that its expression is controlled by regulatory elements. 

Molecular hybridization studies by Rosenthal et al. (1971) using the 
D N A product of R A V - 6 0 as a probe , indicated that both chf

+
 and chf" 

chicken cells contain the same number of D N A copies of R A V - 6 0 
R N A . A similar finding has been reported by Varmus et al. (1972a), 
who utilized the D N A product of R A V - O . Baluda (1972) and Baluda 
and Drohan (1972), who used the D N A product of avian myeloblastosis 
virus ( A M V ) , detected 2 - 4 genome equivalents in the cells of normal 
chickens, while after infection with A M V this number increased up to 
4 - 1 3 . Increase in the number of D N A copies after exogenous infection 
was also reported by Rosenthal et al. (1971). These results would sup-
port both the notion that normal cells contain genetic information for an 
oncornavirus (germinal provirus) and that upon infection with an ex-
ogenous virus a D N A copy (somatic provirus) of the viral genome will 
be made and integrated into the host genome. 

H a y ward and Hanafusa (1973) using a viral D N A probe observed 
that in chf

+
 cells only 3 -40 viral R N A molecules would be present , 

while in RAV-2-infected cells this number would be several thousand. 
In the case of the normal cells the virus-specific R N A showed less than 
5 0 % hybridization. These findings may indicate that only partial tran-
scription of the germinal provirus would take place and then at a low 
rate. 

B. Murine Leukemia Viruses 

T h e A K R mouse strain is a high leukemia strain that cannot be con-
verted into a disease-free strain by transfer of freshly fertilized eggs into 
low leukemia strains (Fekete and Otis , 1954). In 1951, G r o s s discov-
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ered a leukemogenic agent in this strain which led to the emphasis on the 
viral etiology of the disease. Introduct ion of G L V in other mouse strains 
does not lead to transmission by the gametes but only by the milk 
(Gross , 1962), which led Law (1966) to the conviction that in the A K R 
strain the virus is t ransmit ted as a genetic factor of the host . 

In primary cultures of A K R embryos only a few cells release infec-
tious M u L V (Rowe et ai, 1971). U p o n further passage the number of 
positive cells increases considerably, although it has been possible to 
isolate several clones that do not spontaneously release any virus. T h e 
virus can be retr ieved from these lines by either irradiation (X rays and 
U V ) or transformation by SV40 . It takes several passages before virus 
appears after the exposure to these carcinogens. 

Halogenated pyrimidines proved to be very efficient inducers of 
M u L V in these nonproducing A K R cell lines (Lowy et al., 1971). A 
great variety of carcinogenic and/or mutagenic chemicals have been 
tested by Teich et al. (1973) in this system, but they were ineffective or 
considerably less efficient than the halogenated pyrimidines. 

In analogy to the model we had developed for the genetic t ransmission 
of murine mammary tumor viruses, we postulated that several mouse 
strains would carry a germinal provirus for M u L V that ordinarily would 
be repressed except in the A K R strain, which would carry a mutat ion in 
the regulator gene (Bentvelzen et al., 1968). This model proved to be too 
simplistic in several respects . It seems that most cells will not release 
the virus spontaneously. T h e chance for a few cells to produce virus will 
nevertheless be considerably higher in the A K R strain than in the 
C 5 7 B L or other low leukemia strains. T h e regulatory system of the 
A K R therefore seems to be much weaker , although it can keep the virus 
unexpressed in most cells. 

T h e fact that mass cultures of A K R embryonic cells become prolific 
virus producers after several passages cannot be explained by the mere 
summation of cells that at one t ime or the other will start to produce 
virus spontaneously. T h e virus released by some cells will infect o ther 
cells in the culture, which then become secondary producers . T h e 
spread of virus seems to be an important factor in vitro, and probably 
also in vivo, because soon before birth and thereafter virus can be de-
tected in appreciable amounts in the A K R strain (Rowe and Pincus , 
1972). 

In crosses be tween A K R and C 5 7 L mice (a low leukemic strain), 
Taylor et al. (1971) obtained evidence that two "dupl ica te" genes would 
independently cause the appearance of the group-specific antigen of 
M u L V in the spleen as detected by complement fixation. R o w e (1972), 
who tested in similar crosses for the presence of infectious virus in the 
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tip of the tail, found also two genes that independently from each other 
can cause virus release. When embryos of such matings are tested in 
vitro for their inducibility of a M u L V , similar Mendelian segregation 
data were found as were found in vivo. 

All these crosses mentioned above have been done with mouse 
strains, which support to some extent the growth in vitro of N-tropic 
M u L V . Introduct ion of the dominant Fv-l

h
 gene, which causes resis-

tance to N-t ropic M u L V , also interferes with the expression of en-
dogenous N-t ropic M u L V to some extent . In hybrids be tween A K R and 
strains with the Fv-]

h
 gene, the virus of A K R appears several weeks 

later than in hybrids with Fv-l
n
 (Rowe and Har t ley , 1972). In the 

various backcrosses and test crosses of this study, incidences did not fit 
a clear-cut two-gene pat tern as found in crosses with Fv-l

n
 strains. 

Hilgers et al. (1972b) studied, by means of the immunofluorescence-ab-
sorption test, the presence of the group-specific antigen of M u L V in 
spleens of mice from segregating populat ions of crosses be tween the 
A K R and C 5 7 B L ( F v - /

b
) strains. T h e initial impression was that a 

single A K R gene controls the presence of this antigen. Hilgers et al. 
(1972b) observed the same for the high leukemia strain C 5 8 ( F v - /

n
) as 

compared to C 5 7 B L . Hilgers and Gales loot (1973) completed the 
studies on A K R versus C 5 7 B L with an additional backcross to the 
C 5 7 B L strain and then found a nice fit with a three-gene hypothesis . 
T w o independently dominant genes from A K R would cause release of 
M u L V , but their expression can be inhibited by the Fv-1* gene when 
homozygous . 

Rowe and Har t ley (1972) did not observe in vitro an influence of the 
Fv-1 locus on the activation of a M u L V by 5-iododeoxyuridine. It was 
concluded that this gene would only interfere with the spread of virus. A 
more quanti tat ive study is needed with various doses of I U d R and 
congenic lines differing only at the Fv-1 locus as have been developed 
by Axelrad (1968), Odaka (1969) and Lilly (1970b). In addition to tests 
for infectious virus with the X C tests (Rowe et aL, 1970), it might be 
worthwhile to look for the group-specific antigen by means of im-
munofluorescence as was done by Grolle et al. (1973) in studies on the 
induction of an oncornavirus by B U d R in rat cells. I would not be 
surprised if it was found that Fv-1 exerts some influence on the induc-
tion of endogenous M u L V . 

Halogenated pyrimidines can also activate the release of M u L V in 
B A L B / 3 T 3 cells (Aaronson et al., 1971b). In crosses be tween B A L B / c 
and noninducible N I H - S w i s s mice, one single gene of the B A L B / c 
causes inducibility of M u L V (Stephenson and Aaronson , 1972b). 

In the other high leukemia strain C 5 8 , more than two genes can cause 
the release of M u L V after exposure to I U d R (Stephenson and 
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Aaronson , 1973). T h e s e authors compared the biological activity of the 
induced virus from the C 5 8 and B A L B / c as measured by the number of 
plaques in the X C tes ts , the size of the plaques , and the quanti ty of 
reverse t ranscr iptase in the medium. T h e B A L B / c strain virus proved to 
be inferior in all three respects . T h e three propert ies segregated together 
in crosses of both strains with noninducible N I H - S w i s s . S tephenson and 
Aaronson (1973) interpret their findings to be that the observed genes 
represent viral structural information. It would be bet ter to explain their 
data to be that the detected genes are weak regulatory e lements , which 
are closely associated with structural viral information (proviruses). T h e 
latter entities can also be seen segregating in these crosses because of 
the nature of their corresponding regulatory genes. 

Ano the r line of research, which has led to the conviction that mouse 
cells contain genetic information for M u L V , has been the study of spon-
taneously transformed cells in vitro (Aaronson et al., 1969). Mass cell 
cul tures of murine embryonic fibroblasts rapidly transform, whereas cul-
tures that are passaged with low cell numbers (the so-called 3T3 regi-
men) retain their normal appearance (Aaronson and Toda ro , 1968). Sev-
eral t ransformed cell lines proved to produce C type particles (Aaronson 
et al., 1969). 

According to Toda ro (1972) and Lieber and Toda ro (1973) clones of 
transformed cells, which do not shed virus, can easily be induced by 
I U d R to p roduce a C type virus. In normal cells virus product ion after 
t reatment with the halogenated pyrimidine is a transient phenomenon , 
indicating resis tance of the normal cells to superinfection with their own 
endogenous virus. This " repress ion" is not so apparent in the t rans-
formed cells, since the virus cont inues to replicate (Todaro , 1972). 

It is not clear whe ther the released virus is causally associated with 
the t ransformed state of the cell. G r a d y and Campbel l (1973) demon-
strated that in t ransformed cells more transcription of nonrepet i t ive 
D N A takes place than in exponential ly growing normal cells. It is pos-
sible that release of endogenous virus is due to a specific general state 
of derepression in the transformed cell. 

T h e murine leukemia virus proves to be ubiquitous and can even be 
found in low leukemia mouse strains (Kajima and Pollard, 1968; N o -
winski et al., 1968; Har t ley et ai, 1969; Abelev and Elgort, 1970; 
Hilgers and Gales loot , 1973). T h e expression or release of M u L V in 
low leukemia mouse strains is often associated with aging (Hart ley et al., 
1969; Hilgers and Galesloot , 1973). Frequent ly , the expression of 
M u L V is incomplete (Huebner et al., 1970; H u e b n e r and Gi lden, 1972; 
Taylor et al., 1973), as was described for the chicken helper factor 
system by Weiss (1972) and Hanafusa (1972). 

In young mice from low leukemic mouse strains the appearance of 
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virus, or at least viral antigens, can be rapidly induced by t reatment with 
chemical antigens or ionizing irradiation (Gross and Fe ldman, 1968; Igel 
et al., 1969; Ball and McCar te r , 1971 ; G a r d n e r et al., 1971; Fowler et 
al., 1972). Often the expression of M u L V is incomplete after car-
cinogenic t reatment (Pasternak et aL, 1972). In molecular hybridization 
studies, using the D N A product of M S V as a probe , Tsuchida et al. 
(1972) obtained indications that irradiated N I H - S w i s s cells contain 
virus-specific R N A that does not represent the whole viral genome. 

T h e etiological role of the induced viruses in chemical or radiation on-
cogenesis is demonst ra ted by the inhibition of tumor development by ac-
tive (Whitmire and Huebner , 1972) or passive immunization (Balner, 
1971; H a r a n - G h e r a and Peled, 1972). T h e activation of M u L V (or at 
least its antigens) is quite remarkable by lymphocyt ic choriomeningitis 
virus (Oldstone et aL, 1971), graft versus host react ions (Hirsch et al., 
1970; Armst rong et al., 1972, 1973; Cornel ius , 1972), and host versus 
graft reactions (Hirsch et al., 1973. 

Vare t et al. (1973) observed that graft versus host ( G v H ) also pro-
motes leukemogenesis by infection with G i L V . H a y s (1972) is of the 
opinion, however , that virus appearance and subsequent leukemia devel-
opment in animals with G v H is due to transfer of unrepressed virus in 
the spleen cell inoculum. With regard to the host versus graft situation, 
Reid et al. (1972) observed that foreign skin grafts inhibited leuke-
mogenesis by either exogenous or endogenous M u L V . 

Hormona l activation of M u L V , or at least its group-specific internal 
antigen, has been reported by Chen et al. (1972) and Fowler et al. 
(1972). Dwarf mice, which have a genetic anomaly of the pituitary, have 
no M u L V group-specific antigen in their spleen in contrast to their 
normal l i t termates (Chen et al., 1972). Administrat ion of prolactin, 
which restores various functions in dwarf mice, also induces the synthe-
sis of this antigen. In the normal l i t termates the hormone induces the 
precocious appearance of the viral antigen. With regard to the dwarf 
mice, the D N A - d e p e n d e n t R N A synthesis is very depressed. This can 
be restored by the administration of prolactin. T h e induction of the viral 
antigen is therefore probably a nonspecific event , associated with a gen-
eral increase of protein synthesis. A n interesting observat ion in this 
study of Chen et al. (1972) is that the liver, even after hormonal stimula-
tion, does not produce the viral component . 

In uterine extracts of ovariectomized N I H - S w i s s mice no M u L V can 
be detected by complement-fixation or reverse t ranscriptase assay. Es-
trogenic t rea tment can induce the appearance of both viral e lements 
(Fowler et al., 1972). It is quite remarkable that in A K R mice uterine 
t issues are one of the richest sources of M u L V , although this is not as-
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sociated with a high incidence of uterine tumors (Rowe and Pincus, 
1972). 

In most studies on the activation of M u L V , there has been the implicit 
thought that only one type of virus would be induced by various treat-
ments . It seems, however , that B A L B / c mice " la tent ly" carries several 
C type viruses with different host range and serotype (Hart ley et al., 
1970; Rowe et ai, 1972; Peters et al.. 1972; Aoki and Toda ro , 1973). 

C. Mammary Tumor Viruses 

T h e notion that murine mammary tumor viruses may be genetically 
transmitted can be first found in a paper by Moore (1963) in which he 
tries to explain the erratic behavior of the Β particle in mice, which have 
been liberated from the virulent M T V - S by foster nursing. 

More serious background for the hypothesis of genetic t ransmission of 
M T V was the observat ion by Mühlbock (1965) that in the G R mouse 
strain a virulent M T V is t ransmitted by the male to its offspring. In the 
other high mammary cancer strains, male transmission is a rare event 
(Mühlbock and Bentvelzen, 1968). When the G R strain virus (MTV-P) 
is introduced into other mouse strains, no transmission by the male takes 
place. The re is a close association be tween the G R genome and M T V - P 
with regard to male transmission. Gene t ic analysis of this characterist ic 
proves it to be controlled by a single dominant gene (Bentvelzen, 1968a, 
1972b; Mühlbock and Bentvelzen, 1968; Bentvelzen and D a a m s , 1969). 
T h e virus proves also to be transmit ted by the ovum (Zeilmaker, 1969), 
a phenomenon that is controlled by the same gene as male transmission 
(Bentvelzen, 1968a, 1972b). Cell-free extracts of G R liver and brain can 
transfer M T V - P , but extracts of the same tissues from B A L B / c mice 
carrying either M T V - P or M T V - S are negative (Bentvelzen and D a a m s , 
1970). 

T h e low oncogenic virus ( M T V - L ) harbored by C 3 H f mice is also 
transmitted by either parent at concept ion (Pitelka et al., 1964). W e ob-
served that in crosses of C 3 H f to the low mammary cancer strains O 2 0 
and C 5 7 B L the expression of M T V - L is repressed which is caused by a 
single dominant gene (Bentvelzen and D a a m s , 1969, 1973). T h e 
B A L B / c strain, which does not have an overt expression of an M T V at 
a young age, also does not inhibit the release of M T V - L . T h e B A L B / c 
genome even seems to enhance the oncogenic activity of M T V - L . In 
contrast to the less susceptible C 3 H f mouse strain, B A L B / c mice 
cannot transmit M T V - L by the sex cells. This indicates that the C 3 H f 
strain has a genetic system solely concerned with this mode of vertical 
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transmission, and the most economical hypothesis was that M T V - L is 
t ransmitted as a genetic factor of the host. Nand i (1972) came up with 
a sophisticated hypothesis that the C 3 H f embryos would be extremely 
susceptible to M T V - L , whereas the newborns would be less susceptible. 
H e postulates a similar phenomenon for the case of M T V - P . Although 
this hypothesis cannot be completely ruled out , it need not to be taken 
all too seriously. It fails, among other things, to explain the infectivity 
observed in extracts of G R livers and brains (Bentvelzen and D a a m s , 
1970). 

Results of crosses be tween C 3 H f and B A L B / c proved that the trans-
mission and release of M T V - L are controlled by a single gene. This gene 
is located in the same linkage group as the gene for transmission of 
M T V - P in the G R strain (Bentvelzen and D a a m s , 1969, 1973). In the 
test cross B A L B / c x (C3Hf x G R ) F X a few virus-negative mice were 
noted. T h e incidence was too low to be explained by location of the 
wild-type alleles of the respect ive t ransmit ter genes on different chromo-
somes. It was postulated that these virus-free mice resulted from 
crossing-over be tween the two respect ive t ransmit ter genes, giving rise 
to a ch romosome with the two corresponding wild-type alleles that do 
not allow virus release (Bentvelzen and D a a m s , 1973). In this cross 
5 5 % of the animals proved to carry M T V - P and 4 1 % to carry M T V - L . 

These results strongly suggest Mendelian segregation of the two virus 
types in this cross . It could signify that mouse chromosomes can carry 
genetic information for viral propert ies . Definite proof for the existence 
of murine proviral genes can be obtained when recombinat ion is ob-
served between the t ransmit ter (regulator) genes and structural genes 
coding for viral propert ies . 

T h e spontaneous release of M T V was regarded as an abnormal situa-
tion, and it was assumed that in the " n o r m a l " low mammary cancer 
strains a proviral form of M T V would be present , whose release was 
repressed (Bentvelzen, 1968a). Trea tment of the resistant strain O 2 0 
with X irradiation and ure thane led to the activation of a virulent 
M T V (Timmermans et aL, 1969). This procedure was not as successful 
in the C 5 7 B L strain, where only MTV-specific antigens were found in 
the hemopoiet ic t issues of carcinogen-treated C 5 7 B L mice (Bentvelzen, 
1972b). Inoculation of "virus-free" mice with blood from irradiated 
C 5 7 B L mice led to a significant acceleration of mammary tumor devel-
opment , suggesting that at least a blood cell-bound form of M T V has 
been activated (Boot et aL, 1971). Recent ly, J. Links, O. Toi , F . 
Buijs, and J. Calafat (unpublished results , 1973) observed that kidney 
cultures of baby C 5 7 B L mice release Β particles after t rea tment with 
methylcholanthrene. 
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Varmus et al. (1972b) found in D N A - D N A hybridization studies 
using M T V D N A product as a reagent that cellular D N A of both G R 
and C 5 7 B L tissues contain the same number (90) of M T V D N A copies 
per cell. 

Since the O 2 0 and C 5 7 B L strains are ra ther resistant to superinfec-
tion with M T V - S (Bentvelzen and D a a m s , 1969; Bentvelzen et ai, 
1970b), it was assumed that a classical repressor interferes with both the 
release of endogenous virus (transcription of a germinal provirus) and 
with the replication of administered virus. Especially with regard to ex-
ogenous virus, the inhibition is far from absolute , but the replication is 
considerably less than in susceptible mouse strains (Bentvelzen, 1968b). 

A n interesting observat ion is that very old C 5 7 B L mice (2 -3 years 
old) also release MTV-specific antigens in their hemopoiet ic t issues 
(Bentvelzen, 1972b). Using M T V D N A product as a probe Schlom et 
al. (1973) occasionally detected MTV-specific R N A in several t issues of 
carcinogen-treated or old C 5 7 B L mice. T h e y did not observe detectable 
amounts of virus-specific R N A in similar t issues of control mice. Bishop 
et ai, (1973) claims to have found, with a somewhat similar methodol-
ogy, appreciable amounts of M T V - R N A in the mammary glands of 
C 5 7 B L , although considerably less than, for instance, in the G R mouse 
strain. T h e difference in quanti ty of M T V R N A seems to be controlled 
by a single gene. 

T h e differences between both groups may be due to a less sensitive 
method used by Schlom et al. (1973) or to a different D N A probe. 
During reverse transcription in vitro the whole genome would not be 
copied. It is possible that the two groups have worked with copies of dif-
ferent par ts of the genome. If so , than in normal mammary glands only a 
part of the C 5 7 B L germinal provirus would be transcribed, and after 
carcinogen t rea tment or aging, the whole genome. In that case the 
C 5 7 B L strain would be comparable to chf

+
 in chickens. 

T h e B A L B / c strain has been widely used in M T V research because 
the strain was claimed to be virus-free but extremely susceptible to 
superinfection with any kind of M T V . Hageman et al. (1972) succeeded 
in isolating a virulent M T V from mammary glands of old retired 
breeders of this strain. It induces a high incidence of early arising tumors 
upon inoculation into young B A L B / c mice. Spleen cells of old B A L B / c 
mice of either sex can also transfer this virus, which we have called 
M T V - O (Bentvelzen et ai, 1970b). Since this virus can also be detected 
in germ-free mice, it can be excluded that the virus in B A L B / c mice is 
due to a latent infection after horizontal t ransmission. Fur the rmore , ac-
cording to D a a m s and Hageman (1972), M T V - O has a unique antigen 
not found in any other M T V strain with which they have worked. 
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T h e genetic factor(s) that inhibits the release of endogenous virus in 
young B A L B / c mice does not repress the release of M T V - L in hybrids 
with the C 3 H f strain (Bentvelzen and D a a m s , 1969). T h e hybrids of 
C 3 H f with o ther low cancer strains, such as O 2 0 and C 5 7 B L , show a 
considerable inhibition of M T V - L expression (Bentvelzen and D a a m s , 
1969; Hilgers and Galesloot , 1973). On the other hand, the C 3 H f strain 
gene(s), which allows the release of endogenous M T V - L , does not 
evoke the spontaneous product ion of M T V - O by the B A L B / c genome 
in the hybrid (C3Hf x B A L B / c ) F x. 

Hilgers and Galesloot (1973) are of the opinion that the classical work 
by Rowe and Har t ley (1972) on the influence of the Fv-1 locus on the 
expression of endogenous M u L V can be used as a model for the 
problem mentioned above. I am arrogant enough to believe that the 
reverse holds t rue. T h e situation in the B A L B / c strain is a beautiful ex-
ample of position effect. T h e inhibiting factor of B A L B / c acts only upon 
that provirus with which it is in a eis position. It does not affect tran-
scription of the M T V - L provirus with which it is in a t rans position. It 
also does not affect the transcription of the somatic provirus established 
after infection with endogenous M T V - O . 

T h e C 5 7 B L and O 2 0 strains contain an overall repressor , which af-
fects not only the release of their own M T V but also expression of that 
provirus with which the regulatory element of the "wi ld- type" strains 
occurs in trans position. It also influences expression of somatic pro-
viruses. In our past publications we assumed that the C 5 7 B L and O20 
strain repressor would inhibit transcription of either provirus. It is very 
well possible that this overall repressor acts on the level of translation 
(see Fig. 4). 

T h e gene of the G R for release of M T V - P is not inhibited by genes 
from ten different mouse strains (Bentvelzen, 1968a, 1972b, unpublished 
results , 1972). O n e possibility is that the G R strain is mutated at the 
proviral operator gene. In the case of a translational control by the 
overall repressor , this mutation must then also be expressed in the 
released R N A because otherwise virus expression could be inhibited at 
this level. This may be true, since the G R strain virus (MTV-P) repli-
cates considerably bet ter in C 5 7 B L mice than M T V - S . A n alternative 
possibility is that the site-specific regulator gene of the G R is mutated, 
giving rise to transcription of the provirus and that in addition the 
provirus carries such a mutat ion that it is not recognized by the overall 
repressor of various mouse strains. W e assumed that the G R strain would 
synthesize the overall repressor , since it proved to be resistant to su-
perinfection with M T V - S (Bentvelzen and D a a m s , 1969). T h e observed 
resistance can also be explained by interference of resident M T V - P with 
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superinfecting M T V - S . Molecular biological tools are available 
at present to investigate the new model , which has been presented in 
Fig. 4. 

In a study of six quite genetically different mouse strains, a good cor-
relation was observed in susceptibility to spontaneous ure thane and viral 
carcinogenesis of the mammary gland (Bentvelzen et ai, 1970b; Bent-
velzen, 1972b). This signifies that the same genes control susceptibility 
to all three modes of tumorigenesis . It supports the notion of the all-viral 
etiology of this malignancy and the ubiquity of the germinal provirus of 
M T V . 

IX. General Discussion 

Thus, it appears probable that within a few years the existence of a provirus of 
DNA and of RNA oncogenic viruses will be demonstrated. The problem of the 
inhibition and induction of viral functions of course remains. This is to my mind one 
of the key problems of cancer research (A. Lwoff, 1972). 

Dur ing the last three years , ample evidence has been collected for the 
one-time controversial theory by Temin (1964) that for transformation 
and also replication of an oncornavirus a D N A provirus will be made, 
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which will be integrated into the host genome. Highlights in this respect 
have been the discovery of reverse t ranscriptase (Temin and Mizutani, 
1970; Baltimore, 1970) and infectious D N A (Hill and Hillova, 1972). 
The finding of infectious M S V D N A by Karpas and Milstein (1973) also 
proves the existence for a somatic provirus for M S V . 

Although no exper iments on infectious D N A have been reported as 
yet for any of the other three oncornavirus groups , the ubiquity of 
reverse t ranscriptase infers that a provirus would be made for each of 
them. Since D N A synthesis is needed for the establishment of infection 
with avian leukosis viruses (Duesberg and Vogt , 1969; Vigier, 1970) 
and the murine leukemia viruses (Bentvelzen et aL, 1974), it is also very 
likely that for these groups of viruses integration of a D N A provirus is 
needed for replication. 

It will be obvious that the establishment of a somatic provirus is not 
the sole answer to the problem of neoplastic convers ion of cells by on-
cornaviruses . Probably sarcoma viruses transform every cell species 
they are able to infect, although the rate of establishment of a virogenic 
relationship is considerably higher than that of transformation (Kotier, 
1971). Leukemia viruses replicate well in fibroblasts, but will rarely con-
vert this kind of cell, except for the notorious cell line of Hacke t t and 
Sylvester (1972). This irregularity may be explained by the fact that the 
cell line is already in such a high "exci tat ion s t a te" with regard to t rans-
formation that it needs little stimulation to be pushed over. 

In his still controversial protovirus theory, Temin (1972) postulates 
that rare transformation of fibroblasts by leukemia viruses may be ex-
plained by integration of the (somatic) provirus in a usually forbidden 
site or by association of the viruses with cellular episomal elements , 
called pro to viruses, which gives rise to the establ ishment of genes for 
neoplastic transformation. A n association such as this may have oc-
curred when passage of an avian sarcoma virus in rat cells gave rise to 
an altered virus with a high efficiency for transformation of rat cells (Alt-
aner and Temin, 1970). 

Several leukemia viruses can rapidly transform hemopoiet ic cells in 
vivo and in some instances also in vitro. O n e may hypothesize that in 
such cells integration sites are available for the leukemia proviruses, 
which are usually not accessible to them in fibroblasts. This assumption 
will be very unlikely, since from RLV-infected hemopoiet ic s tem cells 
either transformed erythroblasts or untransformed cells of the other 
hemopoiet ic series (Brommer, 1972) may be derived. In the case of the 
forbidden-site hypothesis , this would mean that upon differentiation into 
the erythroid series the somatic provirus may switch to the forbidden 
site. F o r other differentiation signals the provirus would stay at its place. 
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This hypothesis is highly untenable , and I therefore assume that epigen-
etic factors strongly influence the transforming activity of the somatic 
provirus of the leukemia viruses. 

T h e epigenetic control is presumably at the translational level, since 
transcription of the whole somatic provirus takes place. A n alternative 
possibility is that in cells, which are not permissive for the transforming 
activity of a given oncornavirus , complete translation of the transcript 
takes place but that the "oncogene p r o d u c t s " must interact with cellular 
genes , which are expressed following, for instance, hormonal stimula-
tion. 

T h e mouse mammary tumor system is the most beautiful example of 
epigenetic control of the expression of somatic proviruses . In the hemo-
poietic t issues only a subviral form of M T V can be found. It will be of 
u tmost importance to investigate whether transcription of the whole 
provirus takes place. Molecular hybridization studies, using the D N A 
product of M T V as a probe , will certainly give an answer to this 
problem and will have a bearing on the epigenetic control of the t rans-
forming action of murine leukemia viruses. 

In the section on endogenous oncornaviruses , ample evidence has 
been presented that chickens have genetic information for an A L V and 
mice for M u L V and M T V . It is not likely that reverse t ranscriptase 
plays a role in the genetic t ransmission of oncornaviruses as has been 
suggested by various authors . We , as well as other workers , have never 
observed that infection with another oncornavirus would lead to its 
genetic t ransmission instead of the endogenous virus. Mendel ian seg-
regation ratios that have been observed in various studies cannot be 
expected in the aforementioned case , since the enzyme might then cause 
100% transmission. Integration of the germinal provirus into the sex 
cells may have taken place several million years ago (Gilden, 1972), but 
since then, the germinal provirus has been a stable genetic element that 
has coevolved with the host. This germinal provirus seems to be neutral 
to several mutat ions , as becomes obvious from the great variation in 
several traits among the endogenous mammary tumor viruses that I have 
been studying. The re will only be selection against the spontaneous 
release of a virulent mammary tumor virus. 

Fac to rs , which control the incomplete expression of germinal pro-
viruses as in the chf situation, are poorly unders tood. W e have hypothe-
sized that for the cont inuous release of infectious virus the reverse 
t ranscriptase may play a great role (Bentvelzen and D a a m s , 1972). After 
temporary release of viral R N A following carcinogenic t reatment , the 
enzyme could make a new somatic provirus , which can be inserted at a 
different site out of reach of the specific repressor . It is also possible that 
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such a system exists for the incomplete expression of the germinal 
provirus. T h e enzyme will certainly play a great role in the horizontal 
spread of virus. 

In our initial theory on the genetic t ransmission of mammary tumor 
viruses, we assumed that low mammary cancer strains have a repressor , 
which inhibited the transcription of their own germinal provirus and also 
that of o ther strains in various hybrids . This repressor would also cause 
resistance to superinfection by interfering with the replication of ex-
ogenous virus. Studies on the B A L B / c strain have led to a new insight 
that there are site-specific repressors and overall repressors . T h e first 
category inhibits only the transcription of that provirus , with which it is 
in a eis position. T h e overall repressor has a qualitative effect on the 
expression of every kind of provirus. I t remains to be established 
whether it exerts this on the level of transcription or translation. I as-
sume that the two A K R strain genes, which control the inducibility of 
M u L V , are site-specific regulatory genes. Thei r dominance is explained 
by the fact that the alleles from the low leukemia strains cannot repress 
proviruses in t rans position. Yoshikura (1973a) postulated that the Fv-1 
locus would produce a repressor , which would affect either N - or B-
tropic viruses with regard to their replication. In that case it would be 
comparable with the overall repressor of the mammary tumor virus 
system. An objection to this hypothesis may be that Fv-1 does not seem 
to influence the inducibility of M u L V by halogenated pyrimidines in 
vitro (Rowe and Hart ley, 1972). Possibly, the t rea tment in their studies 
has been so harsh that both types of regulatory e lements have been inac-
tivated by the compound. D o s e - r e s p o n s e studies may reveal another ad-
ditional relationship in compatible Fv-1 types than in incompatible ones . 

In chickens, a dominant mendelian factor has been found, which 
causes the release of the group-specific antigen of the avian tumor 
viruses and some other at tr ibutes. This factor probably reflects a muta-
tion in a site-specific regulatory gene of the germinal provirus of 
R A V - O . Since the overall regulatory gene is not mutated, no excessive 
susceptibility to superinfection may be anticipated. Release of viral coat 
material may even cause resistance by interference at the level of pene-
tration (Payne et al., 1971). 

Cri t tenden et al. (1973) detected a recessive gene that causes release 
of the viral antigen and also susceptibility to superinfection. This factor 
may be a mutation in the overall regulatory gene. 

T u m o r virological research has gained impetus by the oncogene hy-
pothesis by Huebne r and Todaro (1969). One of the stimulating aspects 
of this hypothesis was the realization that no complete expression of the 
virogene (germinal provirus) is necessary for the development of a 
tumor. One of the serious shortcomings of this theory is that it a ssumes 
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every tumor to be caused by one and the same oncogene. Indeed, the 
avian and murine transforming viruses (sarcoma viruses) can also cause 
many different types of tumors , but in reverse not every tumor needs 
necessarily to be caused by one and the same virus. Mühlbock (in Bent-
velzen, 1972b) observed a great variation in susceptibility to spontane-
ous tumors be tween the many inbred mouse strains he had in his colony. 
Some strains display a great susceptibility to hepa tomas , others to pul-
monary tumors , and so on. It is very likely that different oncogenes with 
their associated regulatory elements are responsible for these strain dif-
ferences. T h e finding by Aoki and Toda ro (1973) that different C type 
viruses can be induced in B A L B / c cells plead for this conviction. 

X. Epilogue 

Some tumor virological research is being done for agricultural reasons , 
but most investigations on oncogenic viruses are financed by medical 
institutions. T h e quest ion that is warranted , is what relevance the animal 
models contr ibute to the solution of human cancer problem. F r o m this 
chapter , it will be obvious that many different neoplasms in two very dif-
ferent groups of ver tebrates are caused by an oncornavirus . In several 
other species oncornaviruses have been detected, and these have not 
been reviewed in this chapter . In my opinion it would be extremely arro-
gant not to believe in the causat ion of various human neoplasms by on-
cornaviruses . This does not imply that oncogenic D N A viruses would 
not play an important role in human cancer. 

T h e present review has outlined numerous pitfalls in the work with 
oncornaviruses , such as defectivity; passengers ; incomplete expression 
due to epigenetic factors; phenotypic mixing; genetic recombinat ion, es-
pecially following t ransspecies transfer; interference; host range limita-
t ions; and most importantly, noninfectivity in cell-free form. 

The re is, with few except ions , no evidence for the infectious nature of 
cancer in man, although epidemiological investigations in this respect 
will be hampered by the anticipated protracted latency period of viral 
carcinogenesis . T h e emerging theory that every chicken or mouse 
carries genetic information for oncornaviruses will be extremely helpful 
in unders tanding the natural history of human cancer . T h e realization 
that such genetically t ransmit ted viruses are often incompletely ex-
pressed is of ex t reme importance. T h e insight that animals and probably 
also man carry their own tumor viruses in their hereditary material may 
cause the pessimistic view that nothing can be done in te rms of preven-
tion, since these viruses cannot be eradicated. T h e animal studies show, 
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however , that no t rue tolerance exists to the inborn viruses, and that in 

some noteworthy cases immunological manipulations either delay or 

sometimes even inhibit the development of spontaneous tumors in high 

cancer strains. 

It is certainly necessary to investigate further the relationships 

between virus and host genome in the animal models , but the most im-

portant is the study of the immunobiology of naturally occurring oncor-

naviruses. 
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I. Introduction* 

Role of the Cell Surface 

T h e surface plays a crucial role in the biology of a single cell, and also 

in the interplay of cell with cell, contributing to and molding the orga-

nismic whole . Of particular interest in the present context are those phe-

* Abbreviations used: GlcNH 2, glucosamine; GlcNAc, N-acetylglucosamine; RSV, 
Rous sarcoma virus; ts, temperature-sensitive; UV, ultraviolet light. 
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TABLE I 

Cell Functions Mediated by the Surface 

Function 

Modified by 
neoplastic 

transformation Selected references 

Enzyme activity 
Various 
Adenyl cyclase 

Proteases 

Glycosyl transferases 

Transport systems 

Interaction with viruses 

Interaction with agglutinins 
Lectins 
Polymers of basic amino acids 

+ 
+ 

+ 
+ 

+ 

+ 

+ 
+ 

Antigenicity 
Blood group substances 

H-2 antigens + 
HL-A antigens + 

Tissue-specific antigens + 

Fetal antigens + 
Forssman antigen + 
Immunoglobulins + 

Interaction with immune system 
Immunogenicity + 

Reaction with immune 
lymphocytes 

Reaction with macrophages + 
Reaction with cytotoxic sera + 

Reaction with complement 

Emmelot and Benedetti, 1967 
d'Armiento et al., 1972; Anderson 

et al., 1973 
cf. Burger, 1973 
Roth and White, 1972 

cf. Holley, 1972; Kalckar et al., 1973 

cf. Allison, 1971; Krizanova et al., 
1971; Taylor et al., 1971 ; Drzeniek, 
1972; Sturman and Takemoto, 
1972; Weiss, 1973 

Inbar et al., 1972; cf. Burger, 1973 
cf. Inbar et al., 1972 

Pann and Kuhns, 1972; Dimmock 
et al., 1972; Hakomori et al., 1972 

Klein, 1971, 1972; Lilly, 1971 
Reisfeld et al., 1971; Osoba and 

Falk, 1974 
Boyse and Old, 1969; Dickinson 

et al., 1972; Iyje et al., 1972; cf. 
Tillack, 1972; Snell et al., 1973 

Alexander, 1972 
Hakomori and Kijimoto, 1972 
Alsenberg and Bloch, 1972 

cf. Haughton and Nash, 1969; cf. 
Klein, 1971 

Wekerle et al., 1972 
Hibbs, 1973 
cf. Haughton and Nash, 1969; cf. 

Klein, 1971; Kurth and Bauer, 
1972 

Müller-Eberhard, 1972 
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TABLE I (continued) 

Function 

Modified by 
neoplastic 

transformation Selected references 

Growth, contact inhibition 
Of movement 
Of mitosis 
Of progression through 

cell cycle 

Morphogenesis 
Cell recognition 

Adhesion 
Intercellular junction 
Formation 

+ Abercrombie, 1967 
+ cf. Martz and Steinberg, 1973 

+ cf. Dulbecco, 1971 

+ cf. Lilien, 1969; Roth et al., 1971; 
Pessac and Defendi, 1972 

+ cf. Weiss, 1973 

+ cf. Goodenough and Gilula, 1972 

Interaction with regulatory 
molecules 
Hormones 

Acetylcholine 

Krug et ai., 1972; Amir et al., 1973; 
Lesniak et al., 1973 
Patrick et al., 1972; Sytkowski 
et al., 1973 

nomena that are greatly modified during neoplastic convers ion by on-
cogenic viruses. T h e illustrative information set out in Table I indicates 
the wide range of phenomena involved. It will be the assumption of this 
discussion that specific molecules at the surface of cells carry out the 
various functions here tabulated. In some cases , this postulate rests on 
very few, but intriguing, observat ions; in others the data have conver ted 
hypothesis to established fact. 

T h e working model for the cell surface derives from that proposed by 
Singer and Nicolson (1972). T h e p lasmalemma is considered to com-
prise a fluid lipid phase into which are inserted structural and functional 
proteins and glycoproteins, the distribution of which is subject to contin-
ual quantiative and qualitative modification during growth and develop-
ment. A central problem in the present considerat ion is the mechanism 
whereby the cell surface is formed from its const i tuent building blocks. 
There is considerable information on the general pat terns of synthesis of 
neutral lipids (Spector, 1972), phospholipids (McMurray and Magee, 
1972), sterols (Rothblat , 1972), glycolipids (cf. Roseman , 1970), proteins , 
and glycoproteins (cf. Schachter and Roden, 1973) by animal t issues. 
But little is known about the react ions by which individual cells generate 
these components and mold them into a functioning plasmalemma. 
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Of specific importance will be the synthesis and incorporation into the 
cell surface of glycolipids and glycoproteins. It will be assumed that de 
novo synthesis of these molecules by the various fibroblast types dis-
cussed proceeds by procedures already established. In the case of the 
glycolipids, the sugars are added stepwise to a preformed ceramide base 
through the action of specific glycosyl transferases (cf. Roseman, 1970). 
T h e protein of glycoproteins is synthesized on polyr ibosomes and there, 
upon completion, accepts the first sugar residue. Once again carbohy-
drate residues are added sequentially by specific sugar-transferring en-
zymes , as the glycoprotein is t ranspor ted through the Golgi apparatus to 
its site at the cell periphery (cf. Schachter and Roden, 1973). Our own 
studies on the synthesis of surface glycoprotein by mouse fibroblasts are 
in accord with the general aspects of the latter model, since t reatment of 
cells with puromycin or cycloheximide brings rapid inhibition of forma-
tion of peptide and oligosaccharide moieties (Sheinin and Onodera , 
1970). 

This chapter will address itself to the following quest ions: (i) What are 
the modifications to the metabolism of surface molecules, which are 
inflicted upon cells by their infecting viruses? (ii) U n d e r what condit ions, 
can these modified pa thways become stablized, thereby producing a per-
manent alteration of the cell surface? (iii) In what way do the oncogenic 
viruses resemble , or differ from, their nononcogenic counterpar ts in 
their effects on cell surface metabolism? 

II. Interactions of Viruses with the Cell Surface 

A. Introduction 

T h e interactions of viruses with the surface of cells may perhaps be 
classified under three headings: (i) react ions by which an infecting virus 
is permit ted entry into the cell; (ii) react ions by which newly replicated 
virus is permit ted exit from the cell; (iii) react ions of biogenesis of the 
integral plasma membrane (Singer and Nicolson, 1972) and its periph-
eral components which are directly or indirectly modified as a result of 
virus infection. 

This chapter will concern itself primarily with class (iii) phenomena, 
for these appear to offer the most suitable target for oncogenic conver-
sion. T h e many processes embraced under classes (i) and (ii) are dis-
cussed elsewhere (Allison, 1971; Pos te , 1970; Kr izanova et al., 1971; 
Dales , 1973a,b; Medzon , 1973). Of these, the action of viral neuramini-
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dases (cf. Drzeniek , 1972) may be relevant, and will be commented 
upon below. 

A s noted in Tables II and I I I , the genome of many viruses carries in-
formation that directly, or indirectly, results in modification of the 
metabolism of molecules at the surface of the host cell. T h e ingenuity of 
many investigators has been employed in isolating virus strains, a major 
expression of which is seen in this function, normal or mutant (Ghen-
don, 1972; Vogt , 1972; Roizman et al, 1973). Such variants are 
known to occur in nature (Poste , 1970; Ichihashi and Dales , 1971; 
Ichihashi et al., 1971; Naga ta et ai, 1972; Higashi , 1973; Roizman et 
ai, 1973; Dales , 1973b). Many more undoubtedly remain to be discov-
ered, and perhaps even to be produced. 

B. Action of Enveloped Viruses 

T h e most profound direct effects on the synthesis and turnover of the 
p lasmalemma is to be observed in ver tebrate cells infected by enveloped 
viruses. These microorganisms contain a core of nucleoprotein sur-
rounded by the capsid proteins, which in turn are encased in a mem-
branous envelope. T h e genome of enveloped viruses codes directly for 
the synthesis of proteins and glycoproteins of the viral envelope mem-
brane, which resembles in many ways the membranes of host cells 
(Guidott i , 1972). So close is the structural analogy that the biogenesis of 
viral membrane has been taken as a most effective model for the genera-
tion of cellular membrane (cf. Dales and Mosbach , 1968; Ben-Porat and 
Kaplan, 1972; David , 1973). 

T h e same general picture emerges from the study of myxoviruses , 
paramyxoviruses , rhabdoviruses , herpesviruses , poxviruses , and oncor-
naviruses (Eiserling and Dickson , 1972; see also references cited in 
Tables I I and I I I ) : 

(i) T h e virus genome codes directly for the formation of specific pro-
teins of the viral membrane , while perhaps only indirectly contributing 
to the composit ion of the lipid moiety. 

(ii) Viral envelope polypeptides and glycoproteins are synthesized 
within the cytoplasm of the cell and are then t ranspor ted from the 
machinery of synthesis to the site of maturat ion (be it nuclear or cy-
toplasmic). 

(iii) Viral envelope proteins become associated with membrane lipid 
either before, or in the process of, becoming a par t of the membrane site 
of maturat ion. 
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TABLE II 

Vertebrate DNA Viruses Affecting Cell Surface 

Class 

Cell surface modification 

Species 
(selected 

Genome 
size 

(xlO6 

Natural host 

Tumor 
examples) daltons) Replication formation 

Cells 
transformed Envel-

in vitro ope 
During transformed 

replication cells Selected references 

Poxvirus Vaccinia 100-200 Cattle 

Rabbit fibroma Rabbit 

Yaba Monkey 

Unknown (U) U 

U Rabbit 
(cottontail, 
domestic) 

Monkey Primate, 
human 

u 
+ 

Dales, 1973: Dales and Mosbach. 
1968 

Shope, 1966 

Tsuchiya and Rouhandeh, 1972 

Herpesvirus Herpes simplex, 
type 1 

Herpes simplex, 
type 2 

100 

Epstein-Barr 

Lucke' 
Marek's disease 

Human 

Human 

Human 

U 

Human 

Frog Frog 
Chickens, Chickens 

turkeys 

Hamster0 

Hamster" 

Human, + 
Marmoset 

U + 
U + 

+ 
+ 

Heine et al., 1972; Roizman et al., 
1973; Nahmias et al., 1972; 
Tevethia et al., 1972; Rapp, 
1973 

Heine et al., 1972, Roizman et al., 
1973, Nahmias et al., 1972. 
Rapp, 1973 

Klein, 1972; zur Hausen, 1972 

Klein, 1972 
Klein, 1972; Nazerian, 1973 



Adenovirus Human 20-25 Human U Hamster. + + Schlesinger. 1969; Vasconcelos-
human Costa et al .. 1973 ~

Canine Dogs U U U <
Swine Swine U U U ;;

C
Papillomavirus Shope 5 Rabbit Rabbit U U + Shope. 1966 00

Human Human Human U U + Butel, 1972 ~
(benign) 0

0Equine Horse Horse U U + Fulton et al .. 1970 ;;
(benign) n

>
Papovavirus Polyoma 2-3 Mouse U Rodent + + Habel. 1965; Klein. 1971 ~

SV40 Monkey U Rodent. + + Hayry and Defendi, t 970; (5
Human cf. Sambrook, 1972 Z

>
Parvovirus Minute virus of 2 Mouse U Mouse" U U cf. Crawford. 1969 Z

mice 0
adeno- ~

associated ~
virus Z

00
~

(l Observed with UV-irradiated virus (Rapp, 1973). Ii One unconfirmed observation. 0
~

~
>
~

0
Z

w
~
~
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TABLE III

Enveloped Vertebrate RNA Viruses Affecting Cell Surface

Cell surface modified
Genome Natural host

Species size Cells In
(selected (x 106 Tumor transformed Envel- During transformed

Class examples) daltons) Replication formation (in vitro) ope replication cells Selected references

Myxovirus Influenza 2-5 Primates, Unknown (U) U + + U Eiserling and Dickson, J972; Rott
birds et al.. J972; Cornpans, J973

Fowl plague Birds U U + + U

Paramyxovirus Simian virus 5 6-8 Monkeys U U + + U Kingsbury, 1972
Sendai Mouse, U U + + U Bachi et al.. J973

pigs
Sindbis Birds U U + + U Bose and Brundige, J972
Measles Human U U + + U Knight et al.. J972
Mumps Human U U + + U Kingsbury, J972
Newcastle Birds U U + + U Kingsbury, J972

disease

Rhabdovirus Vesicular 3-4 Swine, U U + + U Howatson, J970; Kingsbury, J972

stomatitis cattle,
Rodents, :=

0
dogs 00

Rabies Rodents, U U + + U Howatson, J970; Higachi, 1973 tTl

dogs 00
:t
tTl

Oncornavirus Mouse JO-12 Mouse Mouse U + + + Bentvelzen, 1972; Dalton, J972 Z
mammary Z



B type
C type Murine ~

leukemia- <
sarcoma 10-12 Mouse Mouse Rodent, + + + Aoki et al.. 1973 ~ Mann et al.. ~

~
human 1973 ~ Salzber et al.. 1973 c

Feline
en

leukemia- ~

sarcoma Canine Cat Feline, + + + Boone et al.. 1973 0
0

canine. ~

~

human n
Avian >
myeloblastosis Avian Bird Avian + + + ~

<5Rous sarcoma Avian Chicken Avian, + + + Rao et al.• 1966~ Quigley et al.; Z
rodent, 1972 ~ Robinson and Robinson, >human 1972 Z
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(iv) Viral envelope proteins can be detected (by biochemical and im-
munological methods) as an integral component of the p lasmalemma of 
infected cells before virion maturat ion begins. 

(v) T h e surface biology and biochemistry of host cells is profoundly 
altered when viral envelope proteins are inserted into the plasma mem-
brane. This is reflected in an altered immunopathology and in the reac-
tion of infected cells with lectins. 

Thus enveloped viruses can modify the reactivity of cells by coding 
for the synthesis of specific proteins and glycoproteins which become an 
integral part of the cell surface. T h e myxoviruses , and some of the 
paramyxoviruses , are potentially effective in such functions by virtue of 
the fact that they carry a neuraminidase as a virion component (cf. Drze -
niek, 1972). T h e s e enzymes have the ability to remove sialic acid from 
complex carbohydrate residues at the cell surface, thereby altering 
the immunological, biochemical, and biophysical propert ies of cells, 
their capacity to react with neighboring cells, and their progression 
through metabolic events of the cell cycle (cf. Weiss , 1973). 

C. Action of Nonenveloped Viruses 

Unlike the enveloped viruses, those without a l ipoprotein-glycopro-
tein coat appear not to have a direct effect on the synthesis of molecules 
that become a part of the plasma membrane or other membranous cell 
const i tuents . They may, however , indirectly bring about the turnover of 
membrane components , particularly in association with infection and 
release of virus from cells (Allison, 1971; Poste , 1970; Dales , 1973a,b; 
Medzon, 1973) or with transmission of virus from cell to cell. 

As noted above, these phenomena will not be discussed further be-
cause they do not appear to provide a mechanism for the stable alter-
ation of the surface of surviving cells. 

D. General Considerations 

When one considers the biological consequences of cell surface modu-
lation by viruses, it is clear that most instances of product ive infection 
are of little direct relevance to the phenomenon of viral oncogenesis 
because the affected cell dies. There are , however , at least three types of 
virus-cel l interaction in which host cells would survive, but with virus-
determined biochemical alteration of the cell surface. These include (i) 
cells which have established a carrier state and continue to bud off 
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complete or defective enveloped virions from the cell surface (e.g., Brad-
burne and Tyrrel l , 1971; Howat son , 1970; Lunger and Clark, 1972; 
Mat sumoto , 1972; Higashi , 1973); (ii) abortively infected cells in which 
are expressed those functions determining synthesis and movement to 
the surface of viral envelope proteins (cf. Pos te , 1970); and (iii) cells in-
fected with virus that is a mutant in some terminal function of the 
replication cycle, but which does express those functions that modify the 
cell surface (e.g., Naga ta et ai, 1972). 

These observat ions are especially important in assessing the potential 
for oncogenic convers ion by viruses. T h e y lead to an appreciat ion of a 
major difference be tween oncogenic and nononcogenic viruses, even 
within the same class. T u m o r viruses can function as donors of genetic 
information (perhaps even as t ransducing agents) (cf. Luria, 1959). Cells 
that survive infection by the oncogenic viruses and undergo stable t rans-
formation are known to carry virus D N A as an integral part of the 
chromosomal D N A (Winocour, 1971; Sambrook, 1972; Temin, 1972; 
Toda ro and Huebner , 1972; zur Hausen , 1972, 1973). This would 
provide a fourth, and perhaps most efficient, method whereby surface 
metabolism of host cells could be stably modified. 

III. Oncogenic Viruses 

A. Introduction 

W e now know that virus transformation is a two-step process anal-
agous to that illustrated in Fig. 1. Gene t ic transformation, which results 
from incorporat ion of virus genetic material into the chromosomal 
D N A , is necessary but not sufficient to produce a neoplastically t rans-
formed cell. It requires in addition phenotypic expression of a virus 
function which ultimately modifies the surface of the affected cell. It is 
the cell surface that embodies a key lesion of neoplastic transformation, 
for it mediates those phenomena of cell-cell interaction that underlie 
both normal and cancerous growth and development (see Table I). 

T o unders tand the mechanism of oncogenesis by viruses, it is of im-
por tance to establish which, if any, virus genes part icipate in neoplastic 
conversion and how these interact with genes for cell surface biogenesis. 
A t the biochemical level the problem becomes one of defining the chemi-
cal basis of the physiological surface modification to permit identifica-
tion of the metabolic processes involved. 
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FIG . 1. Model for neoplastic transformation by oncogenic viruses. 

B. Genetic Considerations 

There seems little doubt that genetic information for modulation of 
cell surface macromolecules is carried by the genome of oncogenic 
viruses. Such a conclusion derives from the following observat ions: (i) 
Infectious nucleic acid, isolated from highly purified virus, brings about 
transformation both in vivo and in vitro ( I to, 1962; cf. Crawford, 1969; 
cf. Sambrook, 1972; G r a h a m and van der Eb , 1973). (ii) Infection and 
transformation by these viruses is sensitive to high energy irradiation 
and mutagenic chemicals (cf. Sachs , 1967; Eddy , 1969; Sambrook, 
1972; Vogt , 1972). Because the capacity for viral replication is more 
sensitive to these damaging agents than is the ability to transform cells, 
it seems likely that information for the latter function resides only in a 
segment of viral genome, (iii) Recent ly a correlation has been es-
tablished be tween the nucleic acid composit ion of various isolates of 
R S V and their capacity to replicate and/or transform host cells (cf. 
Duesberg and Vogt , 1973). (iv) Some of the surface alterations charac-
teristic of transformed cells are expressed early in cells infected produc-
tively or abortively, by oncogenic virus (Ben-Bassat et ai, 1970; Häyry 
and Defendi, 1970; Girardi and Defendi , 1970; Hakomor i et al., 1971, 
1972; cf. Eckhar t , 1972; cf. Benjamin, 1972). (v) Mutants of these 
viruses have been isolated [polyoma (cf. Eckhar t , 1972; Benjamin, 
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1972; Sambrook, 1972), Rous sarcoma virus (cf. Vogt, 1972), and 
murine leukemic-sarcoma virus (cf. Vogt , 1972; McCar t e r et al., 1974)] 
which cannot transform cells under nonpermissive condit ions and which 
elicit specific, virus-determined cell surface changes only under permis-
sive condit ions. 

Clearly, there is ample data implicating the virus genome as the 
repository of information for neoplastic transformation. T h e problem to 
be posed concerns the nature of this information. D o e s it code for spe-
cific molecules that are continually elaborated and incorporated into the 
plasma membrane? Or does it simply provide for alteration of the pat-
tern of regulation of cellular metabolic pa thways? 

Somatic cell genetics , not yet at a stage that is amenable to sophis-
ticated analysis, has permit ted the isolation of cell variants that do shed 
light on the present problem. Many rever tants of virus-transformed cells 
have been isolated and studied at the genetic, physiological, and biochem-
ical levels (cf. Macpherson , 1971 ; Wyke , 1971; N o m u r a et al., 1972; 
Sambrook, 1972; Stephenson et al., 1973; Y a m a m a t o et ai, 1973). 
Some were free of detectable virus genome, indicating the essential con-
tribution of virus. Howeve r , o ther rever tants did still carry virus genetic 
information but were phenotypically normal . These observat ions 
suggested a delicate interplay of virus and cellular genome in main-
taining the transformed state. 

Temperature-sensi t ive variants of virus-transformed cells have been 
obtained that do not express the transformed cell phenotype at the non-
permissive tempera ture (Noonan et al., 1973; Renger and Basilico, 
1972). A s far as can be ascertained, the virus genome remained as-
sociated with these cells and appeared not to be tempera ture sensitive. 

These studies suggested that the virus genome coding for transforma-
tion does so through interaction with cell genetic information that deter-
mines s tructure and function of surface molecules. With the early dem-
onstrat ion that virus genome acts in this way, one turned with some 
confidence to seek out its biochemical expression. A s will be noted 
below, the experimental harvest was bountiful in the ex t reme, proving 
something of an embarrassment . It became increasingly difficult to 
account for the very large number of changes observed in association 
with virus transformation with the available genetic repository. 

This is particularly so in the case of the smaller papil loma and papova-
viruses [and even adenoviruses (see Tables II and I I I ) ] , with genome 
molecular weights of 2 to 5 x 10

6
 dal tons. This relatively small amount 

of D N A , which must code for some seven (or more) virion and non-
virion proteins (cf. Sambrook, 1972), is unable to accommodate each 
component change shown in Tables I and I V , if indeed each depends 
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upon the expression of an unique virus gene sequence. T h e available 
genetic analyses suggest that two gene products at most could serve this 
function (cf. Sachs, 1967; Eckhar t , 1972; Benjamin, 1972). 

C. Biochemical Studies 

T h e results obtained in studies designed to unders tand the biochem-
ical basis of the altered cell surface physiology associated with viral 
oncogenesis , are briefly summarized in Table IV . They embrace a large 
number of individual biochemical changes, from those involving terminal 
sialic acid residues at the extreme cell periphery inward to the internal 
plasma membrane components . 

Our own studies compare the surface s tructure of control 3T3 mouse 
fibroblasts, and those transformed by polyoma virus and SV40 , at the 
level of the glycoprotein at the ext reme periphery of the cell and the pro-
teins, glycoproteins, and glycolipids of the underlying plasma membrane . 
These two plasmalemma domains are most easily defined in terms of the 
model shown in Fig. 2. As suggested by Singer and Nicolson (1972) the 
plasma membrane is considered to be comprised of a lipid bilayer into 
which are inserted globular proteins and glycoproteins. T h e ext reme 
periphery, or surface component , of the cells can be defined as that por-
tion of the plasmalemma which is sensitive to t rea tment with enzymes , 
under conditions that leave the cells with the underlying plasma mem-
brane functionally intact with respect to the maintenance of cellular 
integrity and the t ransport of nutrients for survival. 

In our studies, trypsin has been used to define these two plasmalemma 
domains . T h u s , t reatment of cells with this enzyme (see Fig. 2) was 
shown to release surface glycoprotein from the ext reme periphery of 
cells. This left the underlying plasma membrane intact, as indicated by 
the fact that the plating efficiency of t reated cells was unal tered, as was 
their uptake of nonvital stains (cf. Onodera and Sheinin, 1970; Sheinin 
and Onodera , 1970). 

Figure 3 illustrates the operational definition employed for surface 
glycoprotein. It relies on the fact that 3T3 mouse fibroblasts (as well as 
most other animal cells), when grown to confluence, are in a pseudo-G-1 
phase of growth. If subcultured with trypsin, and plated at subconfluent 
concentrat ions, they will grow synchronously and immediately regener-
ate their surface glycoprotein. If such cultures are incubated with radio-
active G l c N H 2 at 12-13 hours post-plating, this precursor is preferen-
tially incorporated into surface glycoprotein. Such specifically labeled 
surface glycoprotein can be isolated, purified, and character ized (cf. 
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TABLE IV 

Biochemical Changes Observed in Surface of Virus-Transformed Cells 

Component affected Virus Selected references 

Glycoproteins at the periphery 
of the plasma membrane 

Polyoma, SV40 Wu et ai, 1969; Meezan et ai, 1969; 
Onodera and Sheinin, 1970; 
Greenberg and Glick, 1972; cf. 
Warren et ai, 1973 

RSV cf. Warren et al., 1973; Wickus and 
Robbins, 1973; Stone et al., 1974; 
Wickus et al., 1974 

Glycoproteins within the 
plasma membrane 

Py, SV40 Sheinin et al., 1971 ; Sakiyama and 
Bürge, 1972; Sheinin, 1972; 
Sheinin and Onodera, 1972 

RSV Wickus and Robbins, 1973; Stone 
et al., 1974 

EBV cf. zur Hausen, 1972 

Glycolipids Py, SV40 cf. Hakomori et al., 1972; cf. Sheinin, 
1972; Yogeeswaran et al., 1972; cf. 
Brady et al., 1973; Hammarström 
and Bjursell, 1973; Schengrund 
et al., 1973; Murray et al., 1973 

RSV cf. Hakomori et ai, 1971, 1972; 
Warren et al., 1972; cf. Sakiyama 
and Robbins, 1973 

Enzymes Polyoma, SV40 cf. Burger et al., 1972; cf. Johnson 
and Pastan, 1972 

RSV cf. d'Armiento et ai, 1972; Anderson 
et ai, 1973 

Sialic acid residues Polyoma, SV40 cf. Kraemer, 1971; 
1973; cf. Weiss, 

Schengrund et ai, 
1973 

Onode ra and Sheinin, 1970; Sheinin and Onodera , 1970). 
Preparat ions of underlying p lasma membrane , greatly depleted of sur-

face glycoprotein, were obtained using cells removed from their solid 
growing surface by gentle enzyme t rea tment (cf. Sheinin et ai, 1971 ; 
Sheinin and Onodera , 1972). Recent ly we have applied a procedure 
developed by Mr. Svein Carlsen (Ontario Cancer Insti tute) to produce 
plasma membrane preparat ions carrying almost all of the surface glyco-
protein (Sheinin et ai, 1973). 

W e have now studied in detail the surface glycoprotein fraction 
derived from 3 T 3 mouse fibroblasts, and derivative cells t ransformed by 
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F I G . 3. Operational definition for surface glycoprotein. When confluent cultures of 
normal and virus-transformed 3T3 mouse fibroblasts are subcultured at < 10

4
 cells/cm

2
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growing surface area, they grow synchronously and proceed to regenerate the surface com-
ponents released by trypsin treatment. If incubated with [

3
H]GlcNH 2 at 12-13 hours 

postplating, this precursor is very largely incorporated into surface macromolecules shown 
to be glycoprotein. (Onodera and Sheinin, 1970; Sheinin and Onodera, 1970; Sheinin 
et al., 1973). 
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polyoma and S V 4 0 viruses. T h e physiological propert ies of these cells 
(3T3-Py6, 3T3-SV479 , 3 T 3 - S V C E 5 6 , 3T3-SVA26) have been de-
scribed elsewhere (cf. Yogeeswaran et aL, 1972). T h e surface glycopro-
tein, as released from cells by sonic vibration and purified, was recovered 
as a soluble component , which remains in the supernatant after sedimen-
tation at 105,000 g for 3 hours . This fraction exhibited heterogeneity 
when examined by Polyacrylamide gel electrophoresis (cf. Sheinin et aL, 
1973), with a major fraction moving very slowly through the gels in the 
region of material having molecular weights in excess of 10

5
 dal tons. 

When subjected to sedimentat ion in neutral sucrose density gradients 
[ 5 - 2 0 % (w/w), 16 hours at 23,000 rpm at 2°C) the greatest proport ion of 
the surface glycoprotein exhibited an apparent molecular weight of 
about 62,000 daltons (Sheinin and Onodera , 1970). T h e surface glyco-
protein, excluded from beads of Sephadex G-200 , was barely included 
after t rea tment with 8 M urea (Sheinin et aL, 1973). 

T h e biochemical propert ies of the surface glycoprotein fraction of 
control and virus-transformed cells, uncovered to date , are summarized 
in Table V. Of part icular interest is the finding that all of the surface 
glycoprotein, as defined herein, is homogeneous in the nature of the link-
age be tween peptide and carbohydra te moieties. Its resis tance to alkali, 
and the enr ichment for asparagine (cf. Fröhl ich, 1972) in the protein 
suggest that this linkage is be tween an N-aspar tamido residue and a 
G l c N A c residue. Such a linkage is characterist ic of immunoglobulins 
and other glycoproteins found at the surface of animal cells (cf. 
Schachter and Roden , 1973). 

Compara t ive analysis of surface glycoprotein derived from 3T3 cells 
and from 3T3 cells t ransformed by polyoma and S V 4 0 viruses, revealed 
that these were not the same (Onodera and Sheinin, 1970). Preliminary 
amino acid analyses have uncovered no gross qualitative or quanti tat ive 
differences; however some quanti tat ive variations in carbohydra te con-
tent have been detected (Fröhlich, 1972). 

T h e latter findings are in general agreement with those of others (listed 
in Table IV) in which differences have been observed be tween glycopro-
teins at the surface of normal and virus-transformed cells. Although 
definitive evidence is still to be obtained, it has been suggested that the 
chain length of the carbohydra te residues may be shorter in the latter sit-
uation (Gr imes , 1970; Greenberg and Glick, 1972; Sakiyama and Bürge, 
1972; Warren et aL, 1973). 

F o u r kinds of exper iments were performed to compare the composi-
tions of surface glycoprotein-depleted plasma membrane preparat ions 
obtained from 3T3 cells and virus-transformed 3T3 cells. In the first 
purified plasma membrane preparat ions were fully solublized using S D S , 
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TABLE V 

Properties of a Purified Surface Glycoprotein Fraction from Control 
or Virus-Transformed 3T3 Mouse Fibroblasts 

1. Contains peptide and carbohydrate covalently-linked" 
2. Linkage is alkali-resistant

6 

3. Free of lipid, RNA, DNA« 
4. Constitutes no more than 0.2% of total cellular protein" 
5. Carbohydrate makes up approximately 26% of the weight percent (about 14% neutral 

sugar, 5% amino sugar, and 7% sialic acid)
0 

6. Carbohydrate contains GlcNH 2, galactose, mannose, fucose
6
, and sialic acid", but 

not glucuronic acid
6 

7. A full complement of amino acids is present with enrichment of asparagine and as-
partic acid

6 

8. Insensitive to hyaluronidase," sensitive to neuraminidase"
6 

"Sheinin and Onodera, 1970. 
b
 Fröhlich, 1972. 

mercaptoethanol , and heating. T h e solublized material was subjected to 
electrophoresis in Polyacrylamide gels to resolve some 30-odd pept ides , 
varying in molecular size from about 15 ,000-200,000 dal tons, (Sheinin 
et ai, 1971; Sheinin, 1972; Sheinin and Onodera , 1972). T h e summary 
data shown in Fig. 4 indicated that although the major peptide pat tern 
was similar for various plasma membrane preparat ions , nevertheless sig-
nificant differences could be observed. In the second group of studies, 
p lasma membrane harvested from cells generally labeled with radioac-
tive G l c N H 2 , to tag glycolipids and glycoproteins, were solublized and 
analyzed as noted above. Quite profound differences were observed 
be tween the normal and virus-transformed preparat ions (Sheinin, 1972; 
Sheinin and Onodera , 1972). It seems likely that the components here 
analyzed by their radioactivity were primarily p lasma membrane glyco-
proteins, although the presence of protein-associated glycolipid was not 
excluded. 

Protein of purified plasma membranes was obtained, solubilized, and 
analyzed by electrophoresis in Polyacrylamide gels. Once again the pep-
tide pat terns of the normal and virus-transformed cells were generally 
similar (Sheinin et al.t 1971 ; Sheinin, 1972; Sheinin and Onodera , 1972). 
H o w e v e r significant differences were observed. It was especially inter-
esting to note (Fig. 5) that the peptide pat terns for the plasma membrane 
preparat ions derived from the three S V40-transformed cells were remark-
ably similar, perhaps suggesting a primary expression of virus genome. 

A closer examination of the electrophoretic pat terns shown in Figs. 3 
and 4 reveals that the large molecular weight components (running at the 
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FIG . 4. Electrophoretograms of plasma membrane preparations of various 3T3 mouse 

cell types, analyzed in sodium dodecyl sulfate-containing Polyacrylamide gels. Plasma 
membrane preparations (depleted of surface glycoprotein) were obtained from 3T3-SV 
A26, 3T3-SV CE56, 3T3-SV 479, 3T3-Py6, and control 3T3 mouse fibroblasts. These 
were dissolved in sodium dodecyl sulfate plus mercaptoethanol and analyzed in Polyacry-
lamide gels as described elsewhere (Sheinin and Onodera, 1972). Material in 10 μ\ vol-
umes containing, respectively, 368, 432, 443, 327 and 250 /u,g protein was subjected to 
electrophoresis at 8 mA/gel for 5-6 hours. Intensity of staining with Coomassie blue, is 
designated as follows: most intense, solid black, decreasing density of stain by decreasing 
degree of stipling. Reprinted, with permission, from Sheinin and Onodera (1972). 

positive end of the gels with apparent molecular weight of > 10 5 daltons) 
are present in virus-transformed cells in lesser amount than in control 
3T3 fibroblasts. In addition, the low molecular weight protein compo-
nents , running at the negative end of the gels, are increased. 

T h e s e observat ions obtained with cells transformed by the D N A 
viruses, polyoma and SV40 , are in general agreement with those re-
cently seen in chick embryo cells relatively early after infection with 
various isolates of R S V (Stone et al., 1974), and under permissive con-
ditions with a ts mutant (Wickus et al., 1974). In addition, the latter in-
fection results in a decrease in the amount of another protein of much 
lower molecular weight [45,000 daltons (Wickus and Robbins , 1973)]. 

It seemed likely from our studies with G l c N H 2- l a b e l e d plasma mem-
brane preparat ions (Sheinin and Onodera , 1972) that the high molecular 
weight peptides affected in the course of transformation by polyoma and 
SV40 viruses are glycoproteins. This conclusion has received strong 
support from our recent studies (Sheinin et al., 1973), in which we have 
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FIG. 5. Electrophoretograms of lipid-extracted plasma membrane preparations of various 

3T3 mouse fibroblasts. Plasma membrane preparations (depleted of surface glycoprotein) 
were freed of lipid, dissolved in phenol-acetic acid and urea, and analyzed on Polyacryla-
mide gels containing acetic acid and urea, as described elsewhere (Sheinin and Onodera, 
1972). Preparations derived from 3T3-SV A26, 3T3-SV CE56, 3T3-SV 479, 3T3-Py6, 
and 3T3 cells contained, respectively, 40.0, 57.6, 56.8, 41.2 and 62.8 μ-g protein. Re-
printed, with permission, from Sheinin and Onodera (1972). 

been able to isolate presumably intact plasma membrane by direct pro-
cessing of cells on the growing surface, without trypsin t reatment . 
Plasma membrane so obtained from cells specifically labeled with 
G l c N H 2 in their surface glycoprotein gave profiles of electrophoresis 
in which the majority of the label was associated with one or two 
of the large molecular weight pept ides. 

These observat ions add weight to a conclusion drawn earlier (Ono-
dera and Sheinin, 1970), that transformation by polyoma and SV40 
viruses results in a change in glycoprotein at the ext reme periphery of 
the plasma membrane . In this context it is of interest to note that the 
analogous large molecular weight peptides of plasma membrane from 
chick embryo cells, which decreased as a result of transformation by 
R S V , also appear to be at the external surface of the cells, as indicated 
by the fact that they can be labeled using iodination with lactoperoxidase 
(Podluso et al, 1972; Stone et al, 1974; Wickus et al, 1974). 

T h e final series of experiments in our comparison of the plasma 
membranes of normal and virus-transformed 3T3 cells were concerned 
with the glycolipids, which appear to be concentra ted primarily in the 
plasma membrane of animal cells (Sheinin et al, 1971; Sheinin, 1972; 
Yogeeswaran et al, 1972, 1973). Assays of cell extracts , and extracts 
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of p lasma membrane , again revealed great differences be tween normal 
cells and those transformed by polyoma and S V 4 0 viruses. T h e data ob-
tained with one polyoma- and one SV40-transformed cell line were gen-
erally in accord with those reported by others (see Table IV) in that 
marked simplification of the ganglioside pat tern had occurred. However , 
two other SV40-transformed cell lines exhibited a complex pat tern sim-
ilar to that of control cells, but with a quanti tat ive difference. 

W e can as yet say little with precision about the chemical basis un-
derlying the differences observed be tween the glycoproteins and pro-
teins of the plasma membranes of normal and virus-transformed cells. 
Analyses of glycolipids does indicate that at least in some virus-trans-
formed cells the gangliosides have shorter and less complex carbohy-
drate chains, carrying fewer sialic acid residues. These observat ions and 
those of others are in accord with the hypothesis that formation of the 
more complex, highly sialyl-substituted gangliosides is modified in virus-
transformed cells (cf. Hakomor i et aL, 1972, 1974). Similar conclusions, 
but with less direct evidence, have been drawn with respect to the 
glycoproteins of such cells. 

IV. Virus Transformation: Its Relationship to Cellular Metabolism 
of Surface Molecules 

T h e extensiveness of the surface changes that accompany neoplastic 
transformation by viruses is evident from the data jus t described, as well 
as those summarized in Tables I and IV . A n accommodat ion of these 
myriad biochemical changes , with virus genome available for coding 
for cell surface modulat ion with transformation, may come from a con-
sideration of the postulate that integrated virus genome interferes with 
cellular regulatory processes that normally control the formation and 
turnover of surface molecules (Wallach, 1969). Such a model , shown 
in several forms in Fig. 6, would readily embrace the following obser-
vations. 

(i) Virus transformation is associated with the appearance of species-, 
t issue-, or even cell-specific surface al terations, which seem not to be 
mediated by virus genome (cf. Haughton and N a s h , 1969; cf. Alexander , 
1972; cf. Tillack, 1972). 

(ii) Cells that undergo virus transformation suffer a derepression of 
certain pa thways of surface molecule synthesis . These , normally opera-
tive in cells during embryonic life, are repressed during subsequent dif-
ferentiation (cf. Sachs , 1967; Boyse and Old, 1969; Hakomor i and 
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Virus Cell 

F I G . 6. Models for modulation of metabolism of surface molecules by oncogenic viruses. 
GP, gene product; i, for integration; t, for transformation. 

Kijimoto, 1972). T h e end products of such metabolic sequences , present 
on both embryonic and transformed cells, are embraced within the gen-
eral class of oncofetal antigens (cf. Alexander , 1972). 

(iii) During the in vitro growth of normal cells, the formation of 
plasma membrane const i tuents is carefully regulated such that the for-
mation of membrane phospholipids (cf. M c M u r r a y and Magee, 1972), 
neutral lipids (Bosmann and Winton, 1970; cf. Spector , 1972), glyco-
lipids (cf. Bosmann and Winton, 1970; Hakomor i et aL, 1972; Sakiyama 
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and Robbins , 1973), and glycoproteins (Bosmann and Winton, 1970; 
Onodera and Sheinin, 1970; cf. Kraemer , 1971; Nowakowsk i et al., 
1972; cf. Warren , 1972) assumes different pat terns throughout the 
growth cycle. Of importance is the finding that such a shift in metabolic 
activity is not exhibited by virus-transformed cells. 

(iv) Regulation of cell surface formation may be seen in the fact that 
the core plasma membrane is synthesized primarily at one stage of the 
cell cycle (Sheinin and Onodera , 1973; Pas ternak et al, 1974, whereas 
specific glycolipid (cf. Hakomor i et al., 1972; Warren et al., 1972; Sa-
kiyama and Robbins , 1973), glycoprotein (Sheinin and Onodera , 1973), 
and protein (Kiehn and Holland, 1970; Sheinin and Onodera , 1970, 
1973; cf. Warren , 1972; Pasternak et al, 1974) reactive groups appear to 
be inserted or mobilized at other, but equally specific, periods. Some prop-
erties of virus-transformed cells mimic those of cells which have not 
completed their full cycle of duplication (Shoham and Sachs , 1972; cf. 
Burger, 1973). 

(v) Norma l cells exhibit many of the propert ies of virus-transformed 
cells, if they are first subjected to very gentle t reatment with proteolytic 
enzymes (cf. Burger, 1973). Recent ly evidence has been obtained 
suggesting that in virus-transformed cells, p lasma membrane-associated 
proteases may be more active than in normal cells (cf. Burger, 1973; 
Schnebli , 1974). 

(vi) A number of agents are known which, in normal cells, evoke 
many of the pleiotypic surface alterations exhibited by virus-transformed 
cells (cf. Kram et al., 1973). In addition, virus-transformed cells selected 
for reversion with respect to one altered surface function can be at least 
partially rever ted with respect to others (Wollman and Sachs , 1972; 
Wright, 1973). 

V. Conclusions and Comments 

T h e model that invokes modification of cellular react ions of formation 
of cell surface, as a primary mechanism of phenotypic expression of in-
tegrated genome of oncogenic viruses, is an agreeable one. It permits 
one to consolidate what has often appeared to be an enormous amount 
of unrelated data showing great changes in surface physiology and bio-
chemistry as a consequence of virus transformation. It is no longer nec-
essary to try to force agreement from different cell types (at various 
stages of differentiation) t ransformed by the same, or even different, 
viruses. Clearly, if the virus genes of transformation code for a product 
that interferes at the level of regulation of cellular pa thways , then one 
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might expect to observe great variability depending upon the cell under 
study. Since major structural and functional cell surface molecules are 
glycolipids and glycoproteins (cf. Winzler, 1970), it is not surprising to 
find that the metabolism of these molecules is severely affected by trans-
formation. 

However , the key problems still remain unresolved. What is the virus 
gene product that so severely affects the metabolism of surface mole-
cules in transformed cells? And what is its primary biochemical target? 
T h e second question may prove to be the more difficult to answer , since 
the target may vary from cell to cell. Already a number of postulates 
have been proposed, none of which has proved entirely satisfactory. T h e 
metabolism of c A M P , with its extremely far-reaching consequences for 
growth and development , has received a great deal of attention (Burger 
et ai, 1972; Johnson and Pastan, 1972; Ot ten et ai, 1972), as have 
t ransport of nutrients and their regulation of metabolic events (cf. 
Holley, 1972). Recently the focus has shifted to regulation of function of 
surface-associated enzymes , the normal action of which may be to mod-
ulate surface s t ructure and function (Roseman, 1970; Roth et al., 1971; 
Roth and White , 1972; Burger, 1973). 

Perhaps the evidence may yet enforce the still very at tractive sugges-
tion (cf. Hakomor i et al., 1972) that the synthesis of the complex het-
eroglycopolymers (glycolipids and glycoproteins) is curtailed or modi-
fied by the virus gene product for transformation. This hypothesis rests 
directly on chemical evidence described above. In addition it leans on 
the physiological data concerning altered lectin-binding sites, receptors , 
antigen reactivity, cell-cell interactions of contact inhibition, adhe-
sion and junct ion formation, many of which are known to be mediated 
by glycoproteins and glycolipids of the cell surface (cf. Winzler, 1970; 
and references cited in Table I). In apparent support of this hypothesis 
have come studies on specific glycopeptidyl and glycolipid glycosyl-
transferases (Gr imes , 1970; D e n et al., 1971; Kijimoto and Hakomor i , 
1971; cf. Brady et al., 1973; Warren et al., 1972; Schengrund et ai, 
1973) which show that the level of activity of these enzymes is lower (to 
the extent of 2- to 11-fold) in virus-transformed cells as compared with 
normal cells. H o w e v e r whether the decreased enzyme activity is a 
primary effect of virus transformation, or results from feedback control 
or repression, is not at all clear. T h e variations in enzyme activity ob-
served are relatively small, considering the fact that the activity of 
g lycopept idyl -GlcNAc and sialyl transferases have been observed to 
vary by as much as 20-fold in 3T3 cells and 3T3-SV479 cells as they 
move through the cell cycle (R. Sheinin and H . Schachter , unpublished, 
1972). 
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Perhaps there is a common target in all cell types for the action of the 
genes of transformation of the oncogenic viruses. It is to be hoped that 
this will emerge from studies with normal and virus-transformed cell 
variants in which surface expression can be regulated by moving from 
permissive to nonpermissive condit ions. Similar expectat ions lie with 
revertants and re-revertants of virus-transformed cells (cf. Macpherson , 
1971; M c N u t t et al.y 1973; Y a m a m o t o et ai, 1973). 

Turning to the quest ion of the nature of the gene product for transfor-
mation, here too the possibilities may be several , depending upon the 
virus in question. F o r example , the simplest explanation for the action of 
genome of enveloped viruses is that a port ion of the information for viral 
envelope is t ransmit ted continuously in transformed cells, giving rise to 
the biogenesis of virion envelope as an integral part of the plasmalemma. 
Although this possibility cannot be ruled out as an essential component 
of the mechanism for cell surface modulat ion by the particular microor-
ganisms involved, it is made less likely by the following observat ions. 

(i) In the case of every tumor virus, neoplastic cells have been 
derived in which no t race of virus gene product can be detected. 

(ii) Virus mutants have been isolated [from R S V (Martin, 1970; 
Kawai and Hanafusa, 1971) and from polyoma virus (cf. Eckhar t , 1972; 
Benjamin, 1972)] in which the mutated gene does not define a virion 
peptide, but does determine a protein that is required for maintenance of 
the transformed cell phenotype . 

Our knowledge of the react ions of plasma membrane biogenesis are 
still rudimentary. N e w avenues of biochemical and biophysical analysis 
of the cell surface are now opening up. These , coupled with the powerful 
tools of virus mutants and somatic cell variants , should permit the devel-
opment of a clear picture of the synthesis , structural relationships, and 
structural-functional relationships of surface molecules. F r o m such 
studies will undoubtedly issue a sharper comprehension of the mecha-
nism of viral oncogenesis as it is expressed in modulation of the surface 
metabolism of host cells. 
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I. Introduction 

It is an interesting fact that one of the first animal viruses to be discov-
ered was Rous sarcoma virus, an oncogenic virus (Rous , 1911). T h e sci-
entific basis for oncogenicity of at least some animal viruses has there-
fore existed for well over half a century. In spite of this, however , a very 
long interval of t ime elapsed be tween the remarkable discovery of Rous 
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and the demonstrat ion of an association between viruses and any mam-
malian tumor. Bittner, in 1936, recognized that milk of mice of certain 
strains contained a transmissible " fac tor" etiologically related to the ori-
gin of mammary cancer. However , that this factor was in fact a virus 
was not clearly established until the report of Dmochowski in 1953. T h e 
pioneering work of Gros s (1951) that demonst ra ted the viral origin of 
leukemia in mice, while fulfilling the expectat ions of many workers , was 
received with considerable skepticism and viewed with doubt for several 
years . However , the two decades , since the classic report of G r o s s ap-
peared, have seen the definitive establishment of viruses as etiological 
agents of a variety of neoplastic diseases in animals of a number of 
species, including amphibians, reptiles, birds, and mammals , from mice 
to gibbon apes (see references in Dutcher , 1970). 

Viruses of a number of groups have been shown to produce tumors 
and/or cell transformation under laboratory condit ions. T h e herpesvirus 
group (Biggs et al., 1972) and the group of R N A viruses termed "oncor-
nav i ruses" by Nowinski et al. (1970) appear to include the agents of 
most virus-induced tumors of animals thus far studied. This discussion 
will emphasize the R N A tumor viruses and their role in the origin of 
neoplasia in animals and man. 

Dmochowski and his associates (1956, 1969; Dmochowsk i and Grey , 
1958) first demonst ra ted the presence of virus particles in the t issues of 
some patients with leukemia, lymphoma, and lymphosarcoma. T h e s e 
virus particles were morphologically similar to the virus particles 
responsible for murine leukemia. This observat ion raised the possibility 
of a viral etiology of human leukemia and lymphoma. T h e accumulated 
evidence from research of the past several years has strongly implicated 
viruses in the origin of at least some types of tumors in man, including 
leukemia, lymphoma, and a variety of solid tumors . Isolation of on-
cogenic viruses from human neoplastic tissues has , unfortunately, 
proved difficult and frustrating. F o r this reason, it has been necessary to 
apply knowledge gained from a variety of studies on the comparat ive 
propert ies of known animal tumor viruses to the problem of human 
neoplasia. It will be the aim of this chapter to describe some of the 
results of an integrated team research effort in a broad and multifaceted 
investigation of the relationship of viruses, particularly R N A viruses, to 
the etiology of selected human neoplastic diseases. T h e studies to be 
described are based on the simultaneous application of ultrastructural , 
biological, immunological, and biochemical methods to an investigation 
of viral etiology of human tumors and comparison with appropriate 
animal model systems. T h e goal of these studies has been to help close 
the gap between our understanding of the viruses of animal tumors and 
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the inferential data on human tumor cells in which virus involvement is 
suspected. 

II. Morphological Studies 

Since the initial observat ion of viruslike particles in the t issues of 
leukemic mice and of patients with leukemia (Dmochowski et aL, 1956; 
Dmochowsk i and G r e y , 1958), many laboratories have engaged in an in-
tensive electron microscopic search for virus particles in a variety of 
human and animal neoplasms. In the case of animal studies, comparison 
of morphological and biological findings have established the etiological 
role of type C virus particles (Dal ton et aL, 1966) in leukemia, lym-
phoma, and lymphosarcoma of rodents , ca ts , and gibbons. T y p e C virus 
particles have also been demonst ra ted to be the causat ive agents of a 
variety of sarcomas , including soft t issue sarcomas, fibrosarcomas, and 
os teosarcomas in animals of a number of different species, including 
nonhuman primates (Dutcher , 1970; Dmochowsk i and Bowen, 1973). 
T y p e Β virus particles (Dal ton et aL, 1966; Dmochowsk i et aL, 1967) 
have now been established as the etiological agents of mouse mammary 
tumors . 

Figure 1 (1 -41) shows a composi te electron micrograph of type C 
virus particles in normal and neoplastic t issues of animals of different 
species, including mice, ra ts , hamsters , and cats . T h e examples , selected 
from hundreds of observat ions of type C particles of different animals, 
illustrate the variation in the appearance of the type C virus particles in 
different t issue specimens and in different stages of maturat ion (Dmo-
chowski , 1970a). A similar composi te electron micrograph of type Β 
virus particles is shown in Fig. 2 (1 -41) illustrating the structural varia-
tion of type Β virus particles. 

Figures 1 and 2 also illustrate among the viruses of a particular 
morphological type, the essential similarity in the ultrastructural features 
of the virions and of their sites and modes of replication, no mat ter in 
what species of animals the virus particles are observed. Dal ton has 
pointed out (1972a,b,c), as confirmed by us , that special fixation permits 
observat ion of distinct and taxonomically significant differences in the 
intermediate membranes of budding murine, feline, and ESP-1 type C 
virus particles (Priori et aL, 1971a) which would not be apparent in most 
preparat ions. 

What then, is the situation in human tumor cells? Figure 3 illustrates 
some examples of the viruslike particles observed in human osteosar-
coma, rhabdomyosarcoma, leukemia and lymphoma. These viruslike 
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F I G . 1. Examples of type C virus particles from different species of animals, illustrating 
appearance of virions in various stages of maturation and some morphological variations. 
All virus particles are magnified x 1 0 0 , 0 0 0 . Type C virus particles from mice are shown in 
insets 3 , 4 , 5 , 7 , 8 , 9 , 10 , 1 1 , 12 , 15 , 16 , 17, 19 , 2 0 , 2 1 , 2 2 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 , 3 1 , 3 3 , 3 4 , 
3 5 , 3 7 , 3 8 , and 3 9 . Type C virus particles from rats are shown in insets 1 , 1 3 , 14 , 2 3 , 3 0 , 
3 6 , and 4 0 . Type C virus particles from hamsters are shown in insets 6, 18 , and 3 2 . Feline 
type C virus particles are illustrated in insets 2 and 2 8 . The appearance of a mature type C 
virion in chicken tissue is shown in inset 4 1 . Tissue specimens were prefixed in buffered 
3 % glutaraldehyde, rinsed in phosphate buffer, then post-fixed in buffered osmic acid. 
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F I G . 2. Examples of type Β virus particles from mammary tumor tissue, milk, or normal 
tissue of mice of various strains, illustrating morphological features and variations. All 
virus particles are magnified x 100,000. Specimens fixed as in Fig. 1. 

particles show some variation, but are well within the limits of variability 
seen among type C virus particles in animal t issues. A s a general conclu-
sion, it can be stated that these " h u m a n type C viruslike par t ic les" are 
morphologically indistinguishable from the type C virus particles in 
animals of various species. This s ta tement also applied to the viruslike 
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F I G . 4. Examples of type C and type Β viruslike particles in different samples of human 
milk, x 70,000. Specimens fixed as in Fig. 1. 

F I G . 3. Examples of type C viruslike particles in neoplastic tissues of a patient with 
leukemia (a), with lymphoma (b), with rhabdomyosarcoma (c), and of three different pa-
tients with osteosarcoma (d,e, and f ). x 60,000. Specimens fixed as in Fig. 1. 
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particles observed in the tumor t issues of women with breast cancer and 
in the milk of some normal women (Feller and Chopra , 1968; D m o -
chowski et al., 1969, 1972b). Examples of viruslike particles observed in 
human milk are shown in Fig. 4. A characterist ic feature in studies of 
t issues and milk of humans is the finding of viruslike particles resembling 
both type Β and type C virus particles. 

Thus , the results of morphological studies have demonst ra ted the 
presence of viruslike particles in t issues from human neoplastic diseases 
of the same diverse types as those known to be associated with R N A 
viruses in neoplasia of various types of animals. T h e s e include leukemia, 
lymphoma, and a variety of solid tumors . These findings have provided a 
basis for further studies on the relationship of viruses to human cancer , 
but two points of caution should be raised. T h e first point is that detec-
tion of virus particles in human tissues requires long and arduous search, 
and even then it is unsuccessful in a high percentage of specimens 
(Dmochowski , 1970a). In addition, it must not be forgotten that the 
presence of virus particles in human neoplastic t issues cannot be consid-
ered as the basis for establishing their oncogenic activity. Demonst ra t ion 
of oncogenicity or any other biological activity requires o ther experi-
mental approaches . In the case of human cancer , these approaches must 
of necessi ty be inferential. Regardless of its limitations, however , the ob-
servation of characterist ic viruslike particles in a human tumor specimen 
provides an excellent basis for directing further investigation of that 
tumor (Dmochowski , 1973b,c). 

III. Biological Studies 

T h e type C virus particles associated with leukemias and with sar-
comas of animals bear an important biological relationship to each other. 
Indistinguishable from each other morphologically and antigenically, 
leukemogenic and sarcomagenic viruses may infect the same host cell, 
leading to transformation of the cells and product ive infection which 
give rise to both types of virus progeny. T h e sarcoma virus has been 
shown to be defective (Huebner et al., 1966) and produces cell transfor-
mation without product ive infection in the absence of a helper leukemia 
virus. Cells t ransformed by sarcomagenic viruses or derived from virus-
induced sarcomas do not spontaneously release sa rcoma viruses, but can 
be induced to do so by superinfection with appropriate leukemia viruses 
or by cocultivation of the transformed cells with cells producing leu-
kemia viruses. 
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T h e observat ion of foci of morphologically altered cells in a mono-
layer culture infected with a sarcoma virus provides a biological pa-
rameter for the detect ion and quanti tat ion of sa rcoma virus activity in 
t issues of animals of different species. 

T h e characterist ic appearance of Soehner -Dmochowski virus-in-
duced transformation of mouse cells is shown in Fig. 5. Figure 5a illus-
trates the appearance of an uninfected control cul ture, and Fig. 5b 
shows the appearance of an infected culture with focal areas of transfor-
mation. 

Using the animal leukemia-sarcoma sys tem as a model , studies were 
carried out in an at tempt to induce or activate sarcomagenic activity in 
cells derived from selected human solid tumors . Cells derived from 
human os teosarcomas , f ibrosarcomas, and giant cell tumors of bone 
were taken at biopsy, dispersed with trypsin, and cultured. Growing cul-
tures of these cells were inoculated with fresh bone mar row aspirates 
from patients with different types of leukemia. T h e cocultures were 
maintained, subcultured when necessary , and observed for evidence of 
morphological changes. In a number of these mixed cultures, foci of 
morphologically altered cells appeared (Fig. 6). T h e changes appeared 
several weeks and at least five subcultures after cocultivation was ini-
tiated. Cells in the foci were picked and transferred, resulting in ap-
parently pure cultures of rapidly growing epithelial cells. Cells of un-
treated cultures grew slowly, retained their fibroblastic appearance , and 
never showed morphologic transformation (Fig. 7), except for one cul-
ture of giant cell tumor that spontaneously t ransformed some 50 subcul-
tures later. 

T h e morphologically transformed cells of these cultures exhibited 
many of the propert ies of malignant cells, including growth in semisolid 
agar and product ion of tumors in immunosuppressed mice (Maruyama 
and Dmochowsk i , 1973; Maruyama et aL, 1973; Dmochowsk i et aL, 
1973). Intensive electron microscopy of these transformed cells and 
their parent lines failed to reveal the presence of virus particles. Other 
studies, however , which will be presented elsewhere in this chapter , 
revealed the appearance of newly acquired biochemical propert ies that 
suggested partial activation of an R N A viral genome. 

Repeated a t tempts at inducing virus product ion in the transformed 
cells, the parental sarcoma cell lines, or in cells of cultures derived from 
breast tumors have been unsuccessful. T h e s e a t tempts included various 
types of t rea tment of the cultures such as 5-iododeoxyuridine, 5-
bromodeoxyur id ine , and other compounds shown to induce type C virus 
particle replication in cells of animal (Lowy et aL, 1971) and some 
human (Stewart et aL, 1972a,b) cul tures. 
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F I G . 5. A focal area (a) of 3T3 mouse fibroblasts transformed by Soehner-Dmochowski 
murine sarcoma virus. An uninfected control is shown in (b). x 100. 

F IG . 6. Cells of a culture derived from a human giant cell tumor of bone which trans-
formed following inoculation with bone marrow aspirate from a patient with acute lym-
phatic leukemia. Part of a focal area of transformed cells is shown, x 150. 

F IG . 7. Cells of the uninoculated parental culture of a human giant cell tumor of bone, 
which showed no morphological transformation, x 150. 
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IV. Immunological Studies 

T h e morphological similarity of R N A tumor virus particles in neo-
plastic t issues of animals of different species raises the quest ion of their 
possible antigenic relationships. R N A tumor virus particles appear to 
contain antigens of three different classes: type-specific antigens, group-
specific antigens shared by viruses of a single species (or within a 
species), and group-specific antigens shared by viruses of different 
species (Old et al., 1964; Geer ing et al., 1968). T h e s e classes over lap, 
and there is good evidence (Schäfer et al., 1969, 1972; Gilden et al., 
1971) that certain virion components may carry antigenic sites of more 
than one class. 

Immunological studies on virus-induced animal tumors have shown 
that tumors induced by the same oncogenic virus in animals of different 
species share common antigens. T h e s e antigens may be of several dif-
ferent types , including viral, tumor, embryonic , and heterophile, or 
Fors sman antigens (Dmochowski , 1973; Maruyama and Dmochowsk i , 
1974). Animals bearing virus-induced tumors may produce antibodies 
against some or all of these antigens (Dmochowski et al., 1972b; 
Hoshino et al., 1973). Cells of some virus-induced tumors may show the 
presence of viral antigens, even in the absence of demonstrable produc-
tion of virus particles. These antigens may provide specific means for 
detecting the interaction of the oncogenic virus with the host cell leading 
to malignant transformation. 

Extensive immunological studies have shown that sera of patients 
with different types of neoplasia contain antibodies to antigens of their 
own and homologous tumors . Fur ther , sera of some patients with a 
tumor of one histologic type cross-react with antigens in cells of tumors 
of different histological types (Priori et al., 1972). Such antibodies have 
been detected in the sera of patients with leukemia, with os teosarcoma 
(Morton and Malmgren, 1968; Priori et al., 1971b), with soft t issue sar-
comas , and with breas t cancer (Priori et al., 1972; Dmochowsk i et al., 
1972b). Extensive cross-react ions have been observed between os-
teosarcoma and breast cancer serum-cell combinat ions. T h e results of 
absorption of positive sera with appropriate material have demonst ra ted 
that the majority of these react ions are not due to heterophile, allotypic, 
or o ther tissue antigens. Fur ther , these results indicate that the reactions 
may reflect the presence of viral and/or tumor antigens in the cells of the 
human tumors examined. These antigens have not been positively iden-
tified as viral, however , and their t rue nature remains to be elucidated. It 
is interesting to note that some sera from patients with tumors of dif-
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ferent types give posit ive cytoplasmic fluorescence with type C virus-
producing animal cell lines. These react ions have not as yet been dem-
onstrated to be directly associated with virus particles. 

T h e results of recent studies have clarified the nature of the im-
munofluorescent react ion in the case of breas t cancer . They have added 
further support for the idea that human breast cancer is viral in origin 
and have indicated that the " h u m a n breast cancer v i rus" is antigenically 
related to the mouse mammary tumor virus. In an a t tempt to analyze the 
nature of the antibodies in sera of breas t cancer patients giving positive 
reactions with cytoplasmic antigen in breast cancer cells, an investiga-
tion was carried out in an a t tempt to find out whether these sera react 
with antigens in virus-producing cells derived from mouse mammary 
tumors . In initial s tudies, the indirect immunofluorescence test was used 
(Priori et aL, 1972). T h e results of these tests indicated the presence of 
antibodies in sera of some patients with breast cancer , of some of their 
relatives, and of some normal individuals which react with cells derived 
from mouse mammary tumors and which produce type Β virus part icles, 
type C virus part icles, or both types of virus particles. A typical im-
munofluorescent reaction be tween a serum of a patient with breast 
cancer and a type Β particle-producing mouse mammary tumor cell line 
is illustrated in Fig. 8a. F o r comparison, the reaction of this serum with 
cells derived from a human breast tumor is shown in Fig. 8b. 

T h e results of an extensive survey of these sera against various mam-
mary tumor cell lines are shown in Table I. Sera of 5 0 % of the pat ients , 
4 0 % of relatives of some of the pat ients , and 1 5 % of the donors reacted 
with cells of mouse mammary tumor cell lines producing type Β and 
type C virus particles. Absorpt ion of the positive sera with preparat ions 
of type Β virus particles removed the immunofluoreseent react ion, while 
t issues of normal mice, heterophile antigens, or human embryonic 
tissues failed to absorb out the activity. T h e s e results strongly indicated 
that the posit ive immunofluorescence react ions be tween human sera and 
mouse mammary tumor cells were due , at least in part , to viral antigens. 
In an a t tempt to answer this quest ion, the indirect immunoperoxidase 
technique was employed to determine whether the antigens reacting with 
antibodies in the sera of patients with breas t cancer were associated with 
type Β virions. A number of the human sera found positive with virus-
producing cells of mouse mammary tumors gave strong immunoperox-
idase react ions with mature and budding type Β virus particles of these 
cells. T h e s e observat ions strongly support the conclusion that human 
breast cancer is associated etiologically with a virus that is antigenically 
related to the virus of mouse mammary cancer . T h e extent and nature of 
this antigenic relationship is currently under intensive investigation. 
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TABLE I 

Summary of the Results of Immunofluorescence Tests of Sera of Patients with Breast Cancer 
and of Some of Their Relatives with Virus-Producing Cells of 

Various Mouse Mammary Tumors
0 

Mouse mammary tumor tissue cultures 

Patients No. 

B + C + B - C + B + C - B - C -

Patients No. RIII C3H/Z BALB/c C3H/f C57 X A F1 C3H/Z 

Early 5 0 2 3 2 4 0 
Middle 7 5 5 3 2 3 1 
Late 11 9 8 6 3 7 1 
Totals 23 14 15 12 7 14 2 

Relatives 
Early 1 1 0 1 0 0 0 
Middle 13 5 l

b 
2 4 8" 0 

Late 9 7 2
b 

6 7 5
C 

0 
Totals 23 13 9 9 11 13 0 

Donors 20 NT NT NT 8
d 

3 4 

Totals 8 3 4 

a
 See text for details. 
b
 One of these + sera was from one male relative. 

c
 Two of these + sera were from male relatives. 

d
 Cell line from DBA mouse mammary tumor was tested. 

V. Biochemical Studies 

A number of significant new avenues in studies of the role of viruses 

in human neoplasia have opened as a result of recent advances in the 

development and application of molecular probes . Particularly apparent 

among the newer biochemical approaches in viral oncology have been 

the characterizat ion of the complex, high molecular weight R N A 

F I G . 8. Fluorescence photomicrographs of type Β virus particle-producing mouse mam-
mary tumor cells (a) and of cells derived from a human breast cancer (b) fixed in acetone 
and treated with the serum of a patient with breast cancer. The reaction was developed 
with fluorescein-conjugated goat anti-human IgG. Note the strong cytoplasmic im-
munofluorescence given by this serum with both types of cells. The results of subsequent 
immunoperoxidase studies revealed that the reaction between the human serum and the 
mouse mammary tumor cells was due to labeling of type Β virus particles, (a) x 1200, (b) 
X750. 
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genome of oncornaviruses (Duesberg , 1968; Dmochowsk i , 1973a;); the 
discovery and characterization of viral RNA-dependen t D N A poly-
merase complexes (reverse t ranscriptase, Balt imore, 1970; Temin and 
Mizutani , 1970; Spiegelman et al., 1970; Gal lo , 1971); and the applica-
tion of molecular hybridization techniques to elucidation of genetic re-
latedness be tween viruses of different animal species (Spiegelman et 
ai, 1970; Haapa la and Fischinger, 1973). 

Our studies have combined these biochemical approaches with other 
experimental methods in an at tempt to obtain meaningful correlative 
data on viral genetic information in animal and human tumor cells. Ex-
tensive use has been made of the Soehner -Dmochowski rat bone tumor-
inducing virus (MSV-SD) that was derived from Moloney sarcoma virus 
(Soehner and Dmochowski , 1969; Dmochowsk i et al., 1972a). 
M S V - S D has the biological, biophysical, and biochemical propert ies 
characterist ic of the murine leukemia-sarcoma complex. T h e results of 
biophysical characterizat ion of M S V - S D virions and of their genomic 
R N A are illustrated in Fig. 9. T h e left-hand profile in Fig. 9 shows the 
characterist ic buoyant density of M S V - S D virions banded in an iso-
pycnic sucrose gradient. T h e peak fraction of radiolabeled virus particles 
is at a density of 1.164 gm/ml. R N A extracted from these particles and 
analyzed by rate zonal ultracentrifugation in sucrose gradients exhibits a 
mean sedimentation value of about 55 S as shown in the right-hand 
profile of Fig. 9. T h e R N A of M S V - S D , like that of o ther oncor-
naviruses, is unique in that the 55 S -60 S molecule is an aggregate con-
sisting of subunit components held together by hydrogen bonding (Dues-
berg, 1968; East et al., 1973). During maturat ion of M S V - S D virions, 
the genomic R N A undergoes a structural rearrangement (East et al., 
1973) that is character ized by a shift in buoyant density from 50 S to the 
heavier molecule. Studies now in progress suggest that different groups 
of R N A viruses may fall into at least three categories, depending on the 
mode of formation of the final aggregate genomic R N A molecule. This 
feature may be of future use in an at tempt at subgrouping of oncor-
naviruses. 

As an initial s tep in the biochemical characterizat ion of R N A from 
human tumor tissues or from transformed human cultures, the R N A of 
known animal tumor viruses was studied. F o r determination of the 
sedimentation characterist ics of R N A from animal R N A tumor viruses, 
virus-producing animal cell cultures were exposed to tritiated uridine, 
the released virus particles were purified, and the R N A was extracted 
and analyzed in rate zonal sucrose gradients (East et ai, 1973). Ex-
amples of typical sedimentation profiles of the R N A of two different 
animal viruses, M S V - S D (murine) and Crandell (feline) are shown in 
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FIG . 9. Biophysical characterization of Soehner-Dmochowski murine sarcoma virus 
(MSV-SD) and its genomic RNA. The left-hand panel shows MSV-SD virions concen-
trated from culture medium from a virus-producing rat bone tumor tissue culture and 
analyzed on an isopycnic sucrose gradient. RNA was extracted from these particles with 
sodium dodecyl sulfate and phenol and analyzed by rate zonal centrifugation on linear 
sucrose gradients. The sedimentation coefficient of 55 S was determined by comparison 
with three internal markers -18 S and 28 S ribosomal RNA from HeLa cells and 50 S 
genomic RNA of Newcastle disease virus. 

Fig. 10A and B. These values are characterist ic for these viruses and are 
reproducible over a very narrow range from experiment to experiment . 

T h e unique propert ies and relative ease of demonstra t ion of fast-
sedimenting R N A has led to the use of the presence of particles con-
taining such R N A as an important criterion to indicate the presence of 
R N A tumor viruses or their genetic expression in cells derived from 
human neoplasms. T h e human cell cul tures were exposed to tritiated 
uridine for extended periods (up to 5 days) . T h e t issue culture fluid was 
then concentra ted and the R N A extracted and analyzed by rate zonal 
centrifugation on sucrose gradients in the same manner as that used for 
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FIG. 10. Sedimentation profiles of RNA extracted from Soehner-Dmochowski murine 
sarcoma virus (A), from Crandell feline type C virus (B), and from particles released by 
cells of a culture of human osteosarcoma (C). The RNA was extracted and analyzed as in 
Fig. 9. 

the animal viruses. Figure IOC shows, for comparison with the animal 
viruses, the sedimentation profile of R N A extracted from a particulate 
fraction of tissue culture medium from a culture of human os teosarcoma. 
The typical profile of oncornavirusl ike fast-sedimenting R N A is appar-
ent in these results. 

T h e characterist ic sedimentat ion values obtained for several animal 
viruses are illustrated in the left-hand columns of Table I I . T h e sedimen-
tation values include those for both leukemia and sarcoma viruses of 
murine, feline, and simian origin as well as for mammary tumor virus 
particles and for type C particles of unknown oncogenicity. A rather 
wide distribution of sedimentation values of genomic R N A ' s was ob-
served, varying from 58 S for several of the viruses to 71 S for the type 
C virus particles from cells of a B A L B / c / D m mouse mammary gland 
culture. T h e sedimentation coefficients of fast-sedimenting R N A ' s from 
two viruses originating in human cells, R D - 1 1 4 and E S P - 1 , and from 
medium of selected cultures of cells derived from human neoplasms are 
shown in the right-hand columns of Table I I . T h e genomic R N A of 
R D - 1 1 4 virus had a sedimentation constant of 50 S, whereas ESP-1 
viral R N A gave a value of 6 4 S. 

Fast-sedimenting R N A ' s were also detected in the medium from a 
number of human neoplastic cell cul tures, which suggests the production 
of oncornavirusl ike nucleic acids by cells of these cul tures. T h e total 
number of counts in the region of indicated fast-sedimenting R N A ' s of 
course varies widely, depending upon the amount of virus or R N A 
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TABLE II 

Sedimentation Coefficients of RNA's from Selected RNA Tumor Viruses and 
from Human Tumor Cells in Tissue Culture

0 

Animal system 
cpm per 
culture 

S 
value Human system 

cpm per 
culture 

S 
value 

Murine viruses Candidate cancer viruses 
MuLV-Friend (C) 48,045 58 RD-114 160,260 50 
MuLV-Rauscher (C) 497,940 62 ESP-1 11,620 64 
MSV-SD (C) 1,309,240 58 
MSV-Kirsten (C) 326,562 58 
MSV-Moloney (C) 493,035 62 
MMT-DW (C + B) 191,055 58 
MMT-C3H (B) 25,795 58 Human tumor cells 
MMT-S (B) 1,875 68 Giant cell tumor of 662 55 
MMG-BALB/C (C) 8,997 71 bone (L) 812 68 

Fibrosarcoma (B) 634 68 
Osteosarcoma 198,923 71 

Feline viruses Osteosarcoma 93,090 71 
FeLV-Rickard (C) 70,675 58 Leukemia 4,415 64 
FeLV-Thielen (C) 19,620 64 
FeSV-Rickard (C) 145,007 62 
Feline-Crandell (C) 27,301 50 Cocultures 

Giant cell tumor of 1,583 55 
Simian viruses bone + leukemia (LG) 3,553 68 

SiSV-Marmoset (C) 50,642 64 Fibrosarcoma + 
SiMTV-MP (B2) 9,390 63 leukemia (BT) 14,820 68 

a
 Sedimentation values were obtained with RNA preparations extracted and analyzed 

by rate zonal centrifugation in sucrose gradients as described in the text. 

produced by the different test cul tures. It is of particular interest to com-
pare the R N A ' s obtained from the culture of a human giant cell tumor of 
bone (L) and from the culture of a human fibrosarcoma (B), with the 
R N A ' s obtained from cultures t ransformed after t reatment with bone 
marrow aspirates from patients with acute lymphatic leukemia ( L G and 
BT). Both parental cultures released particles containing fast-
sedimenting R N A , but at very low levels. T h e parental culture derived 
from the giant cell tumor of bone consistently showed two species of 
fast-sedimenting R N A with sedimentat ion coefficients of 55 S and 68 S. 
T h e parental culture derived from the fibrosarcoma produced a single 
species of 68 S. After t ransformation, these cultures produced R N A 
species of the same sedimentat ion values, but at three- to twentyfold 
higher levels, suggesting that genetic information contained in the 
parental tumor cells was activated during transformation resulting from 
t rea tment with leukemic bone marrow cells. 
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T h e observat ion of R N A ' s with sedimentat ion coefficients similar to 
those of R N A tumor viruses is merely suggestive of the presence of 
viral genomes in these cells. T h e R N A ' s must be further characterized 
before their identities can be firmly established. Molecular hybridization 
experiments are now in progress to determine whether the fast-
sedimenting R N A species released by human neoplastic cells have 
nucleotide sequences in common with the R N A genomes of mammalian 
R N A tumor viruses. 

These findings are particularly encouraging in view of the findings of 
Spiegelman and his associates of genetic information in human leukemia, 
lymphoma, and sarcoma tissues homologous to nucleotide sequences in 
Rauscher leukemia virus (Axel et al.y 1972; Hehlman, et al., 1972; Kufe 
et al., 1972). Similarly, Spiegelman et al. (1972) and D a s et al. (1972) 
have demonst ra ted common nucleotide sequences between mouse mam-
mary tumor virus genome and D N A from human breast cancer tissue. 
Schlom et al. (1971 , 1972) have further shown that particles in human 
milk which morphologically resemble type Β virus particles of mice also 
contain reverse t ranscriptase and high molecular weight R N A . This 
provided further evidence of viral origin of human breast cancer. T h e 
simultaneous detection of reverse t ranscriptase and high molecular 
weight R N A has been accepted as another major criterion for the pres-
ence of R N A tumor viruses or their genetic expression in animal 
and human tumors . Spiegelman and his associates (Axel et al., 1972; 
Hehlman et al., 1972; Kufe et al., 1972) Gal lo and his associates (1970, 
1971, 1972; Todaro and Gal lo , 1973) and investigators in our group 
(Allen et al., 1973; Bowen et ai., 1973) have shown the presence of 
reverse t ranscriptase and/or high molecular weight R N A in tissues 
from patients with leukemia, lymphoma, sarcomas of various types , and 
certain other tumors , including giant cell tumors of bone. W e have 
applied the simultaneous detect ion assay described in Schlom and 
Spiegelman (1971) to concentra ted fluid from a number of human tumor 
t issue cultures. Unfortunately, the results have been variable and the 
D N A counts in the 60 S to 70 S region of the sucrose gradients have 
been low, as presented in Fig. 1 1 A - C . T h e data in Fig. 11 illustrate 
three different experiments on material from a culture established from 
the bone marrow of a patient with acute lymphatic leukemia. A standard 
simultaneous detection assay was performed on concentra ted tissue cul-
ture medium from the culture. In each case a small peak of fast-
sedimenting D N A was observed, raising the possibility that the culture 
is releasing particles with some of the propert ies of R N A tumor viruses. 
T h u s , the application of molecular probes to the search for viruses in 
human neoplastic t issue has led to further evidence that viruses, with 
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F R A C T I O N NUMBER 

F I G . 11. Profiles of fast-sedimenting D N A obtained from the endogenously R N A -
dependent D N A polymerase reaction of three different preparations of cells from a tissue 
culture derived from the bone marrow of a patient with acute lymphatic leukemia. The 
reactions were carried out according to the "simultaneous detection" technique of Schlom 
and Spiegelman (1971). 

biochemical propert ies comparable to those of viruses associated with 
animal tumors , may be present in cells of human tumors . 

VI. Conclusion 

It can be concluded from the results presented and from the findings 
of many other investigators, that neoplastic diseases of various types in 
animals of a number of diverse species have a viral etiology. T h e on-
cogenic viruses etiologically associated with these neoplastic diseases 
exhibit morphological, biological, antigenic, biophysical, and biochem-
ical propert ies which show similarities and differences. Application of 
techniques and concepts developed in studies of animal viruses to the 
problem of human cancer has resulted in an accumulat ion of strongly 
suggestive evidence that some, and possibly many, different types of 
human neoplastic diseases may be associated with viruses taxonomically 
related to tumor viruses of other species. T h e covert nature that seems 
to distinguish the putat ive human tumor viruses from most oncogenic 
R N A viruses of animals is puzzling at the present t ime, but the future 
may, and very likely will, provide the key for unlocking the secret for 
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the isolation of tumor viruses from human tissues. Never the less , suf-
ficient inferential evidence exists at the present t ime which allows for a 
conclusion that the continuity of nature has been maintained in the viral 
etiology of many different types of mammalian cancer—from mice to 
men. 
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I. Introduction 

N o essential differences exist be tween animal and plant tumors . In-
deed one of the most important characterist ics of the tumor cell is its au-
tonomy: This is common to plant and animal tumor cells. This character 
is, in the case of plant tumors , relatively easy to demonst ra te by grafting 
the plant tumor on a healthy plant of the same genus. In this case a volu-
minous tumor is generally induced on the plant. Many other character-
istics are also common, such as relatively high proliferation ra te , chro-
mosomal abnormali t ies, and the ability of some tumor cells to migrate in 
the organism and to give rise to new tumors (metastasis) , but these 
points are generally considered less important than the ability of the 
tumor to escape the regulation system of the organism. Another impor-
tant proper ty of the animal tumor cells is "con tac t inhibit ion," which is 

427 
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not observed with plant cells because they possess polysaccharide cell 
walls. T h e purpose of this chapter is to describe different types of plant 
tumors and to compare their propert ies . 

II . Different Types of Tumors 

If we omit cell proliferation (such as insect gall, proliferation due to a 
Rhizobium, and so on) which, in fact, does not really represent au-
tonomous growth, three types of plant tumors may be described: those 
arising from the action of growth substances , those of genetic origin, and 
those induced by bacteria or viruses. These three types of tumors will be 
examined in detail below. 

A. Tumors of Hormonal Origin 

A long time ago it was discovered by Gau the re t (1959) that stem 
pieces of carrot , for example, t ransplanted in a medium containing 
growth substances such as auxin or naphthaleneacet ic acid at a suitable 
concentrat ion, give rise to a disordered proliferation of the cambium cells. 
U n d e r such conditions a callus is obtained which can grow indefinitely 
if t ransplanted regularly in a medium containing auxin. T h e morpho-
logical aspects of these calluses are very similar to those of t rue tumors , 
but when grafted on a whole plant of the same genus no proliferation 
occurs . This kind of disorderly proliferation can occur in many other 
plant t issues. When calluses obtained as described above are, after sev-
eral t ransplantat ions, placed on medium without auxin cell proliferation 
generally stops. However , in some cases , a small number of cells begin 
to divide and after 3 -4 weeks give rise to a voluminous callus that is 
able to grow in a medium without auxin (insensitive to auxin). These 
tissues are designed as "hab i tua ted" t issues (Fig. 1). If habituated 
tissues are grafted onto the stem of a plant of the same genus, tumor 
propert ies of this tissue are observed (Gauthere t , 1942, 1948, 1955, 
1957; C a m u s and Gauthere t , 1948a,b). Figure 2 shows a piece of habi-
tuated tobacco tissue grafted on a stem of N. tabacum with the corre-
sponding induced tumor. F r o m these observat ions it can be deduced that 
habituated t issues have been transformed and show tumor propert ies. 
According to Gau the re t (see Gauthere t , 1959) tumor transformation is 
completed by the ability of the tissue to synthesize auxin and kinetin in a 
quantity that is sufficent to promote the growth of t issues, without addi-
tion of these growth substances to the medium. Unti l recently it was 
considered that transformation and protot rophy to auxin and kinetin 
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F I G . 1. Callus of "habituated" tissues of N. tabacum cultivated in a basic medium 
without growth substances. 

were linked propert ies . But it seems that the problem is more compli-
cated. In fact it is possible to obtain calluses of N. glutinosa which are 
able to grow intensively on a medium without auxin and kinetin (habit-
uated tissue) and show no tumor propert ies when grafted. H o w e v e r 
when these t issues are t ransplanted in a medium rich with salts, they 
show a great deal of growth, and, after several t ransplantat ions in this 
salt-rich medium, the calluses grafted give rise to tumors . When such 
t issues are t ransplanted to a basic medium without growth substances 
they retain their tumor propert ies (Hirth and Dur r , 1971). Thus proto-
trophy to growth substances seems to be necessary , but it is not suf-
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FIG. 2. A graft on a tobacco stem of a piece of "habituated" tobacco tissues (control on 
the right). 

ficient for tumor transformation. T h e type of tumor transformation de-
scribed above is a relatively slow process (obtained only after numerous 
transplantation) compared to the fast virus-induced process (i.e., case of 
wound tumor virus) or of Agrobacterium tumefaciens-induced tumors . 

B. Genetic Tumors 

A long time ago it was observed that tumors could be induced by 
crossing plants of the same genus but of different species. F o r example, 
tumors were obtained by crossing different species of Brassica (Kajanus, 
1917), but this type of tumor has not been as well studied as those ob-
tained by crossing Nicotiana langsdorfii with N. glauca. In the case of 
such a cross , hybrid tumors can be induced by wounding the stem (Fig. 
3). In many cases tumors arise from natural t raumat isms when leaves 
fall or roots sprout (Kostoff, 1930; Kehr and Smith, 1952; Schaeffer 
and Smith, 1963). T h e isolated tumor tissues grow indefinitely in vitro 
(White, 1939) in a medium without growth substances , although normal 
plant t issues need auxin and kinetin. T h e tumor t issues cultivated in 
vitro give rise to voluminous tumors by means of grafting (Izard, 1962). 
These tumors arise from the mixing of the genome of N. glauca and N. 
langsdorfii (Hitier and Izard, 1951; Kehr and Smith, 1949). The 
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F I G . 3. Tumor obtained by the wounding of a hybrid N. langsdorfii χ N. glauca. 

genomes have to be intact; if one of them is incomplete the hybrid is 
unable to promote tumor formation, even with experimental wounding. 

Some experimental evidence has demonst ra ted this point. It is well 
known that the hybrid N. langsdorfii X N. glauca (LG) is sterile, but the 
interspecific triploid L L G is partly fertile. When flowers of this hybrid 
are fertilized with pollen of N. langsdorfii and segregant chromosomes 
of N. glauca are obtained, such hybrids are completely devoid of tumor 
propert ies. 
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TABLE I 

Classification of Tobacco Plants 

"Plus" group "Minus" group 

N. noctiflora N. tabacum 
N. plumbaginifolia N. bigelovii 
N. longiflora N. sitaveolens 
N. alata N. miersii 
N. sanderae N. panucilata 
Ν. bo na riens is N. debneyi 
N. langsdorffii N. glauca 
N. forgetiana N. rustica 

Another type of experiment consists of treating the hybrid with colchi-
cine. In this case the number of chromosomes is double and the hybrid 
is a fertile amphiploid, the fertilized seeds of which can give rise to 
tumor-producing plants. Many other species of tobacco plants can give 
rise to tumor-producing plants through cross-breeding. These tobacco 
plants have been classified in both + and — groups (Näf, 1958) (Table I). 
It was demonst ra ted that intragroup crossings give rise to non-tumor-
producing plants. On the contrary, however , tumor-producing plants are 
always obtained by intergroup crossings. T h e mechanisms responsible 
for the induction of tumor propert ies through hybridization are un-
known. H o w e v e r it seems that the hybrids are able to synthesize a tumor-
inducing principle, the nature of which remains to be determined. 

C. Virus-Induced Tumors 

Many viruses are able to induce hyperplasia in plants . F o r example, 
nodules are observed in cabbage that are infected with cauliflower 
mosaic virus. Enat ions are seen in the case of plants infected with sev-
eral viruses. Papillae are formed in the case of curly top disease. Many 
other examples could be cited, but in any case neither nodules, enat ions, 
nor papillae are able to induce tumors through grafting. They have, in 
fact, nothing to do with t rue tumors . On the other hand, a virus called 
"wound tumor v i rus" is able to induce true tumors on Rumex, Melli-
lotusy and also on a number of o ther plants . Another type of tumor is ob-
tained by inoculating numerous plants with Agrobacterium tumefaciens, 
but it seems, according to recent data, that a bacter iophage is present 
and plays an important role in tumor induction. T h u s it seems logical to 
classify this type of tumor in the group of viral tumors . 
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/. Wound Tumor Disease 

In nature a great number of plants develop tumors of viral origin, and 
the most common families showing viral tumors are Composi tae , Cruci-
ferae, Leguminous , and Polygonae. T h e main symptoms consist in a 
vein clearing and banding and in the presence of tumors on the roots 
(Black, 1952). Among the susceptible plants , Rumex acetosa and 
Mellilotus alba present the most characterist ic symptoms. A n extensive 
study of the wound tumor disease has been conducted by Black and co-
workers . Kelly and Black (1949) have shown that tumors originate from 
the root pericycle and are a mass of parenchymatous and meristematic 
t issues containing some tracheids but no t rue vessels. This type of tumor 
was induced by a virus that was extracted from the tumor itself and also 
from the vector (see below). However , it is worth noting that s tem 
tumors are particularly rich in virus part icles, while root tumors contain 
less virions. Howeve r , it is easier to obtain a greater quanti ty of root 
tumors than stem tumors . Therefore virus is routinely extracted from 
root tumors . 

T h e cytoplasm of tumor cells contains Feulgen-negative inclusions 
that are very similar to those observed in the case of animal cells in-
fected by Reovin ises (Littau and Black, 1952). Figure 4 shows an elec-
tron micrograph of wound tumor virus that resembles an isometric virus 
600 Â in diameter (Bills and Hall , 1952). T h e s2o ,w and the molecular 
weight of the particle are 500 and 16.4 x 10

6
 dal tons, respectively 

(Black and Markham, 1968). T h e particle contains a double-stranded 
R N A . H o w e v e r this R N A is not a cont inuous molecule, but consists of 
nine to ten fragments of double-stranded R N A bound together by single-
stranded poly(A) sequences . T h u s the wound tumor virus contains a 
fragmented genome. T h e Tm of this viral R N A is 90°-92°C; this rela-
tively low melting point indicates a low content in G + C ( 1 9 % of 
G + C , and 3 1 % of A + U ) (Millward and Graham, 1971). T h e W T V is 
a good antigen, and ant iserum has been obtained with a very high titer. 
Using the fluorescent-antibody method, the cytoplasmic localization of 
the virus in the tumor cells was established. T h e presence of a viral an-
tigen of low molecular weight was also observed in the infected cells 
(Black, 1965). It seems that this antigen corresponds to free protein 
subunits . T h e virus was also detected in the insect vector by means of im-
munofluorescence (Black et al., 1958). 

Some years ago (Streissle and Maramorosch , 1967), antigenic rela-
tionships be tween animal reovirus and wound tumor virus were sus-
pected, but no confirmation of this result was obtained. H o w e v e r now it 
is possible to conclude that if wound tumor virus belongs to the reovirus 
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FIG . 4. Electron microscopy of wound tumor virus. 

group, it seems to be serologically unrelated to the other viruses of the 
same group. 

a. Transmission of the Virus. T h e virus is t ransmit ted by grafting 
tumor pieces or fragments of infected plants , with or without visible 
tumors , onto healthy plants. Mechanical t ransmission of the virus is very 
difficult and in many cases impossible. Experimental ly, the virus is t rans-
mitted by leafhoppers, such as Agallia cons trie ta and Agalliopsis no-
vella (Black et al., 1958). It is worth noting the existence of a mutant of 
W T V that is t ransmitted neither mechanically nor by insects; this mu-
tant is only transmit ted through grafting. 

T h e insect vector is infected by feeding on diseased plants. Experi-
mentally, the insect can be infected by the injection of crude sap from in-
sects or plants or by injection of purified virus suspension. T h e insect is 
able to transmit the virus only after an incubation period of 7 to 15 days 
following the injection. An infected insect remains a vector for the virus 
during its whole life. The re are many indications that the virus multiplies 
in the vector. Recently Kimura and Black (1971 , 1972) have observed 
the multiplication of the virus in insect t issue culture. Only a very few 
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number of eggs arising from infected females are able to transmit the 
virus to their progeny (Black, 1965). 

b. Tumor Characteristics. It is worth noting that tumors appear only 
at places where natural or experimental cell wounding occurs in infected 
plants. In some cases auxin t rea tment of the stem of these plants is also 
able to induce tumor formation. T h e s e observat ions show that cell 
divisions due to scarring or to hormonal t reatment are necessary for 
tumor induction (Black and Lee , 1957). 

Tissue cultures may be obtained by subculturing primary tumors from 
Rumex or Mellilotus. T h e medium used is not very different from 
that utilized for the proliferation of habituated tissues of tobacco or 
carrots . It is remarkable that the growth of the tumor t issue does not 
need growth substances , such as auxin and kinetin. H o w e v e r it has 
been stated that tumor t issues of Rumex need ten t imes more phos-
phorus than other t issues in order to attain optimal growth (Nickell , 
1954). After some weeks or months of subculturing the tumor t issue, the 
graft of fragments of these t issues on Rumex or Mellilotus generally 
gives rise to tumors . However , in some cases the results were negative. 
At this point a question arises: Is the virus still present in t issues after 
months or years of cultivation (Black, 1965)? Recently Streissle and 
Maramorosch (1969) have demonst ra ted that the virus content de-
creases gradually during cultivation in agar media. It has also been ob-
served that the faster the multiplication of the cells, the larger is the 
decrease of the virus content of the t issues. General ly after 10 months of 
subculturing, no virus was detected either by electon microscopy or by 
injecting extracts of the t issues into an insect vector. However , the ap-
parently virus-free t issue grafted on a healthy plant (in the present case , 
Mellilotus alba) gives rise to tumors , but only at the place of the graft. 
Wounding at o ther places of the stem does not cause tumors to appear . 
This observat ion demonst ra tes the tumor propert ies of the grafted 
t issue, but at the same time it reveals the absence of the virus in grafted 
tissue. Indeed when virus-containing tumors are grafted onto a healthy 
plant, the diffusion of the virus is observed, and many tumors are ob-
tained by wounding the plant at different places. F r o m the persis tence of 
the tumor propert ies of the apparent ly virus-free cultivated t issue, 
Streissle (1971) deduced the presence of the viral genome in the cells. 
H e a t tempted to demonst ra te its p resence by comparing Polyacrylamide 
gel electrophoresis profiles of R N A ' s extracted from both normal and 
virus-free tumor t issues of Rumex. Some differences exist be tween the 
two, but in fact no convincing evidence for the presence of the viral 
genome in the tumor t issues was obtained. More work seems to be nec-
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essary to prove some identity be tween the behavior of plant and animal 
oncogenic viruses. 

2. Tumors Induced by Agrobacterium tumefaciens 

Smith and Townsend (1907) have shown that tumors of Chrysan-
themum frutescens are induced by the bacteria A. tumefaciens. Since 
then, the disease has been experimentally reproduced, and it was dem-
onstrated that a great number of plants are able to produce tumors after 
being inoculated with A. tumefaciens (Fig. 5). Earlier studies described 
the appearance of the tumor at the c rown of the plant, and from this the 
name crown gall is given to this type of plant tumor. T h e bacteria are 
easily cultivated in basic media, and several strains of A. tumefaciens 
have been described in great detail. 

F IG . 5. Left: Tumor obtained by inoculating tobacco stem with A. tumefaciens. Middle: 
Tumor obtained by the grafting of a piece of tumoral tissue onto a tobacco stem. Right: 
Tumor obtained by grafting a piece of tumor tissue cultivated in vitro under sterile condi-
tions for several years. 
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a. Conditions of Tumor Induction. Several condit ions concerning 
both the bacteria and the plant are necessary to bring about the forma-
tion of tumors . When a plant (Vinca rosea) is transferred at 32°C (an 
inactivation tempera ture for the bacteria) immediately after the inocula-
tion, no tumor is produced. When the plants previously inoculated at 
32°C are transferred for varying lengths of t ime to 24°C at different 
periods after the inoculation, product ion of tumors is observed. T h e best 
results are obtained when the transfer at 24°C occurs 30 to 34 hours 
after the inoculation and for a period of 10 hours . F r o m these observa-
tions the existence of a lag period, during which tumor transformation 
occurs (no mat ter what o ther condit ions prevail), can be deduced. T h e 
necessity of a minimal time of contact be tween the plant cells and the 
bacteria was also demonstra ted. T h u s it seems that the bacteria act as 
the vector of a tumor-inducing principle (TIP) , which when introduced 
into the plant cells remains active even after the inactivation of the bac-
teria. This principle seems to be permanent ly present in the transformed 
cells even long after the bacteria have disappeared. It is, for example, 
possible to cultivate c rown gall t issues under sterile conditions without 
losing their tumor propert ies (tested by grafting). It is also worth no-
ticing that fast developing tumors contain a very small number of bacte-
ria. On the o ther hand, primary tumors (arising from the inoculation of 
A. tumefaciens) are able to give rise to secondary tumors (probably 
through tumor cell diffusion in the plant) (Gauthere t , 1959). T h e s e sec-
ondary tumors never contain bacteria. This evidence strongly suggests 
the presence of this T I P in the virulent bacteria. T h e nature of this T I P 
will be discussed later, but it should be mentioned at this point that some 
strains of A. tumefaciens seem to be devoid of tumor-inducing ability, 
and they probably do not contain T I P . 

b. Conditioning of the Plant Cells. T h e experiments reported above, 
and especially those showing the existence of a lag period in the induc-
tion of the tumor, suggest that the plant cells are in a particular state. A 
great number of investigations have shown without ambiguity that 
wounding plays an important role in this conditioning process (Braun, 
1952; Braun and Mandle , 1948). Figure 6 reports the result of an experi-
ment demonstrat ing the importance of the wound in the induction of 
tumors . Stems of several sensitive plants are wounded and Λ. tumefa-
ciens is put into the wounds . At 0, 3 , 6, and 12 hours , respectively, after 
wounding, the plants are inoculated at 32°C, and immediately afterward 
placed at 25°C for 24 hours , and then transferred to 32°C. U n d e r these 
conditions the maximum tumor size is obtained when the bacteria are 
inoculated 60 hours after wounding.The size of the tumor indicates the 
efficiency of this inoculation. It has been demonst ra ted that the scarring 



438 LEON HIRTH 

Beginning of cicatrization 

ELAPSED TIME BETWEEN WOUNDING AND THE 

APPLICATION O F THE BACTERIA 

FIG. 6. Determination of the optimal time needed to condition tobacco cells (see expla-
nation in the text). 

process begins 60 hours after wounding. At this t ime, the plant cells seem 
to be in a "competen t s t a t e" and able to integrate the T I P . T h e meta-
bolic modifications arising during the course of the scarring process are 
as yet not well known; however an important product ion of growth hor-
mones has already been observed. It is possible that such a product ion 
of growth hormones plays an important role in conditioning the cells, 
but, on the other hand, it could simply be the consequence of the cell 
transformation itself. This point is not yet completely unders tood. 

Whatever the interpretation of the exper iments reported above, it is 
clear that there are at least two steps in the tumor induction process . 
T h e first step is conditioning, which renders the cells transformable. T h e 
second step is induction, at which stage the condit ioned cells " a c c e p t " 
the T I P and are potentially transformed. Some authors (Klein, 1965) 
suggest the existence of a third step, i.e., promotion, corresponding to 
the phenotypic expression of the transformation; in some cases this step 
might be inhibited by cold. 
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c. Comparative Cytological Properties of Normal and Transformed 
Cells. Some differences be tween normal and transformed cells have 
been reported (Sacristan, 1967; Sacristan and Melchers , 1969). H o w -
ever these differences are difficult to interpret. F o r example "habi-
t ua t ed" t issues and crown gall of tobacco show chromosomal anomalies 
if they are compared with normal cells. However , a great variability 
exists be tween these anomalies. On the other hand, "hab i tua t ed" t issues 
of N. glutinosa, devoid of tumor propert ies , also show chromosomal 
anomalies, and it is not easy to relate a part icular chromosomal anomaly 
to tumor propert ies (Hirth and Dur r , 1974). In the case of tumors in-
duced by W T V , the size of the tumor cells is at least twice that of the 
normal cells (Black, 1965). 

d. Comparative Biochemistry of Normal and Tumor Cells. A n ex-
tensive study of this subject cannot be under taken here . We have chosen 
to study only certain characterist ic points. 

/. Ability of Crown Gall to Synthesize Growth Regulators. This 
point has been touched upon above. H e r e however we wish to empha-
size that it is a general proper ty of tumor t issues of all origins. T h e s e 
tissues are especially able to synthesize large amounts of auxin. T h e 
synthesized quantit ies generally correspond to those necessary for the 
growth of corresponding normal t issues; this is particularly clear in the 
case of tumor and normal tobacco t issues. It is not yet well established 
whether the large amount of auxin found in tumors results from an ac-
tivated synthesis of hormone or from an inhibition of the enzymes that 
degrade the auxin. It seems that what is t rue for auxin is also true for 
cytokinin. As already indicated above , the precise role of auxin in the 
conditioning and the inducing processes is not well known. 

ii. Tumor Properties and Nutritional Needs. A s indicated above , 
tumor t issues are prototrophic for growth regulators. They need no addi-
tional auxin or kinetin when cultivated in vitro. H o w e v e r they demon-
strate particular needs that very often exist in direct relation to the 
degree of tumor transformation. Indeed, in the case of c rown gall, the 
degree of transformation can be est imated by measuring the intensity of 
growth of the t issue t ransplanted in a basic medium that is deprived of 
growth factors. It is easy to obtain tumors having different degrees of 
transformation by inoculating with A. tumefaciens at different periods 
after wounding. 

Figure 7 shows that the difference in the apparent degree of transfor-
mation may be due to the inability of the t issue to synthesize certain 
growth substances , which may be synthesized by the tissue showing the 
optimal degree of transformation (Braun, 1956, 1958). This observat ion 
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FIG. 7. Relative rates of growth of three clones of crown gall tumor tissue that show dif-
ferent degrees of neoplastic change planted on White's basic medium. (I) Fully altered, rap-
idly growing tumor cells; (Ha) moderately fast growing tumor cells; (IIb) slowly growing 
tumor cells; (lie) normal cells of the type from which the tumor cells were derived. While 
the three clones of the tumor cells grow continuously, although at different rates on the 
basic culture medium, normal cells of this type do not grow on that medium. Lower pictures 
and legends show minimal nutritional supplements needed by the three types of tissue to 
achieve a growth rate comparable to that of the fully altered tumor cells according to A. C. 
Braun. 

shows that not only is the regulation of auxin and kinetin synthesis dis-
turbed, but also that of a great number of o ther growth factors. Wood 
and Braun (1961) have also shown that salts are able to stimulate the 
growth of slow-growing tumor t issues to a rate similar to that of rapidly 
growing tumor tissues. They demonstra ted that K C l , N a 2 N 0 3 , and 
N a 2 P 0 4 seem to favor the synthesis of growth substances needed, so 
that tumors that grow slowly in a basic medium can grow at a rate that is 
similar to that of the rapidly growing tumor t issues. This type of experi-
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ment seems to indicate that changes in the permeabili ty of the cell 
membrane and the regulation of some enzymatic activities by salts are 
modified. These observat ions prove the modification of both the genetic 
information and the regulation of its expression in transformed cells 
compared to normal cells. 

In the case of virus tumors of Rumex, the tumor t issues cultivated in 
vitro release a large quanti ty of α-amylase into the medium. This is not 
observed when roots or s tem pieces of Rumex are cultivated in the same 
medium. It is of course difficult to compare tissues and organs, but it is 
now admitted that tumor cells are able to release more α-amylase than 
normal cells. It was suggested earlier that α-amylase could be an in-
duced enzyme, but it has been recently proved that the composit ion of 
the medium has no influence at all on either synthesis or on the release 
of enzyme. It seems that α-amylase release is due to modifications of the 
permeabili ty of the tumor cell (Brakke and Black, 1951). 

Hi. Ability of the Tumor Cells to Synthesize New Substances. It was 
observed (Lioret , 1963, 1966) that c rown gall t issues of salsify can syn-
thesize a new amino acid: the lysopine, which is a condensat ion product 
of lysine and pyruvic acid. This condensat ion needs a specific dehy-
drogenase. This amino acid was apparent ly not detected in normal 
t issues, but was found in a great number of c rown gall tumors of t issues 
of various origins. Later , Morel (1971) described the presence of other 
abnormal guanidines in crown gall t issues: octopinic acid and nopaline. 

( C H 2 ) 4 - C H - C O O H 
iJjH Lysop ine 
ι 

C H 3 - C H - C O O H 

H 2 N - C - N H - ( C H 2 ) 3 - C H - C O O H 2
 η ι 
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- C H - C O O H 
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Restricting his investigation only to nopaline and octopine Morel (1971) 
demonstra tes that the presence of nopaline or octopine, or both is 
dependant upon the A. tumefaciens strain used to induce tumors on Da-
tura. H e concludes from this observat ion that the genetic information 
allowing the synthesis of these amino acids is contained in the bacterial 
genome, which is wholly or partly integrated into the genome of the 
transformed cell. H o w e v e r the strains of A. tumefaciens used in these 
experiments were unable to synthesize octopine and nopaline when cul-
tivated under various condit ions. They could only degrade these amino 
acids, and the degradation products can be utilized as a nitrogen source. 
Recently (Petit et al., 1970) it was observed that an A. tumefaciens 
strain could induce "octopine t u m o r " that could degrade octopine but 
not nopaline; the reverse situation was also observed. Recent work done 
in my laboratory (Ackermann et al., 1973) has demonst ra ted the pres-
ence of lysopine in tobacco tumor t issues irrespective of their origin. 
T h e lysopine was identified by means of a new micromass spectrometry 
method. A minute quantity of lysopine can be detected with this method 
(Fig. 8). Table II shows that nontumorous "hab i tua ted" tissues of /V. 
glutinosa do not contain lysopine, but when the same tissue is t rans-
formed into tumor t issue, the presence of lysopine is detected. In this 
particular case , transformation is obtained without bacteria. We can 
conclude that genetic information concerning the synthesis of lysopine is 
contained in the normal cell, but is repressed. T h e sys tem is derepressed 
however when transformation occurs . I t is not evident that what seems 
to be true for lysopine is also t rue for octopine and nopaline. N o at-
tempts have been made until now to prove or disprove whether the 
genetic information for the synthesis of both amino acids comes from the 
bacteria. But whatever the controversy concerning this point may be, we 
will see later that more direct proof now exists confirming the integration 
of an exogenous genome in the genome of the transformed cell. 

III. Plant Tumors: Differentiation, Dedifferentiation, 
and Cell Multiplication 

A number of researchers have claimed that , for both animals and 
plants, tumor transformation is similar to a reversion of the cells to the 
embryonic state. Recent studies have shown that this point of view is 
er roneous . In fact, the main characterist ic of both animal and plant 
tumor cells is not to conform to the correlation systems of the organism, 
and no relationship exists be tween the ability of the cells to multiply and 
their tumor characterist ics. F o r example , some types of tumors multiply 
very slowly whereas normal cells stimulated by growth substances can 
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F I G . 8. Mass spectrometry spectrum of lysopine and its diethylic ester. These spectra 
are analogous to those obtained from tobacco tumor tissues (see Table I I ) . Substances ex-
tracted by the same methods from nontumor tissues give a different spectrum. 

grow very rapidly. This is the case for numerous normal plant t issues 
(carrot, salsify) growing in vitro in a medium containing auxin and 
kinetin. On the other hand, it has been recently demonst ra ted that 
tobacco crown gall t issues irradiated by X rays lose their ability to pro-
liferate without a corresponding reduction of their tumor propert ies . It 
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TABLE II 

a
 For the composition of the mediums see Gautheret (1959) and Murashige and Skoog 

(1952). 
ö
 K. Knop medium; S. Skoog medium; H. Heller medium. 

must be stressed however that all tumor cells are undifferentiated. T h e 
question arises whether or not plant tumor cells can reverse , when cul-
tivated under specific condit ions, and can give rise to differentiated cells 
having lost their tumor propert ies . 

Braun (1951a,b) used a particular strain of tobacco c rown gall t issue 
which has been cultivated in vitro and which demonst ra ted a relatively 
great ability to yield anomalous buds in a medium containing auxin and 
kinetin in specific proport ions. H e was able to recover apparently 
normal plants by grafting buds from this t issue. T h e following interpreta-
tion was given: T h e rapid growth of buds on a grafted plant eliminates 
the plasmids present in the tumor cells, which are responsible for their 
transformations. But this type of experiment was not convincing because 
tumor calluses may be a mosaic of both transformed and normal cells, 
and the healthy plants that recovered could have arisen from the devel-
opment of the normal cells. T h e question was reinvestigated by Braun 
(1959) and in our laboratory by Lutz (1969). These authors have ana-
lyzed the behavior of plants arising from isolated cells (Fig. 9), the origin 
of which is tobacco crown gall t issues or "habi tuated tobacco t i s sue" 
having tumor propert ies . In both cases it was possible to recover a 
whole plant having a more or less abnormal morphology (Fig. 10) but 
whose t issues are completely devoid of tumor propert ies . This was par-
ticularly clear in the case of exper iments of Lu tz where an important 
number of clonal plants were obtained and analyzed; it was impossible 
to demonst ra te the existence of tumor propert ies either through grafting 
or through cultivating their t issues in a medium without growth sub-
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F I G . 9. This figure shows the technique utilized by Lutz to obtain cultures from isolated 
cells. Substances diffusing from tobacco calluses are necessary to promote the division of 
isolated cells. 

s tances. It is worth noting that tumor propert ies disappeared when 
calluses that arose from isolated cells grew very rapidly and when the 
differentiation of the clones occurred in a medium that was rich in salts, 
auxin, and kinetin. In the case of c rown gall, the healing process could 
be explained by the mechanism involved when strains of E. coli that are 
lysogenic for λ phage are cured. This explanation apparently does not fit 
the case of habituated t issues. H o w e v e r in this case the origin of tumor 
transformation is not yet known. 

IV. Induction and the Nature of the Tumor-Inducing Principle 

W e shall limit discussion to the case of c rown gall, the only one , in 
fact, that to date has stimulated any extensive study. 

It has been indicated above that grafted tumor cells bring about the 
development of tumors . However , it is not completely clear whether or 
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FIG. 10. On the right is shown a callus of habituated tobacco tissue of single cell origin. 
This callus, when transplanted on a medium containing auxin and kinetin at high concen-
tration, gives rise to buds (in the middle). These buds develop on stems, leaves, and roots 
(on the left). 

not the cell proliferation observed is due to the multiplication of the 
grafted cells or of the cells transformed by the diffusion of a T I P . 

Recently an experiment by Aaron da Cunha (1969) has shown that 
tobacco tumor cells irradiated at proper X-ray levels were unable to 
multiply, but when grafted on a plant they caused multiplication of the 
host cells. T h e t issues obtained can grow in a medium deprived of auxin 
and kinetin. It was also observed that these t issues contained octopine. 
These experiments seem to prove the existence of an inducing principle 
that diffuses from the irradiated cells to the host cells. We have already 
indicated the host cells must be " compe ten t " in order to be sensitive to 
the T I P . It has been suggested that T I P could be exogenous D N A 
capable of being integrated into the cell genome. It was difficult to deter-
mine the origin of this D N A . In addition, the assumption that c rown gall 
is similar to a tumor induced by oncogenic animal viruses was difficult. 
Indeed no viruses similar to the known oncogenic viruses were discov-
ered, either in the tumors themselves , or in the bacteria. It was 
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suggested some years ago (Bopp, 1961, 1962; Lipetz and Stonier, 1961) 
that the T I P was the bacterial D N A itself. Evidence for this was scant, 
consisting only in the demonstrat ion that substances inhibiting the D N A 
replication also inhibited the expression of tumor propert ies . T w o other 
types of exper iments were performed recently. T h e first consisted of 
inoculating bacterial D N A into wounded normal t issues of salsify cul-
t ivated in vitro. After a lag period a large amount of cell proliferation oc-
curred at the place of inoculation. T h e s e proliferations, when trans-
planted to a medium deprived of growth substances , grew very rapidly. 
T h e successive t ransplantat ions of these t issues showed that they had 
the characterist ics of "hab i tua t ed" t issues (Kovoor , 1967). 

T h e s e exper iments are not completely convincing for the following 
reasons . T h e quanti ty of inoculated D N A is high (2 to 3 mg). U n d e r 
these condit ions growth regulation substances can arise from the D N A . 
In that case , the D N A could not be directly responsible for the insensi-
tivity to growth substances . Other types of D N A were not tested to de-
termine whether or not they yield the same effect. Although habituated 
t issues often reveal tumor propert ies , this is not always the case. This 
was not taken into account in the above experiment . F o r this experiment 
to be complete , one should demonst ra te that the t issues obtained were 
quite similar to crown gall. 

T h e second type of exper iment consisted in inoculating sensitive, 
wounded plants with A. tumefaciens D N A . T h e results obtained were 
not completely convincing, although it was shown by Stroun et al. 
(1966, 1967) that exogenous D N A can be absorbed by plants , included 
in the nucleus , t ranscribed, replicated, and probably integrated as well. 
On the o ther hand, this type of experiment could not indicate whether A. 
tumefaciens D N A was active itself or through the intermediary of the 
D N A of a t ranspor ted virus. It is for this reason that a different biochem-
ical approach has been used by others (Schilperoort et al., 1967; Qué-
tier et al., 1969; Milo and Srivastata, 1969). T h e starting hypothesis was 
the existence of common nucleotide sequences be tween D N A ' s of tumor 
cells and bacterial cells. T h e s e researchers utilized the classical tech-
nique of hybridization be tween both types of D N A ' s ; however in many 
cases such hybridization was performed be tween the D N A extracted 
from tumor cells and labeled R N A ' s originating from the transcription 
(by E. coli polymerase) of D N A ' s of various origins. Table I I I shows 
that the only R N A able to hybridize with the D N A of the transformed 
cells is bacterial D N A . T h e results obtained also indicate that only a 
small fraction of the bacterial genome is analogous to that of the tumor 
cell. 

These easily reproducible exper iments prove without a doubt that the 
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TABLE III 

Hybridization of Crown Gall and Tobacco DNA with Α. tumefaciens [
3
H]RNA° 

Expt DNA used in the Α. tumefaciens •*'20,νν O f 

No. hybridization (150 μ%) [
3
H]RNA (dpm) DNA used 

1 Crown gall, No. 1 47,600 18 
la Crown gall, No. 11 67,000 22 
2 Tobacco (samsun) 1,950 22 
2a Tobacco (white burley) 1,330 21 
3 Calf thymus 2,280 18 
4 Α. tumefaciens 180,300 19 
5 No DNA 850 

" According to Schilperoort et al., 1967. 

integration of at least a part of the D N A extracted of A. tumefaciens 
into the genome of the tumor cells occurs . At this point the question 
what is the origin of the integrated D N A sequences arises. It could be 
bacterial D N A , or viral D N A present in the bacteria, or both. 

In 1955, Beardsley showed that a particularly virulent strain of A. 
tumefaciens was also lysogenic. Since then, a systematic study of the 
different strains of A. tumefaciens has proved that the virulent strains 
were indeed lysogenic. T h e temperate phage, now called P58 , con-
tained in the B 6 strain has all the characterist ics of a classical tempera te 
phage. On the other hand, Parsons and Beardsley (1969) have isolated 
from crown gall t issues of Helianthus annuus and cultivated under 
sterile conditions during a period of 10 years , a phage that is very similar 
to phage P58 . This observat ion was confirmed later by Tourneur and 
Morel (1970). Leff and Beardsley (1970) have recently observed that 
when D N A extracted from phage P58 was absorbed by Helianthus 
annuus seedlings, tumors were induced when the seedlings were 
wounded. Similar results were obtained with A. tumefaciens D N A , but 
the results were negative when inoculation was performed with other 
types of D N A . Controls seem to prove that P58 D N A alone is able to 
induce tumors . It is worth noting that D N A ' s extracted from non-
virulent strains of bacteria are inefficient. 

T h e present problem of the phages in the crown gall t issues cultivated 
under sterile conditions for a number of years is still a mat ter for discus-
sion. Indeed, the presence of these phage particles in t issue cultures has 
recently been contested by Schilperoort et al. (1973). In fact, phage par-
ticles were never directly observed by means of electron microscopy in 
the extracts of tissue cultures even when concentra ted. Rather they 
were discovered by testing the extracts with a sensitive strain of A. 
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tumefaciens, the B 6-806 strain, which is derived from B 6 strain. U n d e r 
favorable condit ions plaques were obtained from which P58 phages 
were isolated. It seems that P58 is able to multiply in B 6-806 strain. 
H o w e v e r the strain B 6-806 is lysogenic for a phage that is very similar to 
P58 . This phage seems to be defective, and the bacteria which contains 
it are not immune to superinfection by P58 . Schell et ai (1974) suggest 
that c rown gall extracts were able to induce the multiplication of the 
tempera te phage present in the strain B 6-806 . It is worth noting that in 
some cases the strain B 6-806 is able to produce phages of the P58 type 
spontaneously. 

Strains other than B 6 are able to produce temperate phages. These 
phages have been called omega, P B , 2A, and L U ^ T h e y have the same 
propert ies as P58 and are very similar to each other. All the strains of A. 
tumefaciens able to produce these phages are tumor-inducing strains. 
However , phage P8149 extracted from A. radiobacter (an non-
tumorigenic bacteria) is unable to induce tumors in sensitive plants. Its 
morphology is different from that of the others (De Ley et ai, 1972). 

Whatever the discussion concerning the presence of phage particles in 
crown gall t issue cul tures, it is likely that P58 and related phages play a 
role in the cell transformation. But it is not clear from the exper iments 
reported above whether or not the whole phage genome is necessary for 
the tumor induction, and whether the A. tumefaciens genome also plays 
a role in the process . Recently C h a d h a and Srivastata (1972) have dem-
onstrated that c rown gall t issues of various origins cultivated in vitro 
contained three particular proteins that are absent from the normal cor-
responding t issues. T w o of these proteins are similar to proteins found in 
extracts of that bacteria that gave rise to the tumor tested. These experi-
ments indicated that genetic information of bacterial origin exists in the 
transformed cells, but because the nature of the common proteins was 
poorly determined, it was impossible to know whether these proteins 
were phage or bacterial proteins. (The A. tumefaciens strain used was a 
lysogenic one.) Recently Schilperoort et ai (1973) have reinvestigated 
the problem of the nature of the integrated genome by means of the 
hybridization method. Table I V and Fig. 11 show that P58 D N A and A. 
tumefaciens D N A (strain A6) hybridize with D N A extracted from 
tobacco crown gall t issues. T h e interpretat ion of the data shows that 
0 .9% of c rown gall D N A is analogous to the A 6 D N A , and that 0 . 3 % of 
the latter is analogous to A. radiobacter D N A , which is not a tu-
morigenic bacter ium (it is worth noting that a large sequence analogy 
exists be tween the D N A of A 6 and A. radiobacter). F r o m the data of 
Table IV it is also possible to calculate that 1.8% of the c rown gall 
D N A is similar to the D N A of P58 phage. Calculat ions made from a 
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TABLE IV 

[
3
H]cRNA hybridized with DNA from 

A. tumefacients A6 A. radiobacter PS8 
DNA source (/xg/lOO μ% DNA) (^ig/100 μg DNA) (Mg/100 μ% DNA) 

Crown gall tissue 0.55 0.25 1.0 
Normall callus tissue 0.10 0.10 0.10 
Leaves/stems 0.0 0.0 0.0 

" The hybrids contained 3 /ig plant DNA per filter. The specific activity of A 6 [
3
H ]cRN A 

was 600cpm/jug, of A. radiobacter [
3
H]cRNA 1100 cpm//xg, and of PS8 [

3
H]cRNA 360 

cpm//Lig. 
b
 According to Schilperoort et al., 1973. 

reasonable estimation of the molecular weight of the various D N A ' s 
used have shown that approximately 1800 genome equivalents of 
P58 phage are present in the crown gall D N A . These results suggested 
that the whole P58 D N A sequence present in crown gall t issues arose 
from the phage genome present in the bacteria. But Table V shows that 
R N A transcribed from P58 D N A is unable to hybridize with A 6 D N A . 
This surprising result was interpreted by the above-mentioned authors 
as proof that the phage exists as a plasmid in the cytoplasm of the bacte-
ria and not as an integrated genome, and that during the isolation 
process of the bacterial D N A the plasmid is lost. On the contrary, the 

-
Β 

• 

/ 
• 

A* ̂  • ; 1 

1 2 

R N A a d d e d ( p g / p g D N A ) 

FIG . 11. Saturation curves for hybrid formation between 3 /xg crown gall DNA, 3 /xg 
leaf DNA, 3 μ% stem DNA, and 3 μ% normal callus tissue DNA and increasing amounts 
of (Α)Λ. tumefaciens A 6 [

3
H]cRNA, m A. radiobacter [

3
H]cRN A, and (C) P58 [

3
H]cRNA. 

(o—o) crown gall; (x—x) normal callus tissue DNA; ( Δ — Δ ) leaf DNA/stem DNA. 

Saturation Values for Hybrid Formation between DNA from Different Kinds of Plant 
Tissue and [

3
H]cRNA's Transcribed from A. tumefaciens A6 DNA, 

A. radiobacter DNA, and PS8 DNA'" 
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TABLE V 

Results of Hybridization Experiments with DNA's from Different A. tumefaciens Strains 
and PS8 and PS8 [

3
H]cRNA" * 

DNA [
3
H]cRNA hybridized 

DNA source (Mg) (//g/100 fig DNA) 

A 6 
30 0.006 

B2AS 30 0.006 
B 2A S(PS8) 30 0.13 
A 6 + 10% PS8 3 0 + 3 0.46 
A 6 + 1% PS8 3 0 + 0 . 3 0.13 
Ae + 0 . 1 % PS8 3 0 + 0 . 0 3 0.036 
A 6 + 0.01% PS8 30 + 0.003 0.013 
Tobacco leaves 30 0.0005 

a
 In this experiment 1 ßg PS8 [

3
H]cRNA was used with a specific activity of 1200 

cpm/mg. The values in this table are the averages of two assays. 
b
 According to Schilperoort et ai, 1973. 

phage D N A is integrated into the c rown gall cells. This explains why 
hybridization exper iments be tween phage D N A and crown gall D N A 
are posit ive and negative in the case of hybridization be tween phage 
D N A and A 6 D N A . Calculations have shown that the part of the bacte-
rial D N A that is integrated into the genome of the tumor cell is approxi-
mately 1% of the phage D N A . (Nine hundred equivalents of phage 
genome for 9 equivalents of bacterial genome.) It was also determined 
that the integrated part of the phage genome codes for approximately 
two to three proteins . T h e integrated bacterial D N A probably consists 
of short repetit ive sequences . 

V. Conclusion 

F r o m the above considerat ions the following conclusions can be 

drawn. 

1. In the case of crown gall, the integration of exogenous genetic in-
formation seems to be well demonst ra ted . However , in contrast with 
data concerning animal oncogenic viruses, this exogenous genetic infor-
mation is heterogeneous and is composed partly of bacterial D N A and 
partly of phage D N A . It is the first t ime that a tempera te phage is sus-
pected to have oncogenic propert ies . H o w e v e r several points are not yet 
clear. F o r example , are the integrated nucleotide sequences of A. tu me-
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faciens necessary for the tumor transformation? If we consider the 
results of the experiments of Leff and Beardsley (1970), the answer 
seems to be negative because , according to them, the inoculation of 
phage D N A alone induces the formation of tumors . H o w e v e r too little is 
known about the conditions of such transformation by P58 D N A . On 
the other hand, contradictory results have been obtained concerning the 
tumor-inducing power of some strains of A. tumefaciens. It is now gen-
erally accepted that only the lysogenic strains of A. tumefaciens have 
tumor-inducing propert ies . Recently however , cured lysogenic strains of 
bacteria have been shown to be capable of transforming plant cells. If 
this observat ion is correct , the role of phages could be challenged. H o w -
ever it is possible that bacteria which are apparently cured contain a 
defective phage, and also that other phages, such as P58 and related 
phages, can induce tumor formation. But whatever the future interpreta-
tions of these facts may be , it seems that c rown gall is but one example 
of the general phenomenon of integration of exogenous genomes into 
cellular ones , a reaction that may be accompanied by the appearance of 
the tumor propert ies . This is now well known in the case of animal on-
cogenic viruses. On the other hand, the presence of specific antigens of 
bacterial or viral origin in the crown gall cells shows an analogy with the 
presence of Τ antigen in the case of the animal cells t ransformed by 
S V 4 0 virus. 

2. In the case of the wound tumor disease the situation is not so clear. 
It has not as yet been convincingly demonst ra ted that the viral genome 
is integrated in the cell genome. Some indirect evidence exists, but the 
problem is as of now an unsolved one. 

3. T h e cases of hybrid tumors and of habituated t issues are more dif-
ficult to explain. However , if we admit that tumor transformation is the 
consequence of epigenetic changes, we can assume that these types of 
tumors are not very different from those in the preceding cases ; only the 
origin of the changes is not known. 

4. Whatever its origin, tumor transformation induces important meta-
bolic modifications. It seems that a large part of these modifications are 
related to the regulation of the synthesis of numerous substances , such 
as growth regulators and amino acids. Indeed, if we consider the case of 
amino acids such as lysopine it seems that the genetic information for 
their synthesis is contained in the plant genome and only the regulation 
of its synthesis is modified (see above). If we accept the point of view of 
Schilperoort et al. (1973), a very small number (two or three) of bacte-
rial genes are integrated in many cases . It seems reasonable to assume 
that the integrated genes control the synthesis of those proteins that are 
able to modify the regulation of the cell genome. Thanks to these modifi-
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cations in the regulation processes , the tumor cells in plants, like those 
in animals, no longer conform to the function of coordination which 
exists in the organism. W e must therefore emphasize at this point that 
the main characterist ic of all tumor cells is their independence from this 
function. 
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Polyoma (Py) virus, endemic in mice (Gross , 1953), was the first on-
cogenic virus shown to cross the species barrier and to induce a broad 

I. Introduction 

455 
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spectrum of tumors not only in its natural host but also in hamsters and 
other rodents (Eddy, 1964, 1969; Eddy et al., 1958). Subsequently, 
other DNA-conta in ing viruses, such as simian virus 40 (SV40) (De-
fendi, 1966), endemic in monkeys , and several adenoviruses (Yabe et 
al., 1964), isolated from men and animals, were found to induce tumors 
in rodents though they were apparently not oncogenic in their natural 
hosts . 

Py and SV40 soon became favorite tools in tumor virus research, 
since their biological effects can be easily studied in tissue culture cells 
and since they contain only a very small amount of genetic information. 
They belong to a group of widespread tumor-inducing viruses (Fig. 1) 
that are similar with respect to structure and biological propert ies . 
Their genomes consist of a small molecule (3 to 5 x 10

6
 daltons) of 

double-stranded, circular D N A that is infective and carries the genetic 
information of the virus necessary for the product ion of progeny virus, 
for the induction of tumors (di Mayorca et al., 1959; Crawford, 
1965; I to , 1960; Rowson and Mahy, 1967; Weil and Vinograd, 1963), 
and for the " t ransformat ion" of cells in culture (Aaronson and Todaro , 
1969). 

T h e early studies on the interaction of Py virus with mouse and 
hamster embryo cells in tissue culture led to the hypothesis that t rans-
formation of " n o r m a l " into neoplastic (i.e., malignant) cells may involve 
a process that is analogous to lysogeny in bacter ia (Vogt and Dulbecco , 
1960, 1962, 1963), a hypothesis which was subsequently extended to 
S V 4 0 and other D N A viruses. It postulates that integration of viral 
"cancer g e n e s " into the genome of mammalian cells leads to specific 
genotypic alterations which find their phenotypic expression in new 
morphological propert ies (specific changes of the cell surface, loss of 
contact inhibition, release from growth controls) and that, as a con-
sequence, these changes would confer malignancy to the " t rans formed" 
cells. T h e subsequent discovery of virus-specific imprints, such as new 
antigens (reviewed by Deichmann, 1969), virus-specific R N A (Ben-

Polyoma virus 
SV40 

endemic in 
mice 
monkeys 

Shope papilloma virus 
Canine papilloma virus 

Bovine papilloma virus 

rabbits 
dogs 
cattle 

Human* papilloma virus man 

* induces warts (verruca vulgaris) 

FIG. 1. Polyoma and related viruses. 
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jamin, 1966), and " in tegra ted" viral D N A (Koprowski et al., 1967; 
Sambrook et ai, 1968), in some virus-transformed cell lines, years after 
the initial infection, tended to support the simple and at tractive lysogeny 
hypothesis . 

A t the same t ime, however , observat ions began to appear in the litera-
ture which made it increasingly difficult to explain malignant transforma-
tion (i.e., the development of " n o r m a l " into cancer cells that are able to 
invade and destroy adjacent t issues and to form metastases) by a 
process akin to lysogenic conversion of bacteria. They ra ther suggested 
that some "ea r ly" viral functions, combined with a relatively slow and 
complex secondary process of cytogenetic variation and selection, were 
operational in virus-induced "malignant t ransformation." 

Several lines of experimental observat ions have led us to propose the 
hypothesis that Py and related viruses act primarily as endogenous mi-
togens and that development of malignancy is an evolution of cellular 
propert ies which is not directly determined by viral genes but which is 
the outcome of a combination of prolonged virus-induced cell prolifer-
ation and cytogenetic instability. In this chapter we will summarize ear-
lier and newer experimental evidence that led to this hypothesis . W e will 
discuss the mechanism involved in the virus-specific mitogenic action, 
its relation to "cell t ransformat ion" in t issue culture and to tumor forma-
tion in vivo, and we will finally consider the potential interest of the 
experimental observat ions for certain problems in human medicine. 

II. The Lysogeny Hypothesis 

In their early studies on "cell t ransformat ion" in t issue culture Vogt 
and Dulbecco (1960, 1962, 1963) showed that infection with Py of 
mouse embryo cell cultures (from random-bred Swiss albino mice) 
within days led to a considerable fraction of the cells producing progeny 
virus and cell death (" lysis") . Within 4 - 6 weeks after infection virus 
product ion and cytopathic effects decreased; " t rans formed" cells ap-
peared which within the next few weeks replaced the normal cells. 
Transformed cells no longer produced virus and were character ized by 
"loss of contact inhibition," "cr iss-cross growth pa t te rn ," and a pro-
nounced tendency to form dense , multi layered cell sheets . However , no 
results on transplantabili ty ("mal ignancy") of the transformed mouse 
cells were reported. Infection with Py of secondary hamster embryo cell 
cultures led to a comparable process of "cell t ransformation." However , 
only a very small fraction of the hamster embryo cells produced progeny 
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virus, the cytopathic effects were negligible, and transformed cells re-
placed the normal cells within 1-2 months after infection. Subcutaneous 
inoculation of 1 to 4 x 10

6
 transformed hamster cells into adult hamsters 

led to the development of tumors at the site of injection. T h e authors con-
cluded: ' O n the basis of this finding, all cells which show an unre-
stricted growth in vitro are called neoplast ic ." Subsequently, Vogt and 
Dulbecco reported the absence , in transformed cells, of detectable 
amounts of complete virus, infective D N A , or capsid protein and 
showed, furthermore, that Py-transformed cultures were apparently re-
sistant to superinfection with Py. On the basis of these early observa-
tions they suggested that "malignant t ransformat ion" may involve a 
process akin to lysogeny in bacteria. Similar observat ions and conclu-
sions were reported by Sachs and Medina (1961). 

III . The Lysogeny Hypothesis Critically Revisited 

Lysogenization, i.e., the insertion of bacter iophage D N A into the bac-
terial chromosome, is a rapid process that confers new genotypic proper-
ties on the lysogenized bacteria. In contrast , Py- and SV40-induced 
"malignant t ransformat ion" is generally a ra ther slow process that 
follows "morphological t ransformation" (if "mal ignancy" develops at 
all!) by weeks or months (Defendi, 1966; Kit et al., 1969; Vogt and Dul-
becco, 1963; Wesslen, 1970). In this context it has to be remembered 
that during the same lapse of time uninfected mouse , hamster , and rat 
embryo tissue cultures rather frequently undergo spontaneous "morpho-
logical and malignant t ransformation" (Sanford, 1965; Sanford and Hoe-
mann, 1967; Sanford et aL, 1967; Sharon and Pollard, 1969). 

Resis tance of t issue culture cells t ransformed in vitro by Py (Hell-
ström, 1962; Hel ls t röm et aL, 1962) or S V 4 0 (Barbant i-Brodano et aL, 
1970; Swetly et aL, 1969; Jensen and Koprowski , 1969) to superinfec-
tion with the transforming virus is an epiphenomenon not related to 
immunity in lysogenic bacteria; it is apparently due to the selection of 
cell variants resistant to the lytic effect of the transforming virus. 

Uninfected cell lines, such as B H K (baby hamster kidney), which are 
"mal ignant" (as determined by their ability to form tumors in adequate 
hosts) can be "morphologically t ransformed" by infection with Py with-
out an appreciable change in their malignant potential (Defendi et aL, 
1963). 

Uninfected mouse and hamster cells from various " n o r m a l " or "malig-
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nan t" cell lines are generally unable to form colonies in soft agar. 
Shortly after the abort ive infection with Py or S V 4 0 a fraction of the 
cells acquires the ability to grow in agar (Macpherson , 1973; Mac-
pherson and Montagnier , 1964). Infection with Mycoplasma (Mac-
pherson, 1973) or addition of insulin (de Asua et ai, 1973) to the 
culture medium in the agar can have the same effect. T h e ability of 
mammalian cells to form colonies in agar therefore is not synonymous 
with "malignant t ransformation." 

Virus-transformed cells frequently (though not always) exhibit a " loss 
of contact inhibit ion" and, often correlated with it, the ability to grow in 
culture to high saturation densit ies. Loss of "contac t inhibit ion" and 
"cr i ss -c ross" growth pat tern can also be observed if " n o r m a l " (i.e., un-
transformed) B H K cells are grown in the presence of insulin (de Asua et 
al., 1973). Fur the rmore , apparent ly " n o r m a l " cells can grow to rela-
tively high saturation densit ies, if the p H of the culture medium is 
increased (Ceccarini and Eagle, 1971). 

T h e maintenance of the " t ransformed phen o ty p e" (i.e., the ability to 
synthesize virus-specific R N A , Τ antigen, and to form colonies in agar) 
depends on the continued presence of functional viral D N A (Oxman, 
1967; Marin and Macpherson , 1969). 

T h e aneuploid and "highly malignant" S E W A mouse cell line (origi-
nally derived from a Py-induced subcutaneous sarcoma) contains Py-in-
duced transplantat ion antigen but no Py-specific R N A or Τ antigen de-
tectable by the hybridization method and immunofluorescence assay 
presently used in our laboratory (tested 1971/1972; H . Tür ler and 
R. Weil, unpublished observat ions) . Fus ion of S E W A cells with several 
" l o w " or "h igh" tumor lines of L cells led to the outgrowth of hybrids , 
all of which contained, as a heritable proper ty , the Py-specific t ransplan-
tation antigen. Thei r malignant potential , however , varied from "non-
tumorgenic" to "highly tumorgenic ." Resul ts from karyotype analyses 
led to the suggestion that the malignancy of the hybrids depended ra ther 
on the consti tution of the karyotype than on any virus-specific functions 
(Harr is , 1971). 

T h e s e results show that Py and S V 4 0 can " t rans form" both normal 
and cancerous (i.e., t ransplantable) t issue culture cells; they also suggest 
that the viral genome is not required to maintain the malignant pheno-
type once it has been established. 

In the following sections we will show that the rather confusing situa-
tion with respect to virus-induced "cell t ransformat ion" (Eagle et ai, 
1970) can be simplified by the assumption that Py and related viruses 
act primarily as endogenous mitogens. 
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IV. The Mitogenic Effect of SV40 and Polyoma Virus 
in Tissue Culture Cells 

A. The Mitogenic Effect of SV40 in Confluent, 
Primary Mouse Kidney Cell Cultures 

Infection of primary M K cultures with SV40 leads within a few weeks 
to the appearance of colonies of " t rans formed" cells (Black and Rowe , 
1963) that contain intranuclear, SV40-specific Τ antigen detectable by 
the immunofluorescence reaction. Kit et aL (1966, 1967, 1969) showed 
that infection with S V 4 0 remains abort ive and that it stimulates cellular 
D N A synthesis while no viral D N A or capsid protein are synthesized. 
Since no known " l a t e " viral functions are expressed the mouse k idney-
SV40 system was found to be very useful for studying the early func-
tions of SV40 and their effects on the host cell. Detai led reports on 
some of these results have been published (May et aL, 1971, 1973; Weil 
et aL, 1973). In this chapter we will summarize the essential results , add-
ing some new, previously unpublished observat ions. 

/. The Properties of Confluent, Primary Mouse 
Kidney Cell Cultures 

Since the time course of the abort ive infection with S V 4 0 and also of 
the lytic infection with Py virus (see below) is markedly influenced by the 
physiological state of the cells at the time of infection, mouse kidney 
(MK) cultures (Winocour, 1963) were prepared under strictly standard-
ized condit ions. In all exper iments discussed here the cultures were 
prepared from kidneys of 10-day-old CR-1 mice and were grown to 
confluence in reinforced Eagle 's medium containing 1 0 % calf serum 
(Weil et aL, 1967). Comparable experimental results were obtained with 
Μ Κ cultures prepared from several o ther inbred or random-bred mouse 
strains (G. Pétursson and R. Weil, unpublished observat ions) . Unde r the 
conditions used in our laboratory the cultures become confluent on the 
third day after seeding and at this time contain approximately 10

5 

ce l ls /cm
2
. Feulgen microspectrophotometry performed on individual 

cells and chemical determination of total D N A content of confluent cul-
tures show that most of the cells in uninfected, confluent Μ Κ cultures 
are epitheloid cells with a diploid (In) D N A content which are ap-
parently arrested in phase G 0 of the mitotic cycle. It should be noted 
that most of the cells in confluent M K cultures are unable, even after 
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trypsinization and replating, to undergo further chromatin replication 
and mitosis. This and other (R. Weil, unpublished) observat ions show 
that under the culture condit ions used M K cells can only undergo a 
limited number of mitotic divisions. Most cells in confluent M K cultures 
are thus not "contac t inhibited" but apparently irreversibly blocked 
in G 0 . 

2. The Molecular and Cytological Events 
of the Abortive Infection 

U n d e r s tandard conditions of infection M K cultures were generally 
plated in large petri dishes (94 mm diameter) ; 2 days after they had 
reached confluence, they were infected at 37°C with 0.4 ml crude viral 
lysate containing approximately 10

8
 P F U / m l . T h e same results were ob-

tained with purified viral preparat ions (10
8
 P F U / m l ) . U n d e r these con-

ditions 5 0 - 6 0 % of the cells present in the cultures part icipate in the 
abort ive infection, as judged by the appearance of SV40-specific, in-
tranuclear Τ antigen. In confluent M K cultures the t ime course of infec-
tion with S V 4 0 (May et al., 1971, 1973) and Py (Pétursson and Weil, 
1968) is essentially the same whether serum is present in the culture 
medium or not. T h e exper iments repor ted here were therefore per-
formed in the absence of any added serum. 

U n d e r s tandard condit ions of infection at 37°C, synthesis of "ea r ly" 
SV40-specific (messenger) R N A becomes noticeable by 3 hours after 
infection (May et al., 1973). T h e rate of synthesis rapidly increases , 
reaches a maximum around 9 - 1 2 hours , and, within the next few hours , 
drops to a low level. T h e initial increase seems to reflect the 
asynchronous onset of t ranscript ion; the subsequent decrease , which 
can be prevented if SV40-induced cellular D N A synthesis is inhibited 
with cytosine arabinoside (ara-C) or 5-fluorodeoxyuridine ( F U d R ) is ap-
parently due to an irreversible switch-off of transcript ion, linked to 
SV40-induced replication of the mouse cell chromatin. In all experi-
ments a very close temporal relation be tween synthesis of early S V 4 0 
R N A and the subsequent appearance of intranuclear SV40-specific Τ 
antigen was observed. In addition, a linear relationship was found 
between total amounts of early S V 4 0 R N A synthesized by the cultures 
(determined by cumulat ive labeling with [

3
H]uridine), the maximum 

number of Τ antigen posit ive cells, and the logarithm of the plaque-
forming titer (PFU/ml ) of the viral preparat ions used for infection. T h e 
latter observat ion reveals a close quanti tat ive relation be tween early 
S V 4 0 R N A and SV40-specific Τ antigen. A few hours after the appear-
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ance of T antigen most cells undergo SV40-induced chromatin replica-
tion (S phase) , followed by normal or abnormal (tri- or multipolar) mi-
tosis. 

3. The Molecular Properties of Early SV40-Specific 
Messenger RNA 

SV40-infected M K cultures were labeled with [
3
H]uridine (500 

μΟί/πιΙ) for 0.5, 1, or 6 hours at different t imes between 6 and 16 hours 
after infection. Total R N A was extracted with hot phenol at the end of 
the pulses and then sedimented through linear [ 1 5 - 3 0 % (w/v)] sucrose 
density gradients. Fract ions were collected and exhaustively hybridized 
with SV40 D N A fixed on membrane filters. Similar experiments were 
performed under conditions where SV40-induced D N A synthesis was 
inhibited with F U d R or a ra-C, added 1 hour after infection. In all exper-
iments the bulk of the radioactive, hybridizable early S V 4 0 R N A sedi-
mented as a rather uniform band with a sedimentat ion coefficient of 
about 19 S, while a smaller fraction sedimented in a band with a sedi-
mentat ion coefficient of about 16 S. In short pulses (0.5 hours) very 
small amounts of SV40-specific R N A were found to sediment between 
20 S and 26 S (May et al., 1973). Although both "19 S " and "16 S " 
R N A are present in the nucleus, only " 1 9 S R N A " is t ransported 
into the cytoplasm (E. May, unpublished observations) . Since "19 S 
R N A " can be isolated from polysomes, we tentatively consider it as 
early SV40-specific m R N A , probably transcribed from parental viral 
D N A . It remains unknown whether early 19 S R N A is t ranscribed as 
such or whether it is derived by very rapid processing from larger 
precursor R N A molecules. 

Preliminary results (E. May et al., unpublished observations) from 
sedimentat ion velocity analyses in 9 9 % D M S O gradients (see below) 
show that SV40-specific "19 S R N A " cosediments with 18 S ribosomal 
R N A (McConkey and Hopkins , 1969). This leads to an est imate of 
about 700,000 daltons for the molecular weight of "19 S R N A " corre-
sponding to about 4 0 % of the length of one strand of S V 4 0 D N A . Early 
SV40-specific m R N A thus seems to be present as a single, rather large 
transcriptional unit that should be able to code for one or more polypep-
tides with a total molecular weight of about 70,000 daltons. These 
results agree well with the conclusion (reached by a different technique) 
that the early functions of S V 4 0 are coded for by the same, contiguous 
segment of SV40 D N A , corresponding to 0 .3 -0 .4 of the total length 
(Danna et al., 1973; Khoury et al., 1973; Mor row et al., 1973). It is of 
interest that concentra ted preparat ions of SV40-specific Τ antigen con-
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tain a protein(s) with a molecular weight in the order of 60 ,000-70 ,000 
daltons (Spira et ai, 1972; del Villano and Defendi, 1973). 

4. SV40-Induced Stimulation of Overall Cellular 
RNA Synthesis 

N e w results show that the abort ive infection with S V 4 0 leads to a 
stimulation of overall cellular R N A synthesis . It begins shortly after the 
appearance of Τ antigen but before the onset of SV40-induced cellular 
D N A synthesis and leads to a net increase of 1 5 - 3 0 % in total (mainly 
ribosomal) R N A in the infected cul tures. A comparable increase occurs 
if SV40-induced cellular D N A synthesis is inhibited with F U d R or 
ara-C. It should be noted that stimulation of SV40-induced cellular 
R N A synthesis is not accompanied by detectable changes in synthesis 
or processing of early SV40-specific R N A (Ε. May et ai, unpublished). 
Below we will show that the situation is very different during the lytic in-
fection with Py virus. 

T h e presently known events of the abort ive infection with S V 4 0 are 
schematically shown in Fig. 2. T h e striking temporal and quanti tat ive 
relationship be tween SV40-specific early 19 S m R N A and the sub-
sequent events of the abort ive infection suggest the existence of a causa-
tive relation. Although no direct experimental evidence for this assump-
tion exists, it is nevertheless supported by the observat ion that t rea tment 

ABORTIVE INFECTION WITH SV4Q 

early SV40-specific SV40-specific stimulation of chromatin 

mRNA ( 19S RNA ) —*·Τ antigen - — ^ o v e r a l l cellular replication — ^ - m i t o s i s 

(intranuclear) RNA synthesis ( S phase) 

LYTIC INFECTION WITH POLYOMA VIRUS 

early Py-specific Py-specific stimulation of chromatin 

mRNA ( I9S RNA ) — Τ antigen — o v e r a l l c e l l u l a r — ^ r e p l i c a t i o n — ^ " a b o r t i v e mitosis" (? ) 

(intranuclear) RNA synthesis ( S phase) 

F I G . 2. Simplified scheme of the sequential events taking place in mouse kidney cells 
during the abortive and lytic infection with SV40 and polyoma virus, respectively. In the 
lytic cycle "integration" (i.e., covalent binding) of parental polyoma DNA into mouse 
chromosomal DNA starts only after the appearance of Τ antigen; replication of polyoma 
progeny DNA begins simultaneously with virus-induced chromation replication (not 
shown). 



464 R. WEIL, C. SALOMON, E. MAY, AND P. MAY 

of confluent M K cultures with mouse specific interferon before (but not 
after) infection depresses as much as 7 0 % of the synthesis of 19 S R N A 
and results in a comparable reduction (70%) both in the number of Τ an-
tigen positive nuclei and in the number of cells participating in SV40-in-
duced cellular D N A synthesis and mitosis. A similar inhibitory effect of 
interferon on synthesis of early virus-specific R N A was observed during 
the lytic infection with S V 4 0 of monkey kidney cells (Vero cells) 
(Oxman and Levin, 1971). As the most simple working hypothesis that 
can account for the experimental observat ions , we postulate that SV40-
specific early 19 S messenger R N A contains information necessary for 
the product ion of SV40-specific Τ antigen and that this antigen (or an as 
yet unknown early viral product whose synthesis would simply parallel 
the appearance of Τ antigen) act ivates or "de inhib i t s" a cellular regula-
tory element that controls chromosome replication and mitosis (Figs. 2 
and 14). 

5. SV40-lnduced "Transformation" of Primary Mouse 
Kidney Cell Cultures 

T h e majority of the abortively infected Μ Κ cells undergo only one 
cycle of SV40-induced mitosis (May et al., 1971). This may be due to 
the irreversible switch-off of synthesis of early S V 4 0 R N A soon after 
the onset of SV40-induced replication of the mouse cell chromatin (May 
et al., 1973). However , infection with S V 4 0 confers a cont inuous mi-
totic stimulus on a small fraction of the cells, which is apparently re-
lated to their ability to resume, after every virus-induced mitosis, 
synthesis of SV40-specific early 19 S R N A and of Τ antigen. SV40-
induced mitotic activity in primary Μ Κ cultures, from the very be-
ginning, is accompanied by a high incidence of tri- and multipolar mi-
toses and the rapid development of karyotypic abnormali t ies, compara-
ble to those induced by SV40 in cells from other species (Moorhead and 
Saksela, 1965; Wolman et al., 1964; Diamandopoulos et ai, 1969; 
Defendi, 1966; Penso et al., 1968) and which are strikingly similar to the 
karyotypic and mitotic damage caused by X rays (Penso et al., 1968) 
and chemical carcinogens (Arcos et al., 1968). 

Daily observat ion of SV40-infected Μ Κ cultures reveals an intense 
mitotic activity in numerous small groups of cells, all of which contain 
intranuclear, SV40-specific Τ antigen. During the first 6 - 8 weeks the 
virus-induced mitotic activity is accompanied by a high incidence of ab-
normal mitoses that frequently result in cell death. Thereafter the in-
cidence of abnormal mitoses slowly decreases , and small colonies of rap-
idly growing, Τ antigen positive, highly pleomorphic and aneuploid cells 
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develop which apparent ly correspond to the colonies of transformed 
cells described earlier by o ther authors . SV40-transformed cells can now 
be continuously propagated in vitro. In 1973 we examined the SV40-
specific R N A synthesized by a mouse kidney cell line " t r ans fo rmed" in 
our laboratory 4 years earlier. T h e cells of this line produce Τ antigen 
and contain " in tegra ted" S V 4 0 D N A that can be rescued (Koprowski et 
al., 1967) by fusion with permissive CV-1 (monkey kidney) cells. T h e 
experimental results show that the virus-specific R N A has molecular 
propert ies closely similar to early S V 4 0 R N A synthesized during the 
abort ive infection of pr imary M K cultures. In the t ransformed cells (as 
in abort ive infection) both SV40-specific 19 S and 16 S R N A molecules 
are present in the nucleus, while only 19 S R N A enters into the cy-
toplasm where it is associated with polysomes (E. May et ai, un-
published observat ions) . T h e sedimentat ion pat terns in sucrose density 
gradients of [

3
H]uridine-labeled S V 4 0 R N A extracted from the nuclei of 

SV40-transformed cells vary, however , with the transformed cell lines 
examined. T h e presence of intranuclear virus-specific "g ian t" R N A in 
SV40-transformed cells (Wall and Darnel l , 1971) is thus not a general 
phenomenon. 

F r o m our observat ions we are led to the conclusion that SV40-in-
duced mitotic stimulation, combined with karyotypic variation, conver ts 
pr imary M K cultures rather rapidly into cell lines with an unlimited po-
tential for growth in vitro. Subsequent ly some transformed mouse cell 
lines become transplantable ("malignant") . T h e process of malignant 
transformation is, at least phenotypical ly, to some extent reminescent of 
the events observed during " spon taneous t ransformat ion" of t issue cul-
ture cells (Todaro and Green , 1963) or after t rea tment with chemical 
carcinogens (Berwald and Sachs , 1963; Heidelberger and Iype , 1967) 
and seems to involve cytogenetic variation and selection (Levan, 1969). 

B. The Lytic Infection with Py Virus in Confluent, 
Primary Mouse Kidney Cell Cultures: 
An Abortive Mitosis 

Most exper iments reported here were performed in confluent, primary 
M K cultures, since essentially all cells present in such cultures partici-
pate in the lytic infection (Winocour, 1963) and produce Py progeny 
virus (approximately 10

5
 particles/cell) (R. Weil, unpublished observa-

tions). U n d e r s tandard condit ions M K cultures (plated in 94 mm petri 
dishes) contained approximately 10

5
 cel ls /cm

2
 and were infected 2 or 3 

days after confluence with 0.4 ml of crude or purified viral preparat ions 
containing approximately 10

9
 P F U / m l . 
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7. The Asynchronous Onset of Py-Induced DNA Synthesis 

a. During Infection at 37°C. U n d e r s tandard condit ions of infection 
at 37°C a small fraction of the cells ( < 1 % ) begin Py-induced D N A syn-
thesis around 12 hours after infection, as determined by autoradiography 
(Weil and Kara , 1970; Weil et ai, 1967, 1973). Thereafter the number of 
DNA-synthes iz ing cells rapidly increases and reaches a maximum 
around 2 5 - 3 0 hours postinfection, when 7 0 - 8 0 % of the cells participate 
in Py-induced D N A synthesis (Fig. 3). T h e use of 10- or 100-fold higher 
viral titers (i.e., 1 0

1 0
 or 1 0

1 1
 P F U / m l ) for infection does not significantly 

influence the time course of infection (R. Weil, unpublished observa-
tions). 

If, however , the titer is decreased to 1 0
8
 P F U / m l or less, Py-induced 

D N A synthesis begins later, the increase in the number of D N A -
synthesizing cells is more asynchronous , and the maximum plateau is 
reached later and decreases linearly with the logarithm of the plaque-
forming titer of the viral preparat ions used for infection. These effects 
seem to be related to the decreased and delayed synthesis of Py-specific 
early 19 S R N A and of Τ antigen after infection with diluted viral prepa-
rations (see below). 

Infection of mouse tissue culture cells with Py leads to an increase in 
the activity (determined in cell-free extracts) of several enzymes in-
volved in biosynthesis of D N A . Extending earlier studies on Py and 
SV40 by others (Hartwell et ai, 1965; Dulbecco et ai, 1965; Ha tanaka 
and Dulbecco , 1967; Kit, 1967), we were led to the conclusion that in-

FIG . 3 . Semischematic representation of the effect of the plaque-forming titer of the 
polyoma viral preparations on the time course of virus-induced DNA synthesis at 3 7 ° and 
2 7 ° C . Primary MK cell cultures, confluent for 2 or 3 days, were infected or mock-infected. 
At different times after infection cultures were pulse-labeled for 1 hour with 2 μ€\ 
[

3
H]thymidine and then subjected to autoradiography as described earlier (Weil and Kara, 

1 9 7 0 ; May et ai, 1 9 7 1 ) . 
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F I G . 4. The enzymatic pathways involved in the biosynthesis of pyrimidine deoxy-
ribonucleotides and of DNA; the site of the inhibitory action of 5-fluorodeoxyuridine 
(FUdR) on DNA synthesis. FUdR is converted by thymidine kinase to 5-fluorodeoxy-
uridine-5'-monophosphate (dFUMP), which inhibits dTMP synthetase and thus, after 
exhaustion of the endogenous pool of TdR-5 '-phosphates, DNA synthesis. Solid arrows 
indicate the steps catalyzed by the enzymes indicated in the figure. 

fection with Py induces a coordinate increase in the activities of the en-
zymes involved in the biosynthesis of pyrimidine deoxyribonucleot ides 
and of D N A (Fig. 4) (Pétursson and Weil, 1968; Kara and Weil, 1967; 
Weil and Kara , 1970; Weil et aL, 1967). T h e increase in enzymatic 
activities under all experimental condit ions tested paralleled the increase 
in the number of D N A synthesizing cells. F r o m these and other experi-
mental observat ions we were led to the hypothesis that an early function 
of Py induces an irreversible activation of the cellular D N A synthe-
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sizing apparatus and that the increase in enzymatic activities, deter-
mined in cell-free extracts , reflects the asynchronous increase in the 
number of activated cells. 

b. During Infection at 27°C. T h e sequence of events of the lytic in-
fection is essentially the same at 27°C as during infection at 37°C. H o w -
ever, due to a cold-sensitive metabolic process ("psychrosensi t ive 
event" ) that is intercalated between the appearance of Τ antigen and 
virus-induced chromat in replication, the t ime course of infection is con-
siderably slower at 27°C (Fig. 2). Exper iments performed at 27°C were 
found to be particularly useful in analyzing the early events of the lytic 
infection (see below) (Weil and Kara , 1970; Weil et al, 1965). 

2. Synchronization with 5-Fluorodeoxy uridine (FUdR) 
of the Onset of Py-Induced DNA Synthesis 

Owing to the asynchronous onset of D N A synthesis Py-infected Μ Κ 
cultures are a metabolically heterogeneous cell populat ion; this ren-
ders it difficult, if not outright impossible, to define "ea r ly" and " l a t e " vi-
ral functions with respect to time after infection. If F U d R (15 ^g/ml) is 
added to the culture medium 2 hours after infection (Fig. 4), synthesis of 
cellular and circular Py D N A and of capsid protein are efficiently 
inhibited; however , the early events of the infection and the activation of 
the cellular DNA-syn thes iz ing appara tus take place jus t as they do in 
normally infected parallel cultures (Hancock and Weil, 1969; Pétursson 
and Weil, 1968; Weil and Kara , 1970; Kara and Weil, 1967). Any time 
after infection the inhibitory effect of F U d R can be immediately and 
specifically reversed by the addition of thymidine (5 jug/ml) to the cul-
ture medium (Fig. 4). If thymidine is added around 2 5 - 3 0 hours after 
infection, i.e., when most ( 7 0 - 8 0 % ) cells present in the cultures are 
activated, Py-induced (cellular and viral) D N A synthesis starts syn-
chronously in all activated cells within 1 minute. 

3. The Sequence of Py-Induced Replication 
of Mouse Cell Chromosomal DNA 

Py-infected and mock-infected Μ Κ cultures were labeled either with 
radioactive T d R , A d R , or C d R at different t imes after infection ( 4 - 3 0 
hours at 37°C and 10-90 hours at 27°C) for periods be tween 30 minutes 
and 12 hours . If infection took place in the presence of F U d R the cul-
tures were labeled with radioactive A d R or C d R . In a number of experi-
ments Py-infected cultures were labeled with radioactive C d R at various 
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times before and after the synchronized onset of Py-induced D N A syn-
thesis. 

At the end of the pulses with the radioactive precursors total D N A 
was extracted ei ther with sodium dodecyl sulfate (Pétursson and Weil, 
1968), with the phenol method used in our earlier studies (Weil, 1961), 
or with the method used by Smith (1970). In some exper iments R N A 
was removed by t rea tment with pancreat ic r ibonuclease. Aliquots of the 
D N A preparat ions were subjected to equilibrium centrifugation in 
shallow CsCl density gradients in a fixed-angle rotor under condit ions 
that allow the separat ion of light satellite D N A from the bulk of the 
mouse cellular D N A (F lamm et aL, 1966; Schildkraut and Maio , 1968). 
Frac t ions were collected, and in each fraction optical absorbance at 260 
nm and radioactivity determined. 

T h e results (M. Farrel l and R. Weil, unpublished observat ions) can be 
summarized as follows. U n d e r all experimental condit ions tested Py-
induced chromosomal D N A synthesis started in D N A sequences rich in 
cytosine + guanosine, while synthesis of light satellite D N A began only 
3 -4 hours later. N o evidence for an early replication of light satellite 
D N A was obtained, even if the cul tures were infected with the Py strain 
used by Smith (1970). T h e absence of early replicating satellite D N A is 
in accordance with the report of o thers (Hatfield and Walker , 1973). It is 
at var iance, however , with the claim by Smith (1970) that Py-induced 
D N A synthesis would begin with the replication of light satellite D N A . 
T h e sequence of Py-induced chromosomal D N A synthesis thus corre-
sponds essentially to the sequence observed during S phase of the 
normal mitotic cycle in a number of cell types from different mammalian 
species (Bostock and Prescot t , 1971; T o b i a s aL, 1970). 

4. Py-lnduced Synthesis of the Chromosomal Proteins 

Based on chemical analysis of chromatin isolated at different t imes 
during infection of M K cultures with Py, we were led to the conclusion 
that Py-induced replication of the chromosomal D N A is paralleled by 
the synthesis of histones and of chromosomal nonhis tone proteins in 
proport ions that are characterist ic of chromatin replication during S 
phase of the normal mitotic cycle of uninfected mouse cells. However , if 
infection took place in the presence of F U d R no significant increase in 
histone and nonhis tone proteins could be observed (Hancock and Weil, 
1969). Subsequent ly , similar results were reported by Winocour and 
Robbins (1970). Lytic infection in mouse kidney cells with Py thus in-
duces chromatin replication which, by the methods used, is indistin-
guishable from the S phase of the normal mitotic cycle of uninfected 
mouse cells. 
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5. Py-lnduced Appearance of Lectin Receptors on the Cell 
Surface Late in the Lytic Infection 

Relatively late during the lytic infection of mouse cell cultures with Py 
lectin receptors appear , as judged by increased agglutinability of the 
cells by lectins; this is prevented if Py-induced D N A synthesis is inhib-
ited with F U d R (Benjamin and Burger, 1970). Since lectin-receptor 
sites also appear during mitosis of uninfected, normally growing cells 
(Noonan et al., 1973), we consider the possibility that the cell surface 
changes observed during the lytic infection might be the expression of a 
Py-induced "abor t ive mitosis ." 

6. Py DNA Replicates as a Nucleohistone Complex 
in Association with the Mouse Cell Chromatin 

T h e temporal and functional relation be tween synthesis of mouse 
chromosomal and Py viral D N A , considered together with the limited 
amount of genetic information contained in the viral genome pointed to 
the possibility that Py virus might use the ch romosome replication 
machinery of the host cell for its own replication. Recent results show 
that two Py-specific nucleoprotein complexes , designated as complex A 
and B, can be isolated from mouse kidney cell cultures during the lytic 
infection (Seebeck and Weil, 1973). Both complexes remain associated 
with the host cell chromatin during the isolation procedure used ; they 
can be dissociated, however , from the isolated chromatin by gentle 
homogenization in a buffer containing 0.5 M N a C l . Reconstruct ion 
experiments tend to rule out the possibility that the two complexes and 
their association with the chromatin would be experimental artifacts. 
Several lines of experimental evidence show that both complexes con-
tain essentially only Py D N A , that complex A contains Py D N A mole-
cules in different stages of replication, and that complex Β contains only 
mature Py D N A I molecules. Complex Β may correspond to the viral 
nucleoprotein particles previously isolated from cultures infected with 
Py (Green et al., 1971) or S V 4 0 (Jaenisch et ai, 1971). Complexes A 
and Β were t reated with formaldehyde under condit ions which cross-link 
D N A with proteins and were then analyzed in CsCl density equilibrium 
gradients. T h e finding that both exhibit the same buoyant density (1.470 
gm /cm

3
) suggested that newly synthesized stretches of Py D N A are 

immediately complexed with proteins and that the D N A to protein ratio 
of the complexes remains essentially unchanged throughout replication. 
T h e proteins extracted from complex A and Β in acrylamide gels exhibit 
essentially the same pat tern as the small proteins (PV I V - V I I ) present 
in purified Py virions (Seebeck, 1974). T h e minor proteins present in Py 
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F I G . 5. Simplified and schematic representation of the structural proteins contained in 
polyoma virions. The indicated molecular weights are approximations. Polyoma pseudo-
virions enclose linear fragments of mouse chromosomal DNA instead of circular viral 
DNA; they contain the same 7 proteins. "Empty capsids" contain only proteins I—III. 

virions are host cell histones (Hirt , 1974) most of which are newly syn-
thesized during Py-induced chromatin replication (Seehafer and Weil, 
1973). T h e s e results considered with those obtained by Consigli et aL 
(1974) led to the tentat ive conclusion that replicating Py D N A is imme-
diately complexed with newly synthesized mouse cell histones and that 
complex B, after encapsidat ion by Py capsomere proteins P V I—III, 
becomes the " c o r e " of Py progeny virions (Seebeck, 1974; Seebeck and 
Weil, 1973) (Fig. 5). Py-induced replication of the host cell chromatin 
may thus be necessary to provide (among other functions) the replicating 
Py D N A with histones. On the basis of the experimental evidence 
presently available we tentatively consider Py D N A as a very simplified 
chromosomal replication unit. 

7. The Properties of "Late" Py-Specific RNA 

M K cultures were labeled with [ 3H]uridine late during the lytic infec-
tion, i.e., at different t imes be tween 2 5 - 3 0 hours after infection. A t this 
t ime most cells are engaged in Py-induced cellular and viral D N A syn-
thesis. Tota l R N A was extracted with hot phenol (Scherrer , 1969) and 
then sedimented through linear sucrose density gradients or subjected to 
electrophoresis in acrylamide gels. Individual fraction from gradients or 
gels were exhaustively hybridized with Py D N A fixed on membrane 
filters (Hudson et aL, 1970; Acheson et aL, 1971). T h e results from 

A C R Y L A M I D E S D S G E L 
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these exper iments show that Py R N A is synthesized in the form of het-
erogeneous "giant" R N A molecules with sedimentat ion coefficients as 
high as 80 S. Since aggregates could be ruled out, Py-specific "giant" 
R N A molecules are thus larger than the transcript of one strand of Py 
D N A (1.5 X 10

6
 daltons) (Weil and Vinograd, 1963), which should have 

a sedimentat ion coefficient of about 26 S. N e w experimental results (N. 
Acheson , personal communicat ion) show that at least 8 0 - 9 0 % of the 
R N A present in " l a t e " giant R N A molecules is Py-specific. Earlier 
observat ions pointed to the possibility that Py-specific giant R N A 
molecules may be cleaved to an R N A species with a sedimentat ion 
coefficient of 26 S and to at least two smaller R N A species with sedi-
mentat ion coefficients be tween 16 S and 20 S. In subsequent studies 
Buetti (1974) labeled Py-infected cultures for 3 hours (25 -28 hours after 
infection) with [

3
H]uridine and then extracted cellular and viral R N A 

from isolated nuclei, cytoplasm, and polyr ibosomes. H e r results show 
that both Py-specific "g ian t" R N A and 26 S R N A molecules remain 
in the nucleus, while the cytoplasm contains 2 species of Py-specific 
R N A , a major fraction ( 8 0 - 9 0 % ) with a sedimentat ion coefficient of 
16 S, and a minor fraction with a sedimentat ion coefficient of 19 S. Since 
both 16 S and 19 S Py-specific R N A ' s are associated with polyribo-
somes, we tentatively consider them to be viral m R N A molecules. 
Sedimentat ion analyses in 9 9 % D M S O gradients (using

 1 4
C- labe led 16 S 

ribosomal R N A from E. coli and 18 S mouse r ibosomal R N A as veloc-
ity markers) suggest a molecular weight for Py-specific 16 S R N A in the 
order of 500,000 dal tons. T h e " 1 6 S R N A " should thus^contain infor-
mation to code for a protein(s) with a total molecular weight of approxi-
mately 50,000 dal tons. Several lines of indirect evidence suggest that the 
16 S R N A is the " l a t e " Py viral messenger that contains the information 
for the synthesis of the major component of Py capsid protein (PV I; 
molecular weight of approximately 46,000 daltons) (Seehafer and Weil, 
1973). T h e biological significance of " 1 9 S R N A " remains unknown. Its 
molecular weight is est imated to be about 700,000 dal tons. 

8. Analysis of the Early Viral Functions Which Precede 
Py-lnduced Replication of the Mouse Cell Chromatin 

a. The Time Course of Synthesis of "Early" Py-Specific RNA. Oper-
ationally we define as "ea r ly" Py-specific R N A those species of radioac-
tive, hybridizable R N A that are synthesized either before the onset of 
Py-induced D N A synthesis or under condit ions in which Py-induced 
D N A synthesis is inhibited with F U d R (added 2 hours after infection). 
Since the results of these studies will be published in detail e lsewhere 
(Weil et al., 1974), we will summarize here only some of the essential 
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observat ions. M K cultures were infected with Py under s tandard condi-
tions ( 1 0

9
 P F U / m l ) in the presence or absence of F U d R . Py-infected 

and mock-infected cul tures were labeled with [
3
H]uridine (100 -500 

μΟΊ/πύ) at various t imes be tween 4 and 30 hours at 37°C and be tween 
10 and 120 hours at 27°C for periods varying be tween 10 minutes and 8 
hours . In a number of exper iments the pulse with [

3
H]uridine was 

followed by a " c h a s e " in nonradioact ive medium in the presence or 
absence of act inomycin D ( 1 - 2 ^g /ml) . T h e labeled cultures were ex-
tracted with hot phenol and the R N A examined by the same techniques 
as used previously (Acheson et al., 1971 ; May et aL, 1973). 

Resul ts from more than 15 individual t ime course studies show that 
synthesis of Py-specific R N A begins several hours before the appear-
ance of intranuclear Τ antigen, determined with the immunofluorescence 
method described by Fogel et al. (1967). Dur ing infection at 37°C 
(Fig. 6) small amounts of Py R N A can first be detected by 6 - 7 hours after 
infection, while a weak react ion for Τ antigen becomes detectable at the 

hours after infection 

F I G . 6. Time course at 37°C of appearance of Τ antigen and of synthesis of "early" 
polyoma-specific RNA in confluent, primary mouse kidney cell cultures infected in the 
presence of FUdR. (Results from 2 independent experiments.) Cultures were infected with 
polyoma virus (10

9
 PFU/ml) 2 days after confluence. Aliquots of 2 cultures each were 

labeled for 25 minutes with [
3
H]uridine (250 /u,Ci/ml, + FUdR) and then extracted with hot 

phenol; total RNA (11 to 35 x 10
3
 cpm//x,g) was exhaustively hybridized with polyoma 

DNA fixed on membrane filters. RNA extraction and hybridization were performed as 
described (Acheson et al, 1971). Intranuclear Τ antigen was determined by im-
munofluorescence (Fogel et al., 1967; Weil and Kara, 1970). The time course of the 
appearance of Τ antigen varies only very little from one experiment to the next. The 
increase, with time after infection, of the intensity of the immunofluorescence reaction is 
not indicated (Weil and Kara, 1970). 
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earliest in 0 . 5 - 1 % of the cells by 10-12 hours after infection (Weil and 
Kara , 1970, and unpublished observat ions) . Thereaf ter the rate at which 
Py R N A is synthesized increases rapidly; by 12 hours it reaches a level 
that is similar to the maximum level of early SV40-specific R N A ob-
served during the abort ive infection of Μ Κ cultures with SV40 
(0 .03 -0 .05%) . Unti l this t ime (i.e., before the onset of Py-induced D N A 
synthesis) the increase in Py-specific R N A is the same whether infection 
takes place in the presence or absence of F U d R . In Py-infected cul-
tures , even if infected in the presence of F U d R , synthesis of Py-specific 
R N A increases rapidly 20- to 30-fold after the appearance of Τ antigen. 
We excluded the possibility that this would be due to " leak iness" of the 
inhibition imposed by F U d R on the synthesis of Py progeny D N A . 
U n d e r all experimental conditions tested during infection at 37° and 
27 °C, the increase in transcription coincided in t ime with the increase in 
size of the nucleoli, detectable by phase-contras t microscopy (Weil and 
Kara , 1970), which is apparently the morphological expression of Py-in-
duced stimulation of overall cellular R N A synthesis occurring in those 
cells where the immunofluorescence reaction for Τ antigen has reached 
a certain level (see below). 

During infection at 27°C (in the presence of F U d R ) small amounts of 
Py-specific R N A can be detected at the earliest by 17-20 hours after in-
fection, i.e., about 10 hours before the appearance of Τ antigen. Again a 
marked increase in synthesis of early Py-specific R N A coincides in time 
with Py-induced stimulation of cellular R N A synthesis (Fig. 7). 

b. Evidence for Synthesis of at Least Two Species of Early Py-
Specific RNA During the Lytic Infection. Cumulat ive labeling with 
[

3
H]ur id ine and pulse-chase experiments show that the turnover of 

early Py-specific R N A ("19 S R N A " ) synthesized before the onset of 
Py-induced stimulation of cellular R N A synthesis (see below) is 
very similar to the slow turnover of SV40-specific early 19 S R N A 
(May et al., 1973). In contrast , Py-specific R N A synthesized after the 
induction of cellular R N A synthesis ("early giant R N A " ) turns over 
rather rapidly and behaves like " l a t e " Py-specific giant R N A . 

ι. Py-Specific Early 19 S RNA. M K cultures were labeled with 
[

3
H]ur id ine for varying lengths between 0.5 to 5 hours and at different 

t imes be tween 6 and 12 hours at 37°C and 17 -40 hours at 27°C after in-
fection, i.e., before the onset of Py-induced cellular R N A synthesis . 
Tota l R N A was extracted with hot phenol and then analyzed by the 
same methods used earlier (Acheson et al., 1971; May et al., 1973). In 
all experiments the bulk of Py-specific R N A present sedimented in 
linear ( 1 0 - 3 0 % ) sucrose density gradients as a relatively uniform band 
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F I G . 7. Semischematic representation of the time course at 27°C of the lytic infection 
with polyoma virus in the presence of FUdR. Primary Μ Κ cultures were infected with 
polyoma virus (10

9
 PFU/ml) 4 days after confluence; aliquots of 2 cultures each were 

labeled for 1 hour with [
3
H]uridine (200 μΟΊ/πύ + FUdR) and then extracted with hot 

phenol. [
3
H]RNA was hybridized with polyoma DNA fixed on membrane filters. From 

polyoma-infected and mock-infected parallel cultures total RNA was extracted and quanti-
tatively estimated as described in Fig. 11. The RNA content of mock-infected cultures is 
taken as 100%. The number of Τ antigen-positive cells was determined as in Fig. 6. The 
increase, with time after infection, of the intensity of immunofluorescence is not indicated. 
The number of DNA-synthesizing cells was determined by autoradiography performed on 
cultures labeled for 1 hour with [

3
H] thymidine (2 /iCi/ml). 

with a sedimentat ion coefficient of 19 S, while a variable but generally 
smaller fraction sedimented faster (Fig. 8). Sedimentat ion through 9 9 % 
D M S O gradients revealed a similar pat tern; however , the main band of 
Py-specific R N A ("19 S R N A " ) cosedimented under these condit ions 
with cellular 18 S r ibosomal R N A (Fig. 9). Est imated from its sedimen-
tation behavior the molecular weight of "ear ly 19 S R N A " should be in 
the order of 700,000 dal tons; this would correspond to the transcript of 
about 4 5 % of the information contained in one strand of circular Py 
D N A . 

Synthesis of Py-specific early 19 S R N A is not significantly influenced 
if protein synthesis is inhibited by the addition of cycloheximide (25 
/ng/ml) to the culture medium prior to the onset of transcription 
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FIG. 8. Sedimentation velocity analysis in a linear [15-30%(w/w)] sucrose density 
gradient of polyoma-specific "early 19 S RNA" (synthesized from 7 to 11 hours after in-
fection at 37 °C). Three Μ Κ cell cultures, confluent for 2 days, were infected with polyoma 
virus (10

9
 PFU/ml) at 37°C in the presence of FUdR. Polyoma-infected and mock-in-

fected (not shown) cultures were labeled from 7 to 11 hours after infection with 
[

3
H]uridine (250 /iCi/ml + FUdR); total RNA was extracted with hot phenol. 100 /ig of 

[
3
H]RNA (68,300 cpm/^g) in 100 μ\ of 0.1 x SSC (sodium saline citrate; 0.15 M NaCl, 

0.015 Na citrate, pH 7.1) were layered on top of a 15-30% (w/w) sucrose density gradient 
(4.4 ml; sucrose in 10 mM triethanol amine-50 mM NaCl-1 mM EDTA). The sample was 
centrifuged at 54,000 rpm for 105 minutes at 22°C in a Spinco SW56 rotor. Samples were 
collected from the bottom of the tube and aliquots of 10 μ\ per fraction were spotted on 
filter papers, dried, and washed in ice cold 5% TCA; the remainder of each fraction was 
adjusted to a concentration of 4 x SSC. To each fraction 2 filters containing 0.2 μ% dena-
tured, (single-stranded) polyoma DNA per filter and one blank filter were added; hybrid-
ization was performed at 65°C for 48 hours. Thereafter the filters were treated with 
ribonuclease, washed, dried, and counted in a toluene based scintillation fluid, under the 
conditions used earlier (Acheson et ai, 1971). [

3
H]RNA from polyoma-infected cultures 

(labeled from 7-11 hours) contained 0.014% polyoma specific RNA while RNA from 
mock-infected controls showed a background hybridization of about 0.001%. Total RNA 
(Ο Ο ) represents the total

 3
H cpm per fraction; polyoma RNA ( # # ) corresponds 

to the
 3
H cpm per fraction hybridized to polyoma DNA. 

(C. Salomon and R. Weil, unpublished). Th is and the observat ions on "in-

tegrat ion" of Py D N A during the lytic infection (see below) suggest that 

"early 19 S R N A " is t ranscribed in the nucleus from free (i.e., not "in-

tegra ted") parental Py D N A by a D N A - d e p e n d e n t R N A polymerase of 

the host cell. T h e early functions of S V 4 0 and Py, during both the lytic 

and abort ive infection (see below), seem thus to be contained in a single, 

ra ther large transcriptional unit ("early 19 S m R N A " ) , which sub-

sequently appears in the polyr ibosomes. T h e sum of the molecular 

weights of "ea r ly" and " l a t e " Py-specific m R N A (approximately 
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BOTTOM FRACTION TOP 

F I G . 9. Sedimentation velocity analysis of polyoma-specific "early 19 S RNA" under 
denaturing conditions in a DMSO-chloral hydrate gradient. Three MK cell cultures, 
confluent for 3 days, were infected with polyoma virus (10

9
 PFU/ml) at 27°C in the pres-

ence of FUdR; they were labeled from 25-30 hours after infection with [
3
H]uridine (200 

/xCi/ml + FUdR); total RNA was extracted with hot phenol. 113 ̂ g [
3
H]RNA (60,500 

cpm/^g) were dissolved in 1 ml of a DMSO solution [0.25 ml of EDTA-Na 2, 0.25 
ml DMSO (dimethyl sulfoxide Merck-Schuchardt) and 0.5 ml 7V,N-dimethyl formamide 
Merck]; 5 μλ of

 1 4
C-labeled 16S E. coli ribosomal RNA (35,000 cpm) were added as 

sedimentation marker. In other experiments
 1 4

C-labeled mouse cell RNA (see Fig. 13) was 
used as sedimentation marker (not shown). The sample was layered on top of a linear 
DMSO-chloral hydrate (37 ml) gradient (0-10% chloral hydrate in DMSO, containing 1% 
(v/v) water-1 mM EDTA-Na 2) , prepared according to I. Maxwell ( unpublished), and 
was centrifuged at 27,000 rpm for 28 hours at 25°C in a Spinco SW27 rotor. Fractions of 
approximately 1 ml each were collected from the top. Aliquots of 50 /xl of each fraction 
were spotted on filter papers, dried, and washed in ice cold 5% TCA. To the remainder of 
each fraction 40 μg yeast RNA and 3 volumes absolute ethanol (0.1 M sodium acetate, pH 
5.1) were added and total RNA was precipitated in ice water (3 hours). Pellets were washed 
in ice cold 70% EtOH-0.1 M sodium acetate, and then resuspended in 100 μ\ 0.1 x SSC. 
Hybridization and counting were carried out as described in the text of Fig. 8. Total RNA 

(Ο Ο ) and marker RNA ( ) represent total
 3

H or
 1 4

C cpm per fraction; 
polyoma RNA ( · · ) corresponds t o

3
Η cpm per fraction hybridized to polyoma DNA. 

700,000 and 500,000 dal tons, respectively) is less than the molecular 

weight expected for the transcript of a s trand of Py D N A (1.5 χ 10
6 

daltons). This suggests that either our est imates of the molecular weights 

of early and late virus-specific m R N A are too low, or that the band of 

" 1 6 S R N A " might comprise two distinct species of m R N A (Buetti , 

1974). 

//. Py-Specific Early Giant RNA. T h e bulk of Py-specific R N A 

extracted from cultures after the onset of Py-induced cellular R N A syn-
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F i e 10. Sedimentation velocity analysis in a linear [15-30% (w/w)] sucrose density 
gradient of polyoma-specific "early giant RNA" (synthesized 24 hours after infection at 
37 °C). Three Μ Κ cell cultures, confluent for 2 days, were infected with polyoma virus 
(10

9
 PFU/ml) at 37°C in the presence of FUdR. The cultures were labeled for 10 minutes 

at 24 hours after infection with [
3
H]uridine (500 ̂ Ci/ml + FUdR). Total RNA was ex-

tracted with hot phenol. 100 μ% of [
3
H]RNA (12,400 cpm/^g) in 100 μ\ of 0.1 χ SSC were 

sedimented and the individual fractions analyzed under the conditions described in Fig. 8. 
As sedimentation marker 5 μ\ (30,000 cpm)

 1 4
C- labeled total mouse cell RNA was used. 

{[
1 4
C]RNA was extracted with hot phenol from uninfected, growing MK cell cultures, 

labeled for 24 hours with [
1 4
C]uridine (4 μα/πύ).} Total RNA (Ο Ο ) represents total 

3
Η cpm per fraction; polyoma RNA ( · · ) represents

 3
Η cpm per fraction hybridized 

to polyoma DNA. 

thesis has a sedimentation behavior that is very similar to that of " l a t e " 
Py-specific giant R N A (Acheson et ai, 1971) (Fig. 10). T h e results from 
pulse-chase experiments performed either in the presence or absence of 
actinomycin D ( 1 - 2 ^g/ml) show that early giant R N A molecules are 
synthesized in the nucleus and that they turn over rather rapidly; they 
also point to the possibility that early giant R N A may be processed into 
smaller R N A molecules that form a relatively broad band in sucrose 
gradients with a sedimentation coefficient around 19 S and which may 
contain the minor species of polysome-associated Py-specific m R N A 
isolated by Buetti late during normal lytic infection. 

9. Py-induced Stimulation of Overall Cellular RNA Synthesis 

In a large number of experiments performed during the last few years 
we observed that phenol extracts from M K cultures infected under stan-
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dard condit ions, (in the presence or absence of F U d R ) at 37°C for 
about 2 4 - 3 0 hours and at 27°C for 6 0 - 7 2 hours (or longer), generally 
contained 3 0 % more R N A than mock-infected parallel cultures as de-
termined by optical absorbance at 260 nm and by the orcinol method. 
Sedimentat ion velocity analyses in linear ( 1 0 - 3 0 % ) sucrose density 
gradients reveal that the increase in total R N A is largely due to an 
increase in r ibosomal 28 S and 18 S R N A . Labeling with [

3
H]ur id ine 

shows however that all major species of cellular R N A in Py-infected 
cultures incorporate radioactive [

3
H]ur idine at a moderately increased 

rate, suggesting that infection stimulates overall cellular R N A synthesis. 

These results did not exclude the possibility that Py-infected and 
mock-infected cultures actually contain the same amounts of total R N A 
but that the hot phenol method extracts r ibosomal R N A more efficiently 
from infected cultures. W e therefore determined total R N A in more than 
10 independent exper iments (at different t imes during infection at 37° or 
27°C) by a chemical method based on that reported by Schneider (1957) 
and est imated the ribose content by the orcinol method. In all experi-
ments a small but significant increase in total R N A content could be de-
tected in the infected cultures shortly after the begin of the nucleolar 
increase, i.e., a round 15-17 hours after infection at 37°C (Fig. 11) and 
around 48 hours at 27°C (C. Salomon and R. Weil, unpublished). T h e 
R N A content of infected cultures reached a maximum around 24 hours 
after infection at 37°C and around 72 hours at 27°C. At these t imes Py-
infected cultures contain regularly 3 0 % ( ± 5 % ) more R N A than mock-
infected parallel cultures. It should be stressed that essentially the same 
increase in total R N A occurs whether infection takes place in the pres-
ence or absence of F U d R . 

T h e increase in total, mainly r ibosomal, R N A thus begins shortly after 
the appearance of Τ antigen but before the onset of Py-induced D N A 
synthesis , and it is independent of the latter. T h e close temporal relation 
be tween the appearance of Τ antigen and the subsequent increase in 
nucleolar size points to a causat ive relation between Τ antigen (or 
another , as yet unknown early viral function) and Py-induced stimula-
tion of cellular R N A synthesis . 

10. Effect of Some Variables on the Time Course 
of the Lytic Infection with Py 

a. The Infective Titer of the Py Viral Preparations Used for Infec-
tion. T h e same results are obtained with crude viral lysates and highly 
purified viral preparat ions if they contain the same plaque-forming titer 
(PFU/ml ) . Infection with preparat ions containing 10

8
 P F U / m l or less, 

results in a decrease and a delay in the synthesis of Py-specific early 19 
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100 h 

20 

hours after infection 

24 

FIG . 11. Polyoma-induced increase in total cellular RNA in primary mouse kidney cell 
cultures infected under standard conditions at 37°C in the presence of FUdR. Six large (94 
mm diameter) petri dishes, confluent for 2 days, were infected with polyoma virus (8 x 10

8 

PFU/ml) and 6 parallel cultures were mock-infected. At 16, 20, and 24 hours after infec-
tion 2 polyoma-infected and 2 mock-infected cultures were treated as follows. The cultures 
were put on ice, washed with 5 ml ice-cold PBS (isotonic phosphate-buffered saline). 
Thereafter 5 ml ice cold 5% TCA (trichloroacetic acid) were added to each dish. After in-
cubation on ice for 20 minutes the cells were scraped off and the suspension centrifuged for 
15 minutes at 3,000 rpm in an HB4 Sorvall rotor at 4°C. The supernatant was discarded and 
the pellet resuspended in 5 ml ice cold 5% TCA, and again centrifuged as described. The 
resulting pellet was suspended in 2 ml 1 Ν ΚΟΗ and then incubated at 37°C for approxi-
mately 20 hours which was sufficient to hydrolyze the RNA. Then the tubes were put on 
ice and 400 μ\ HCl and 250 μ\ 50% TCA were added to each tube. The samples were 
kept on ice for 30 minutes and centrifuged at 3000 rpm for 15 minutes in an HB4 Sorvall 
rotor at 4°C. The supernatant was removed and from each tube aliquots of 0.5 and 1.0 ml 
were immediately assayed for ribose content by the orcinol method. 

S R N A and of Τ antigen, as compared to infection with 10
9
 P F U / m l or 

more. T h e maximum number of cells that will synthesize Τ antigen 

decreases approximately linearly with the logarithm of the plaque-

forming titer used for infection. As expected, the increase in nucleolar 

size also occurs later, i.e., again at the time when Τ antigen has reached 

a certain level. T h e onset of Py-induced D N A synthesis (determined by 

autoradiography) is thus delayed and more asynchronous (Fig. 3). T h e 

increased asynchrony of the time course of Py-induced D N A synthesis 

seems to be linked to the delayed and decreased synthesis of early Py 

R N A . These observat ions are also important for the interpretat ion of 

the results obtained with " T antigen-negative" mutants of Py virus (see 

below). 
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b. Infection of Mouse Kidney and Mouse Embryo Cell Cultures with 
Temperature-Sensitive "T Antigen-Negative" Mutants of Py Virus. In six 
independent exper iments we infected primary Μ Κ cultures and secon-
dary mouse embryo cell cultures with Py viral preparat ions (1 to 5 x 10

7 

P F U / m l ) of temperature-sensi t ive " T ant igen-negative" mutants [ts-a, 
ts-10, ts-25, ts-616] obtained from Dr . W. Eckhar t (Oxman et al., 1972) 
at the nonpermissive tempera ture (39.7° ± 0.3°C). 

In all exper iments parallel cultures were either mock-infected or in-
fected with wild-type Py used in our laboratory and diluted to the same 
low infective titers (1 to 5 x 10

7
 P F U / m l ) as the mutant virus. T h e use 

of low infective ti ters is necessary, since the temperature-sensi t ive mu-
tants are " l eaky" if the cultures are infected with higher ti ters ( 1 0

8 

P F U / m l or more) ! 
T h e results from these exper iments can be summarized as follows. A s 

judged by the use of three different ant isera (prepared in hamsters or 
rabbits) all four mutants tes ted induce the product ion of Py-specific Τ 
antigen at the nonpermissive tempera ture (Fig. 12), although at a slower 
rate (delay of about 12 hours) than that observed in parallel cul tures in-
fected with wild-type Py virus. Similarly, the beginning of the nucleolar 
increase and the onset of Py-induced D N A synthesis are delayed by 
about 12 hours (or more) in cultures infected with the mutants . T h e s e 
results suggest that the mutat ion may be responsible for a decrease in 
the rate at which Τ antigen is synthesized at the nonpermissive tempera-
ture but that Τ antigen (or a product synthesized in parallel), once it has 
reached a critical concentrat ion, induces cellular R N A synthesis and the 
replication of mouse cell chromatin jus t as does wild-type Τ antigen. T h e 
markedly decreased product ion of progeny virus after infection with 
these mutants at the nonpermissive tempera ture (Oxman et al., 1972; 
Eckhar t , 1969) points to the possibility that Τ antigen may provide a 
function(s) necessary for synthesis of viral progeny D N A which would 
be impaired in some of the temperature-sensi t ive " T ant igen-negat ive" 
mutants . 

c. The Physiological State of the Cultures at the Time of Infection. 
Cell density (cells/cm

2
) and time after confluence exer t little if any ef-

fect on the synthesis of Py-specific early 19 S R N A and on the appear-
ance of Τ antigen. However , both factors influence the host cell 
response toward the infection. If " c r o w d e d " M K cultures (containing 
3 Χ 10

5
 or more ce l l s /cm

2
) are infected at 37°C the increase in the 

nucleolar size and Py-induced D N A synthesis are delayed and are more 
asynchronous . T h e influence of the length of t ime of confluence before 
infection is particularly noticeable if Μ Κ cultures are infected at 27 °C; if 
Μ Κ cultures are infected one day after confluence the nucleolar increase 



482 R. WEIL, C. SALOMON, E. MAY, AND P. MAY 

FIG. 12. Evidence that ts-a, a "T antigen-negative," temperature-sensitive polyoma mu-
tant, produces T antigen at the nonpermissive temperature. Secondary mouse embryo cul-
tures were infected with ts-a (5 x 107 P F U / m l ) at 39.5°C; coverslips were fixed 45 hours 
after infection to determine Τ antigen by immunofluorescence. In this experiment about 
40% of the nuclei present in the culture gave a positive reaction while mock-infected con-
trol cultures were completely negative. 

and Py-induced cellular D N A synthesis begin about 12 hours earlier 
than in parallel cultures infected 3 days after confluence (Weil and Kara, 
1970). If cell density, t ime after confluence, and the infective titers are 
controlled the time course of the infection is predictable and very repro-
ducible. 

C. The Abortive Infection with Py of Hamster Embryo Cultures 

Py induces an abort ive infection in hamster embryo tissue culture 
cells which leads to mitotic stimulation and to "cell t ransformation" 
while only very few, if any cells, synthesize viral D N A and capsid pro-
tein (Vogt and Dulbecco , 1960, 1962, 1963). T o determine the molecu-
lar propert ies of Py-specific R N A synthesized during the abort ive infec-
tion we infected secondary hamster embryo cultures, plated in large (94 
mm diameter) petri dishes that contain about 10 7 cells with Py virus (0.4 
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ml, 1 0
9
 P F U / m l ) . After adsorpt ion the cultures were covered with 10 ml 

culture medium. In exper iments where relatively small (young) embryos 
had been used to prepare the cul tures a distinct mitotic stimulation 
could be observed 2 or 3 days after infection. In these experiments 2 5 -
5 0 % of the cells contained Py-specific Τ antigen, determined around 
2 0 - 2 4 hours after infection, while essentially no cells ( < 0 . 0 1 % ) con-
tained capsid protein. In experiments where older embryos were used 
to prepare the cultures only 1-5% of the cells became positive for Τ 
antigen and virtually no virus-induced mitotic stimulation could be ob-
served. 

In four independent exper iments we determined the amounts of radio-
act ive, hybridizable Py-specific R N A synthesized in cultures prepared 
from younger (about 7 mm) or older (12 mm or more) hamster embryos . 
Py-infected and mock-infected cultures were labeled with [

3
H]ur idine 

(250 /xCi/ml) for 2 - 3 hours at different t imes be tween 19-26 hours after 
infection (either in the presence or absence of F U d R ) . After the pulses 
total R N A was extracted with hot phenol and then exhaustively hybrid-
ized with Py D N A fixed on membrane filters. In two exper iments 
where 25 and 5 0 % , respectively, of the cells contained Τ antigen, small 
but significant amounts of radioactive Py-specific R N A could be de-
tected (approximately 0 . 0 1 0 % in Py-infected and 0 . 0 0 1 % in mock-in-
fected controls) . In contrast , cultures with only 1 -5% Τ antigen-positive 
cells did not contain detectable amounts of Py R N A . In two indepen-
dent exper iments total R N A from Py-infected hamster embryo cultures 
with 25 or 5 0 % Τ antigen-positive cells was sedimented through linear 
[ 1 0 - 3 0 % (w/v)] sucrose density gradients; individual fractions were 
collected and then exhaustively hybridized with Py D N A fixed on 
membrane filters (Fig. 13). In both exper iments the bulk of Py-specific 
R N A sedimented as a ra ther uniform band with a sedimentat ion coeffi-
cient of about 19 S. A minor fraction of Py-specific R N A formed a band 
with a sedimentat ion coefficient of about 16 S, while no faster-
sedimenting virus-specific R N A could be detected. T h e sedimentat ion 
behavior of Py-specific R N A synthesized during the abort ive infection 
of hamster cells with Py is thus strikingly similar to that of SV40-
specific early R N A synthesized during the abort ive infection of M K cul-
tures with SV40 . T h e s e observat ions are compatible with the hy-
pothesis that parental Py D N A in hamster embryo cells directs the 
synthesis of "early 19 S m R N A " and the product ion of Τ antigen and thus 
is able to induce mitotic stimulation but that in (most) hamster cells the 
factors necessary for the synthesis of Py progeny D N A are not avail-
able. 
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BOTTOM FRACTION TOP 

FIG . 13. Sedimentation velocity analysis in a linear [15-30%(w/w)] sucrose density 
gradient of polyoma-specific RNA synthesized during the abortive infection with polyoma 
virus of secondary hamster embryo cell cultures. Cultures were infected at 37°C with 
polyoma virus (10

9
 PFU/ml) and labeled from 24 to 26.5 hours after infection with 

[
3
H]uridine (250 /uCi/ml). Total RNA was extracted with hot phenol. 100 μ% of [

3
H]RNA 

(96,800 cpm^g) were sedimented and subsequently hybridized with polyoma DNA fixed 
on membrane filters under the conditions described in Fig. 8. As sedimentation marker 
(100,000 cmp)

 1 4
C-labeled mouse cell RNA was added (see text to Fig. 10). Total RNA 

(Ο Ο ) and marker RNA (—) represent total
 3

H or
 1 4

C cpm per fraction. Polyoma 
RNA ( # Φ ) represents

 3
H cpm per fraction hybridized to polyma DNA. The 

sedimentation pattern of
 3
H-labeled total RNA from mock-infected parallel cultures was 

indistinguishable from that shown in this figure. 

V. Polyoma-Induced Tumor Formation Revisited 

Despi te the vast li terature on Py-induced tumors (Eddy, 1969), we 
repeated some of the experiments performed earlier by other authors . In 
collaboration with F . Chate lanat (Depar tment of Pathology, Universi ty 
of Geneva) we performed a detailed study by light and electron micros-
copy of the effects of the infection with Py in newborn hamsters and 
rabbits . T h e results obtained generally confirmed the earlier experi-
mental observat ions . However , our observat ions show that Py induces a 
widespread, intense mitotic stimulation that leads to a rapid outgrowth 
of relatively undifferentiated cells in numerous organs and tissues. These 
results suggest that many Py-induced tumors , diagnosed in earlier 
studies as sarcomas and other forms of cancer , are actually hyperplasias 
("benign tumors") . T h e primary tumors induced by Py seem, at least to 
some extent , analogous to warts induced by the papilloma viruses. In 
agreement with earlier reports (Defendi et ai, 1967) we found that all 
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cells in Py-induced (subcutaneous) tumors contained intranuclear Py-
specific Τ antigen. These observat ions suggest that the mitogenic effect 
of Py observed in t issue culture cells may also be operational in vivo, 
leading in newborn hamsters and rabbits to widespread, intense mitotic 
stimulation and, in some areas , to the development of hyperplasias. In 
contrast , the development of cancer , if it develops at all, appears to be 
the result of complex secondary events similar to " tumor progress ion" 
(Levan, 1969; Koller, 1972) observed to occur spontaneously or as the 
result of chemical or physical carcinogens. Subcutaneous infection of 
newborn hamsters with the temperature-sensi t ive Py mutant ts-a (50 μ,Ι; 
2 to 5 x 10

7
 P F U / m l ) within 3 - 4 weeks induces rapidly growing tumors 

in the inner organs, particularly in the heart (F . Chatelanat and R. Weil, 
unpublished). This observat ion is at var iance with that of Fr ied (1965). 
In newborn hamsters infected subcutaneously with ts-a this author 
mainly observed the development of subcutaneous tumors . On the basis 
of this observat ion he suggested that "malignant t ransformat ion" with 
ts-a would occur more readily subcutaneously because of the lower tem-
perature in this region. Our own observat ions show, however , that 
mainly subcutaneous tumors develop if newborn hamsters are infected 
with dilute (wild-type) Py viral preparat ions , containing 10

7
 P F U / m l or 

less. 

VI. The Shope PapUloma Virus (SPV) 

Within a few days after infection S P V induces an intense mitotic stim-
ulation in the epithelium of the skin of the domest ic rabbit (Rous and 
Beard, 1934; McMichae l et ai, 1963), while little if any progeny virus is 
produced. Although the molecular events of the infection with S P V 
remain unknown, we consider the possibility that they are similar to 
those observed during the abort ive infection with S V 4 0 or Py. SPV-in-
duced papil lomas either regress or develop within the next few months 
into very large masses , which generally consist of well-differentiated, 
diploid and noninvasive epithelial cells and thus are hyperplasias. H o w -
ever, 9 to 12 months or later after infection, dysplastic ( "precancerous") 
regions develop rather frequently within the papil lomas; they contain 
karyotypically and morphologically abnormal cells and tend to progress 
to invasive skin carcinomas (McMichael et al., 1963). Rous and Beard 
(1934) inoculated cell suspensions, prepared from very small warts ( 1 -2 
weeks after infection), into various inner organs (such as the liver) of the 
same rabbit ; they observed that the inocula, which consisted of 
"ben ign" wart cells, developed within 1-2 months into large, invasive, 
anaplastic and metastasizing epithelial carc inomas. 
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These observat ions suggest that S P V acts in the epithelium of the skin 
of the domest ic rabbit as an endogenous mitogen, conferring on the 
abortively infected cells a high degree of mitotic au tonomy, leading in 
situ (i.e., in the skin) primarily to the development of hyperplasias. 
'Malignant transformation, ' i.e., progression to cancer , seems to be the 
result of secondary processes which are preceded or paralleled by 
karyotypic variation and selection which occurs much more rapidly if 
the wart cells are allowed to grow in t issues other than the skin. 

VII. A Comparison between Viral and Chemical Carcinogenesis 

A short discussion of chemical carcinogenesis is included since it 
reveals some similarities be tween "malignant t ransformation" induced 
by chemical carcinogens (Berwald and Sachs , 1963; Huggins et al., 
1959, 1961; Arcos et al., 1968; Heidelberger and Iype , 1967; Mondai 
and Heidelberger, 1970; Bielschowsky and Bielschowsky, 1961; Färber , 
1968, 1973) and oncogenic D N A viruses. 

O n e of the most striking early effects of chemical carcinogens in liver, 
mammary gland, and skin is a marked mitotic stimulation in the target 
t issues which can only partially be explained as a repair reaction. It 
begins rather early after t reatment and within a few weeks leads to the 
development of hyperplast ic nodules in liver and mammary gland and to 
papillomas (hyperplasias) in the skin. Carcinogen-induced stimulation of 
cellular D N A synthesis , mitosis, and development of squamous meta-
plasia can also be observed in vitro, among o thers , in rat mammary 
tissue grown in organ culture in the presence of 7,12-dimethyl-
benz[a]anthracene, a potent inducer of mammary cancer in the rat 
(Koyama et al., 1972). 

T h e development of hyperplasias in the animal generally requires the 
continued exposure of the target t issues to the chemical carcinogen and 
is generally accompanied by karyotypic al terat ions. If the carcinogen is 
removed, further growth stops and the hyperplasias may even regress. 
However , if exposure to the carcinogen is cont inued dysplastic ("pre-
cance rous" ) regions develop where the cells generally exhibit morpho-
logical, karyotypic, and functional alterations to a varying degree. Even-
tually a "point of no re tu rn" is reached; the mitotic activity of some cells 
present in the dysplastic areas has become au tonomous and no longer 
requires the exposure to the carcinogen. Since these cells are invasive 
and are generally able to form metas tases , they can be regarded as 
" c a n c e r " cells. T h e s e observat ions suggest that during chemical car-
cinogenesis a prolonged period of mitotic stimulation, accompanied by 
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cytogenetic variation and selection, ( " tumor progress ion") (Levan, 
1969), sets the stage for the development of increasingly au tonomous 
cellular variants , some of which eventually can overcome the homeo-
static controls of the animal. Clinical and histopathological observat ions 
suggest that " tumor progress ion" may also play an important role in the 
development of certain malignancies in man, such as cancer of the 
cervix (Marchant , 1969; Koller, 1972). 

VIII. Discussion and Conclusions 

A. The Mitogenic Effect of SV40 and Py in Mouse 
and Hamster Tissue Culture Cells 

Most exper iments reported here were performed in confluent, primary 
M K cultures , which consist mainly of epitheloid cells that are irrevers-
ibly arrested in phase G 0 of the mitotic cycle. In such cultures S V 4 0 
induces an abort ive infection leading to normal or abnormal (tri- or 
multipolar) mitosis, while no viral progeny D N A or capsid protein are 
synthesized. In contrast , Py induces a lytic infection, which leads to an 
"abor t ive mitosis ," accompanied by the product ion of progeny virus 
followed by cell death. T h e sequence of known "ear ly e v e n t s " during 
the abort ive and lytic infection is analogous (Figs. 2 and 14). T h e events 
of the abort ive infection with Py of hamster embryo cells seem to be 
similar to those observed during the abort ive infection of primary M K 
cultures with SV40 . 

Both in the abort ive and lytic infection with S V 4 0 and Py the early 
viral functions seem to be transcribed in the nucleus as a single, ra ther 
large transcriptional unit (virus-specific "early 19 S R N A " ) . F r o m the 
sedimentat ion behavior in 9 9 % D M S O gradients its molecular weight 
was est imated to be in the order of 700,000 dal tons, corresponding to 
the transcript of about 4 0 % of one strand of circular Py or S V 4 0 D N A . 
This is ra ther similar to the est imates on the size of the "ear ly region" of 
S V 4 0 D N A reported by several groups (Morrow et ai, 1973; Khoury et 
aL, 1973; Kelly and Lewis , 1973) but is considerably below the molecu-
lar weight (900,000 daltons) reported by Weinberg et al. (1972) for 
SV40-specific 19 S R N A . 

Since newer results (E. May et al., unpublished) show that SV40- and 
Py-specific early " 1 9 S R N A " can be isolated from polysomes, we con-
sider it as early virus-specific m R N A . Judging from its molecular weight, 
19 S m R N A may contain the information to specify one or more poly-
peptides with a total molecular weight of about 70,000 dal tons. The 
close temporal and quanti tat ive relationship be tween early 19 S m R N A 
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and virus-specific T antigen suggests that the early viral m R N A contains 
the information necessary for the product ion of Τ antigen (see, however , 
discussion in Weil and Kara , 1970). Although preparat ions enriched in 
SV40-specific Τ antigen contain a protein(s) with a molecular weight in 
the order of 60,000 to 70,000 daltons (Spira et al., 1972; del Villano and 
Defendi, 1973), further studies seem to be necessary in order to clarify 
whether this protein(s) actually corresponds to (or is contained in) Τ an-
tigen. 

Virus-induced stimulation of overall (mainly r ibosomal) cellular R N A 
synthesis , which leads to a 3 0 % increase in total R N A (per cell), is the 
earliest presently known host cell response both in the abort ive and lytic 
infection with S V 4 0 and Py, respectively. It begins shortly after the 
appearance of Τ antigen but before the onset of virus-induced chromatin 
replication and also occurs if D N A synthesis is inhibited with F U d R 
(Figs. 2, 7, and 11). 

T h e results reported here suggest that virus-induced cellular R N A 
synthesis may comprise the cold-sensitive metabolic process ("psychro-
sensitive even t " ) that is intercalated be tween the appearance of Τ an-
tigen and virus-induced chromatin replication (Weil and Kara , 1970; 
Weil et al., 1967; May et ai, 1971, 1973). 

As a working hypothesis we propose that early viral m R N A ("early 
19 S R N A " ) , synthesized both during the lytic and abort ive infection 
with S V 4 0 and Py, respectively, directs the synthesis of a virus-specific 
mitogen (which might correspond to Τ antigen or an other , as yet un-
known, early viral product synthesized in parallel) and that this mitogen, 
after reaching a critical concentrat ion, interacts with a cellular regulatory 
element that controls chromatin replication and mitosis, and thus 
triggers the host cell automat ism (cellular R N A synthesis —S phase — 
normal or abort ive mitosis) (Fig. 14). Several lines of experimental 
evidence point to the possibility that at least some of the virus-induced 
alterations of cell membranes , such as the appearance of lectin bind-
ing sites (Pollack and Burger, 1969; N o o n a n et al., 1973; Benjamin and 
Burger, 1970; Inbar and Sachs , 1970; Lis and Sharon, 1973) may be 
secondary events . 

At present it remains unknown why the infection of mouse cells with 
S V 4 0 remains abort ive while the same cells are able to reproduce Py 
virus. Py-induced chromatin replication appears to be prerequisite for 
the product ion of progeny virus, since Py D N A replicates as a nucleo-
histone in close association with the mouse cell chromatin and ap-
parently makes use of the chromosome replication machinery of the host 
cell for its own synthesis (Seebeck and Weil, 1973; Seebeck, 1974). 
Although virus-induced chromatin replication may be necessary it is, 
however , an insufficient condition for synthesis of viral progeny D N A , 
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and additional requirements have to be met. Tür le r observed that during 
the lytic infection of mouse cells covalent binding of parental Py D N A 
molecules ("integration") occurs only after the appearance of Τ antigen 
and precedes or coincides in t ime with the activation of the cellular 
DNA-synthes iz ing apparatus . " Integrat ion occurs whether mouse cell 
cul tures are normally infected or infected in the presence of F U d R (Weil 
et ai, 1973; Türler , 1974). " In tegra t ion" of parental viral D N A can also 
be observed during the lytic infection with S V 4 0 (Hirai et al., 1971) and 
with adenovirus type 2 (Burger and Doerfler, 1973). " In tegra t ion" of Py 
and S V 4 0 D N A early during the lytic infection may thus be one of the 
additional requirements for synthesis of viral progeny D N A . It remains 
unknown whether " in tegrat ion" corresponds to a linear insertion of the 
viral D N A into the chromosomal D N A or ra ther to some other form of 
covalent linkage (to chromosomal replication sites?). A s a working hy-
pothesis we consider the possibility that an early viral function (T an-
tigen?) is involved in the activation or induction of an endonuclease with 
"double-hi t" kinetics (Cuzin et al., 1973, and Chapte r 6) which would 
introduce breaks into the mouse chromosomal and viral D N A and thus 
set the stage for multiple interactions and exchanges be tween viral and 
cellular D N A . Such an enzyme might also be involved in the excision of 
nucleohistone fragments (Seehafer and Weil, 1973) from the mouse cell 
chromatin and thus be involved in the product ion of pseudovir ions 
(Michel et al., 1967; Türler , 1974). 

Β. The Relation of the Autogenic Effect to Virus-Induced 
"Cell Transformation" in Vitro 

T h e absence of well-defined and reliable morphological or physiolog-
ical criteria to define "virus- t ransformed" cells (see Eagle et ai, 1970) 
compounded by the synonymous and frequently indiscriminate use of 
the te rms " t ransformed," "neoplas t ic , " and "mal ignant" has led to con-
ceptual confusion with respect to the te rm virus-induced "cell transfor-
mat ion." T h e situation can be simplified by the following assumpt ions . 

1. Py, S V 4 0 and probably also the related papilloma viruses act 
primarily as endogenous mitogens. 

2. In t issue culture Py and S V 4 0 confer a mitogenic stimulus both on 
" n o r m a l " and " c a n c e r o u s " cells. T h e increased potential for growth in 
vitro, i.e., the ability of (at least some) virus-transformed cells to form 
colonies in soft agar and to grow in the presence of low levels of serum, 
seem to be related to the virus-specific mitogenic effect. 

3. Virus-specific mitotic stimulation is frequently accompanied by 
virus-induced mitotic and karyotypic abnormali t ies, leading to cy-
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togenetic instability (Moorhead and Saksela, 1964/1965; Wolman et al., 
1964; Diamandopoulos et ai, 1969; May et al., 1971; Weil et al., 1973). 
This is particularly striking after the abort ive infection with SV40 , 
where the first wave of virus-induced mitoses already exhibits a broad 
spectrum of abnormalit ies that are similar to those induced by X rays 
(Penso et al., 1968) and by chemical carcinogens (Arcos et al., 1968). 
T h e combination of virus-specific mitotic stimulation and virus-induced 
cytogenetic instability conver ts diploid primary cultures and cell strains 
within a few weeks into aneuploid cell lines with an unlimited potential 
for growth in vitro. 

4. T h e virus-induced mitotic stimulus may already be lost after the 
first virus-induced mitosis; in primary Μ Κ cultures abortively infected 
with SV40 , this loss seems to be linked to the (irreversible) switch-off of 
synthesis of early SV40-specific 19 S R N A soon after the onset of virus-
induced chromatin replication (May et al., 1973). 

5. Several lines of experimental evidence suggest that virus-induced 
mitogenic stimulation does not require the " in tegrat ion" of viral D N A ; 
the assumption that the mitogenic effect is expressed without "integra-
t ion" may explain the phenomenon of "abortive transformation" 
(Oxman, 1967; Stoker and Dulbecco , 1969). T h e " t ransformed pheno-
t y p e " (operationally defined by the ability of abortively infected cells to 
synthesize virus-specific R N A and Τ antigen and to form colonies in 
agar or in the presence of low levels of serum) is lost after a small 
number of virus-induced mitoses, and the cells revert to a " n o r m a l " 
growth pat tern. T h e results obtained by P. Berg (personal com-
munication) suggest that, in the instances tested, the reversion was ac-
companied by the loss of (SV40) viral D N A from the abortively trans-
formed cells. 

6. As a relatively rare event , the " t ransformed pheno type" is main-
tained indefinitely, a situation generally referred to as "stable transfor-
mat ion." It seems to depend on the cont inuous presence of " in tegra ted" 
functional viral D N A , which is carried, as a heritable proper ty , from one 
cell generation to the next. A t least in some SV40-transformed cell lines 
the viral genome can be rescued, even years after the original abortive 
infection, by fusion with permissive (e.g., monkey) cells that apparently 
contain a factor(s) necessary for the synthesis of viral progeny D N A 
(Wever et al., 1970; Croce and Koprowski , 1973). W e tentatively as-
sume that "s table t ransformation" is the outcome of an aborted lytic in-
fection that is blocked at some stage after " integrat ion" and before the 
replication of viral progeny D N A . According to this view the " t rans-
formed pheno type" is the result of the continued expression of an early 
viral gene(s) directing the synthesis of early 19 S messenger R N A , 
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F I G . 14. Scheme of the mitogenic action of SV40 and polyoma virus. 

which in its turn contains the information for the product ion of the 
"ea r ly" viral polypeptide(s). Virus-induced "cell t ransformat ion" would 
then be the complex result of a combination of prolonged virus-induced 
mitotic stimulation and cytogenetic variation and selection; obviously, 
its final ou tcome will be influenced by the procedures used to select for 
" t ransformed ce l l s" (Stanners , 1963; Stanners et ai, 1963; Eagle et al., 
1970) and whether viral D N A is maintained or lost. 

7. Revers ion of the " t ransformed pheno typ e" can be the result of the 
loss of " in tegra ted" viral D N A from the transformed cells, e.g., by the 
elimination of chromosomes (Weiss, 1970; Marin and Macpherson , 
1969). Rather frequently Py- and SV40-transformed cells revert to a 
" n o r m a l " growth pat tern (Pollack and Burger, 1969; Rabinowitz and 
Sachs , 1970; Hi to tsumachi et al., 1971) but maintain functional, "in-
tegra ted" viral D N A (which can be " r e s c u e d " ) and continue to synthe-
size virus-specific R N A and Τ antigen. T h e "flat r eve r t an t s" described 
by Pollack belong into this group (Pollack et al., 1970). A t least in some 
instances this type of " revers ion" seems to be the result of cellular 
changes (Renger and Basilico, 1972) that apparently render the cells 
unable to respond to the virus-specific stimulus (Fig. 14). 

8. T h e presence of " in tegra ted" Py or S V 4 0 viral D N A seems not 
required to maintain 'malignancy' (i.e., transplantability) once it has been 
established. 

C. The Relation of the Mitogenic Effect of Py 
and Related Viruses to Tumor Formation in Vivo 

In animals, Py and related viruses also seem to act primarily as en-
dogenous mitogens, leading to the development of rapidly growing hy-
perplasias ("benign tumors" ) . T h e process involved in the transition of 
the hyperplasias into true cancer (which may, although need not, take 
place) remains unknown; to some extent it is reminiscent of " tumor 
progress ion" observed during chemical or spontaneous carcinogenesis. 
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W e presently feel that "malignant t ransformat ion" induced by Py and 
related viruses may represent a special case of the more general phe-
nomenon of carcinogenesis on the basis of cytogenetic variation and 
selection (Levan, 1969). 

D. The Potential Interest for Human Medicine of the 
Experimental Observations with Py and Related Viruses 

Many experimental studies on cancer in man are based on the as-
sumption that integrated viral or derepressed cellular "cancer g e n e s " are 
responsible both for development and maintenance of malignancy. 

So far, the search for viral imprints in human cancer has either yielded 
negative or inconclusive results (Gallo et al., 1970; Bowen et al., 1973), 
with the exception of Burkit t 's lymphoma and the nasopharynx car-
cinoma. In the latter case , evidence for the continued presence of E B V 
(Epstein-Barr virus) D N A in Burkit t 's lymphoma cells was obtained 
(zur Hausen , 1972). However , the majority of the cell-associated viral 
D N A molecules are not " in tegra ted" but seem to replicate, in an epi-
somelike fashion, in parallel with the host cell chromatin (Nonoyama 
and Pagano, 1972, 1973). N e w e r results suggest that some viral D N A 
molecules may be linked to chromosomal D N A by alkali-labile bonds 
(Adams et al., 1973). 

T h e experimental observat ions with Py and S V 4 0 make it appear 
likely that the cont inued presence of viral genes is not required to main-
tain malignancy, once it has been established. W e should therefore also 
consider the possibility that in man viruses might induce malignancies by 
a "h i t and r u n " effect (Fig. 15). Localized chronic infections (e.g. with 
herpesviruses) (Marchant , 1969); Roys ton and Aurelian, 1970) could 
lead, by a combination of prolonged virus-induced mitotic stimulation 
and karyotypic variation (Koller, 1972), to localized dysplasia ("precan-
ceros is") that would either regress or, possibly years later, develop into 
cancer by " tumor progress ion." If all viral imprints would be lost (e.g., 
by elimination of chromosomes) the resulting virus-induced cancers 
would be indistinguishable from malignancies arising either spontane-
ously or as a result of chemical or physical carcinogens. 

T h e assumption that "malignant t ransformat ion" by D N A viruses is a 
secondary phenomenon may also be relevant for the discussion of the 
relation between E B V , infectious mononucleosis (Stites and Leikola, 
1971; zur Hausen , 1972; Henle and Henle , 1972, 1973), and Burkit t 's 
lymphoma. Several lines of evidence strongly suggest that E B V plays an 
etiological role in the development of infectious mononucleosis . This 
(generally) benign, febrile disease is character ized by a very marked 



16. POLYOMA AND RELATED TUMOR VIRUSES 493 

"Hit and run effect" 

Abortive 
viral 
infection { mitotic stimulus 

+ 
cytogenetic variation 

precancerosis 

years or 
decades 

(viral imprints 
may be lost ) 

invasive 
cancer 

FIG . 15 . "Hit and run effect." 

increase in atypical lymphocytes in the peripheral blood, lymph nodes , 
spleen, and bone marrow and can be regarded as a reversible hyper-
plasia of the lymphatic system. Since E B V was shown to induce cellular 
D N A synthesis in human leukocytes (Gerber and Hoyer , 1971), we as-
sume (as a working hypothesis) that the abort ive infection with E B V 
confers a mitotic stimulus in vivo on ( immature ?) lymphocytes , which 
results in a marked hyperplasia of the lymphatic system. T h e presence 
of virus-specific proteins in the abortively infected lymphocytes sub-
sequently provokes an immunological react ion that leads to the destruc-
tion of the lymphocytes . U n d e r certain condit ions, however (genetic 
factors, malaria ?), the virus-induced mitotic st imulus, possibly accom-
panied by a process of cytogenetic variation and selection, might lead to 
the development of cell clones able to break through the homeostat ic 
controls and then develop into malignant lymphomas . 

If the cancer problem is examined from a broader point of view than 
that offered by virology and molecular biology alone, one cannot avoid 
the impression that " c a n c e r " may not be a disease sui generis but ra ther 
a syndrome, i.e., the phenotypic express ion of various dis turbances of 
the regulatory systems involved in mitosis, differentiation, and homeo-
stasis. 

Since the virological and molecular approaches to malignancy are still 
in an early stage, it would be presumptuous to make predictions on the 
significance of viruses in the etiology of cancer in man. Though it ap-
pears likely that viruses may also play a role in man in the development 
of at least certain types of cancer , the assumption that all malignancies 
in man are simply the phenotypic expression of integrated viral "cancer 
genes" or of activated " o n c o g e n e s " (Huebner and T o d a r o , 1969) seems, 
at present , to be overoptimistic. 

On the basis of the considerat ions discussed in this chapter (and in 
more detail in a forthcoming review; Weil, 1974) we feel that the long-
range potential of Py and related viruses for biological research and 
medicine resides in their usefulness as tools to study regulation of mi-
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tosis, transcription, and processing of mammalian m R N A and possibly 
as model systems to gain insight into the mechanisms involved in embry-
onic determination and differentiation. 
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C H A P T E R 1 7 

Immunological Patterns of 
Virus-Transformed Neoplastic Cells 

GEORGE KLEIN 

T w o kinds of virally determined functions can be identified in virally 
transformed cells by immunological methods . O n e type of antigen is 
connected with the product ive viral cycle, but not necessarily with the 
transformed cells. This can be illustrated by the gs antigens in C type 
virus systems. They may, but do not have to be , present in the neo-
plastic cell. This facultative presence suggests that (a) the viral function 
reflected by the antigen is not necessary for neoplastic growth and (b) it 
is compatible with continued cell proliferation. T h e latter follows from 
the fact that C type viruses do not kill the cell that makes them. T h e sit-
uation is quite different with all the known D N A viruses. Oncogenic 
papova-, adeno- , and herpesviruses damage their host cells irreversibly 
as soon as they enter the product ive cycle and ultimately kill them. F o r 
a lymphotropic , transforming herpesvirus , E B V (Epstein-Barr virus), it 
has been shown that the appearance of the virally determined early 
antigen complex (EA) already signals an irreversible shutdown of host 
cell macromolecular synthesis (Gergely et al., 1971). It is a logical 
consequence of this fact that the proliferating, EBV-transformed 
lymphoblastoid cell lines either do not make any viral anitgens at all 
("nonproducer l ines"), or, if they do, they make it by throwing off 
abortive "side l ines" that enter the product ive cycle and are thereby 

I. Intranuclear Antigens . 
II. Virus-Induced Membrane Antigen Changes 
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automatically eliminated from the mainstream of cell proliferation. In 
these and other D N A virus-transformed producer lines, virally deter-
mined antigens can be found that are not compatible with continued cell 
proliferation. These antigens may or may not be included eventually 
in the viral particle. 

T h e second large category of viral or virally determined products is 
regularly associated with the virally transformed cells and is compatible 
with continued cell multiplication. There are two main types: in-
tranuclear antigens and membrane antigens. T h e following discussion 
will focus on these antigens, with particular emphasis on some systems 
within our personal experience. 

I. Intranuclear Antigens 

T h e best known examples are the Τ antigens of the polyoma-, SV40- , 
and adenovirus-transformed cells. While the chemical nature of the Τ 
antigens is still not well defined, it is clear that they are nuclear sap an-
tigens that enter the cytoplasm on division, are not included in the 
virion, and appear as a very early function during the viral cycle (Weil 
et al., Chapte r 16). Each virus induces Τ antigens of a different specifi-
city, but the same in all target cells, irrespective of species. Also , SV40 
is known to induce the same Τ antigen in monkey cells during the lytic 
cycle, and in nonpermissively transformed mouse , hamster , or human 
cells. Although there is no definite proof, it is therefore most reasonable 
to assume that the specificity of the Τ antigen is coded by the viral, and 
not the cellular, genome. 

So far, it has not been possible to dissociate Τ antigens from the 
neoplastic transformation. Although it has been claimed that Τ antigen-
negative SV40-transformed lines exist (Butel et al., 1972), later work 
showed that these lines lacked every known SV40-specific function 
(Ting and Herberman , 1971), including viral m R N A and D N A (Levine 
et al., 1970). Thei r relation to S V 4 0 is therefore strongly in doubt. 

While it is thus possible and even likely that the virally induced Τ an-
tigen reflects a necessary t ransformation function, it does not follow that 
it would be also sufficient. N u m e r o u s rever tants have been isolated from 
transformed lines. They resemble nontransformed cells in vitro and/or in 
vivo, in spite of the fact that they continue to make Τ antigen (Mac-
Pherson, 1970). Reversion was invariably associated with considerable 
changes in chromosomal consti tution. It has been suggested (Hito-
tsumachi et al., 1971; Y a m a m o t o et ai, 1973) that the balance of chro-
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mosomes influencing the expression of the transformed state in a 
positive or in a negative direction is of crucial importance in promoting 
or suppressing the neoplastic potential determined by the viral genome. 
T h e influence of both viral and cellular functions on the expression of 
the neoplastic state has been strikingly documented by recent studies on 
temperature-sensi t ive mutants . On the one hand, viral ts mutants could 
be isolated that were tempera ture sensitive for the transformation func-
tion (Sambrook, 1972). It is also possible, however , to isolate tem-
perature-sensit ive cellular mutants (Renger and Basilico, 1972). In the 
latter case , the ts function responsible for the control of the transformed 
phenotype was coded by the cellular, and not the viral, genome. T h e 
latter point was conclusively proved by the isolation of wild-type virus 
from the temperature-sensi t ive t ransformants . 

A n essentially analogous picture was obtained by a quite different 
approach, somatic cell hybridization (Klein et aL, 1971; Klein and 
Harr is , 1972; Wiener et aL, 1971). Fus ion of polyoma-transformed cells 
with normal cells suppressed malignant behavior (Klein et aL, 1971; 
Wiener et ai, 1971), whereas the expression of the polyoma-specified Τ 
and transplantat ion antigen was maintained (Klein and Harr i s , 1972; 
Meyer et aL, 1974). Fully malignant behavior reappeared after a number 
of chromosomes , derived from the normal parent , had been lost. This 
supports the idea of chromosomally determined suppressor e lements in 
normal cells. 

Recently, we have discovered yet another type of nuclear antigen 
(Reedman and Klein, 1973). Epstein-Barr virus-transformed lympho-
blastoid lines that do not produce virus (designated as nonproducers) do 
not contain any of the "c lass ical" E B V antigens, detected by direct or 
indirect fluorescence and designated as M A (membrane antigen), E A 
(early antigen), and V C A (viral capsid antigen), respectively (Klein, 
1973). They were known to contain a soluble, EBV-associa ted antigen, 
detected by complement fixation, however . It may be recalled, in this 
connect ion, that Τ antigens have been originally detected by comple-
ment fixation (Black et aL, 1963). T h e EBV-determined C F antigen was 
not demonstrable by direct or indirect fluorescence, presumably for 
quantitative reasons . Ant icomplement fluorescence is known to amplify 
fluorescent react ions, however (Goldwasser and Shepard, 1958; H inuma 
et aL, 1962). When applied to the E B V system, it revealed the existence 
of an unusually brilliant nuclear antigen, present in all human or simian 
lymphoblastoid lines that carried the E B V genome and absent from lines 
that lacked the genome (Reedman and Klein, 1973). T h e antigen has 
been designated E B N A (EBV-determined nuclear antigen). E B N A is 
thus , at least superficially, analogous to the Τ antigens induced by the 
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small oncogenic D N A viruses. It differs, however , in one , very interest-
ing respect . Whereas Τ antigens are localized in the nuclear sap and 
enter the cytoplasm on mitosis, E B N A is entirely confined to the chro-
mosomes . It represents , in o ther words , a virally determined or virally 
changed chromosomal protein. 

W e have recently studied the behavior of E B N A in somatic cell 
hybrids derived from the fusion of an EBV-carrying human lymphoblas-
toid cell and the A 9 mouse fibroblast line. In a series of independently 
derived hybrids (Allderdice et aL, 1973) the frequency of EBNA-pos i -
tive nuclei was proportional to the average number of E B V genome 
equivalents, detected by c R N A - D N A hybridization (Klein et aL, 1974). 
As human chromosomes were lost during cont inuous propagation in 
vitro, the frequency of EBNA-pos i t ive nuclei diminished and finally 
disappeared. A s long as E B N A was present , it could be demonstra ted in 
all chromosomes , mouse and human, within the positive metaphase 
plates, whereas negative plates were completely negative. This suggests 
that E B N A can at tach to chromosomes , irrespective of species, as long 
as those human chromosomes are present that carry E B V D N A . 

T h e function of E B N A is unknown. It is tempting to speculate that it 
may be related to the control of viral transcription. Suppression of viral 
transcription and/or translation is an essential prerequisi te for a nonpro-
ductive, proliferative, and therefore potentially oncogenic association 
(Klein, 1973). Alternatively, E B N A may play a role in stabilizing the 
complex structure of 5 0 - 1 0 0 viral genomes , 10

8
 M W each, known to 

be linearly associated with the cellular D N A through a protease-resis-
tant but alkali-labile linkage (Adams et aL, 1973). It will be obviously 
very important to learn about the chemical nature of E B N A , and partic-
ularly about the question of whether it has any specific binding affinity 
for D N A . 

The re is no information about the question of whether E B N A is es-
sential for the EBV-induced transformation of the human lympho-
blastoid cell. However , the regular association of the antigen with all 
EBV-transformed lines so far investigated suggests that this is prob-
ably the case. It is particularly interesting, in this regard, that simian 
lymphoblastoid lines, transformed by herpesvirus saimiri, do not con-
tain E B N A , whereas EBV-transformed simian lines do. T u m o r biopsy 
cells of African Burkitt 's lymphoma patients regularly contain E B V 
D N A and also E B N A , whereas cells of o ther lymphomas or leukemias 
that occur in EBV-seroposi t ive patients contain neither E B V D N A nor 
E B N A (zur Hausen et aL, 1970; Klein et aL, 1973b; Reedman and 
Klein, 1973). 
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These studies confirm and amplify the conclusion, drawn from the 
study of experimental D N A virus-induced tumors , that intranuclear, 
virally determined antigens represent important , regular and readily rec-
ognizable " footpr in ts" of the viral genome in the transformed cell. One 
may therefore ask the question whether disease associated nuclear an-
tigens can be found in tumors of unknown origin, including human 
tumors , and whether such findings can help in tracing new tumor-as-
sociated viruses. 

W e have recently encountered a previously unknown nuclear antigen 
that may belong to this category, in the course of an unsuccessful search 
for E B N A in various leukemias (Klein et al., 1974). E B N A could not 
be found in C L L , A L L , A M L , and C M L cells. T h e serum of the leu-
kemic cell donor patient was regularly included in the anticomple-
ment fluorescence tests . N o positive react ions were seen in any of the 
C L L or C M L specimens with EBNA-pos i t ive reference sera or the au-
tochthonous patient serum. T o o few A L L cases have been tested to al-
low a safe judgment . In certain A M L specimens, a brilliant, coarsely 
granular nuclear antigen was detected with the autochthonous or 
allogeneic A M L sera, however . W e have tentatively designated the an-
tigen as L A N A (leukemia-associated nuclear antigen). L A N A is mainly 
associated with the A M L myeloblasts . T h e frequency of L A N A - p o s i -
tive cells is closely related to the blast count . When C M L cases have en-
tered acute blast crisis, L A N A appeared, whereas in cases with the 
opposite development , from A M L to a more differentiated, myelocyte 
type, L A N A disappeared from the peripheral blood although serum an-
tibodies directed against it persisted. L A N A was not found in C L L or 
C M L cells, in normal peripheral white cells, or in infectious mononu-
cleosis. Surprisingly, it was detected in two African lymphoma biopsies 
that did not contain E B V D N A and/or E B N A , unlike the usual type of 
African Burkit t 's lymphoma. 

A M L pat ients ' sera contained antibodies to L A N A in 7 6 % of the 
cases , whereas A L L , C M L , and C L L sera were positive in 27, 20, and 
10% of the cases , respectively. BL sera were positive in 1 7 % . N o n e of 
61 normal, healthy donors had antibodies to L A N A , although two of 
them contained nonspecifically reacting antinuclear antibody. 

Conceivably, L A N A could be a myeloblast-associated, cell type spe-
cific antigen. Preliminary evidence indicates, however , that L A N A also 
occurs in solid lymphomas and in P H A transformed normal lympho-
cytes . If confirmed, this would suggest that it may be a nuclear compo-
nent, specifically associated with or preferentially expressed in blast 
cells of both the lymphoid and the myeloid series. 
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II . Virus-Induced Membrane Antigen Changes 

One of the earliest, virally induced common denominator of virus 
transformed cells was T S T A , the tumor-specific transplantat ion antigen 
(for review, see Klein, 1968). Habel (1971) and Sjögren et al. (1961) 
reported simultaneously that polyoma-induced mouse tumors carried a 
common antigen, not present on the polyoma virus particle, that could 
induce a rejection reaction in syngeneic mice. T h e antigen was shared by 
all polyoma-induced tumors but not by tumors induced by other viruses. 
T h e question whether this transplantat ion antigen is identical with the 
surface (S) antigens that can be demonst ra ted by humoral antibody reac-
tions, such as membrane immunofluorescence, radioiodinated antibody 
binding, or in vitro cytotoxicity, has still not been settled (cf. Butel et ai, 
1972). In the light of later developments that showed the presence of the 
transplantat ion antigen on virally infected normal or abortively trans-
formed cells, the designation T A T A (tumor-associated transplantation 
antigen) appears preferable to T S T A . 

N u m e r o u s T A T A - t y p e antigens have been identified in o ther virus-in-
duced tumors , including both R N A and D N A virus systems (Deichman, 
1969; Pasternak, 1969). In the nonbudding papova- and adenovirus 
systems T A T A is not present on the virus particle. In the enveloped, C 
type virus systems this is not equally clear, although there are reports 
suggesting specific virally induced cell membrane alterations, not shared 
with viral envelope antigens, in the avian (Kurth and Bauer, 1972) and 
feline (Essex, 1974) C type virus systems. 

Several quest ions can be raised in relation to the virally induced 
transplantation antigens. T h e following appear particularly important: 
D o all virus-induced tumors express new transplantat ion antigens? D o e s 
the transplantation antigen reflect a membrane alteration directly in-
volved in the neoplastic change? What is the role of the virally induced 
membrane change in relation to the immune surveillance mechanism? 

Concerning the first question, it is widely believed that all virus-
induced tumors have new membrane antigens, which are common for 
each etiological group. Very recently it has been shown, however , that 
some transformed cells do not have any detectable membrane changes 
either by rejection reactions or by humoral antibody tests , in spite of the 
fact that they carry the genome of the transforming virus (Stephenson 
and Aaronson , 1972; Strouk et aL, 1972). This may depend, however , 
on the inability of the host to recognize a virally induced membrane 
change as a foreign antigen, ra ther than on the absence of such a change. 
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This di lemma will be discussed below, since it is closely related to the 
quest ion of immune surveillance. 

In the tumors where a membrane change can be demonst ra ted by im-
munological methods , at least some approaches are open toward the sec-
ond quest ion. Small oncogenic D N A viruses like polyoma may serve as 
an interesting model , since their genome is so small that the chance for a 
meaningful association be tween a regular, virally determined cellular 
change and the change responsible for the neoplastic transformation is 
relatively great. 

Support for an intimate association be tween the antigenic change and 
the neoplastic transformation was gained when it was found (Sjögren, 
1964) that po lyoma tumors maintain their specific T A T A in spite of 
prolonged negative selection against antigenic cells by passage in preim-
munized mice. 

T h e concept that the polyoma-induced T A T A reflects an essential 
membrane change for neoplastic behavior is at tractive for several 
reasons . It is widely believed that membrane receptors are profoundly 
involved in growth control . Cell contact -dependent signals involved in 
the repression and derepression of D N A synthesis are probably 
triggered by membrane receptors . Membrane receptors are also involved 
in transmitt ing most hormonal signals that stimulate or restrict cell pro-
liferation. A membrane change that is regularly associated with a certain 
kind of virally induced neoplastic transformation is therefore a reason-
able candidate for the role of the key change that has put the normal 
receptor system out of function. Damage to the relevant receptor may 
unclutch a free-wheeling cycle of D N A synthesis . 

This picture is also compatible with the strategy of the virus. T h e 
polyoma genome can only code for a maximum of 7 - 1 0 proteins. A t 
least 3 or 4 are needed for the product ion of the virus particle, which is 
not made in the transformed cell. These functions are therefore either 
repressed or missing (if the transformed cell carries a defective virus). 
Only a few functions remain that can change the cell. T h e Τ antigen is 
one of them, and the membrane-local ized T A T A is another . Either of 
these could be regarded as a reasonable candidate for the transforming 
function, in view of their regular association with all polyoma-trans-
formed cells. T h e membrane antigen might be favored on the basis of the 
postulated importance of membrane functions in growth control . 

What is the status of T A T A in rever tants isolated from polyoma-
transformed cells or in hybrids be tween polyoma-induced tumors and 
normal cells that show a suppression of malignant behavior? The re is 
more or less indirect evidence that T A T A is maintained in both situa-



508 GEORGE KLEIN 

tions (Butel et aL, 1972; Klein and Harr is , 1972; MacPherson , 1970; 
Meyer et aL, 1974) in spite of considerable chromosomal changes in the 
rever tants , and the presence of normal cell-derived chromosomes in the 
hybrids. 

A considerat ion of the situation in the somatic hybrids is particularly 
pertinent. T h e ability of normal cells or of established, low malignant 
cell lines to suppress the neoplastic behavior of highly malignant tumor 
cells upon somatic hybridization has been demonst ra ted for chemically 
induced tumors , D N A (polyoma) virus-induced tumors , R N A (Mo-
loney) virus-induced lymphomas, and " s p o n t a n e o u s " tumors (Klein et 
aL, 1971 ; Wiener et aL, 1971, 1973). It is thus a fairly general phenome-
non. Superficially at least, it is analogous to the "ext inc t ion" of differen-
tiated characterist ics that occur in most (but not all) combinations where 
highly differentiated cells are fused with cells that lack the corresponding 
differentiation traits. It is t rue for both differentiation and malignancy, 
furthermore, that extinction in the complete or nearly complete somatic 
cell hybrids is followed by " reexpress ion" of the extinguished trait, after 
a sufficient number of par tner cell-derived chromosomes had been lost. 
In Ephruss i ' s terminology, the "ep igenotype" of the differentiated and, 
by analogy, of the malignant cell is maintained during the period of 
phenotypic extinction. 

In the po lyoma-normal cell somatic hybrid, the full maintenance of the 
Τ and the T A T A antigens can be interpreted to mean that these traits 
are not strictly linked to the malignant phenotype , or, to put it dif-
ferently, that the presence of these antigens does not make a cell auto-
matically malignant. A possible explanation is that the normal genotype 
introduces normally responding growth control receptors . It could still 
be true that T A T A represents a strategically changed receptor in the 
polyoma tumor cell, but in the presence of other , normally responding 
receptors , this would not be expressed more than recessive lethals in a 
heterozygote. A similar argument was used to explain the behavior of 
rever tants (Yamamoto et aL, 1973). 

Membrane antigen changes are important not only as footprints of 
viral genomes , potentially helpful in etiological searches , or as clues for 
the understanding of malignant behavior at the cell level, but also as in-
s truments for the understanding and practical exploration of immune 
surveillance. 

First , it has to be emphasized that the same membrane change, in-
duced by an oncogenic virus, may be " rega rded" as highly foreign by the 
immune system of one species, while remaining virtually unrecognized 
in another. This can be illustrated by the interaction of Herpesvirus 
saimiri with different host cells. 
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It is known (Deinhardt , 1973) that this virus is completely harmless in 
its natural host , the squirrel monkey, but induces 100% fatal malignant 
lymphoproliferative disease in two experimental hos ts , the marmoset 
and the owl monkey. A s far as it is known, it enters an essentially simi-
lar virus-cel l relationship in all three species, but the immune response 
of the squirrel monkey is more prompt and regular (Klein et ai, 1973). 
It seems that the natural host has been selected for a high, genetically 
determined immune responsiveness that can nip potentially neoplastic 
cells in the bud. T h e experimental hosts are , on the other hand, so poor 
in recognizing the antigenicity of the transformed cells that even vacci-
nation a t tempts have been unsuccessful so far (Ablashi et al, 1973). T h e 
same situation seems to apply to another lymphotropic herpesvirus, 
Marek ' s disease virus ( M D V ) in chickens (Nazer ian, 1973). Genetical ly 
resistant birds develop relatively benign, self-limiting disease, whereas 
susceptible chicks die regularly with malignant disease. T h e resis tance of 
the former can be abolished by neonatal thymectomy, suggesting that 
the genetic mechanism operates through the immune sys tem or, more 
specifically, its Τ cell-dependent compar tments . Susceptible birds can be 
vaccinated with an apathogenic, antigenically cross-react ive turkey her-
pesvirus ( H V T ) (Hilleman, Chapte r 19; Nazer ian , 1973). Vaccinat ion 
prevents malignant disease in the majority of the infected birds, but does 
not reduce virus shedding from the feather follicle. T h e natural chicken 
host can thus prevent the outgrowth of the virally transformed neo-
plastic cell. If it is a genetically low responder , its immune sys tem has to 
be alerted by vaccination in time to do so. In high responders , this is not 
necessary since they can mount an efficient response without interven-
tion. 

Recent advances in the study of genetic mechanisms that influence im-
mune responsiveness against certain, defined antigens has shown the ex-
istence of specific determinants (Ir genes) that exert the most profound 
influence on the ability of the host to respond (e.g., Benacerraf et ai, 
1971 ; McDev i t t et ai, 1972). Some Ir genes act at the T , others at the Β 
cell level. It is likely that all immune responses are under the influence 
of specific Ir genes. It is reasonable to assume that all natural species, 
which harbor potentially oncogenic viruses in their normal habitat , have 
been selected for high responsiveness against the membrane changes in-
duced by these viruses on potentially neoplastic, t ransformed cells. 
Polyoma is one of the best examples . T h e virus-induced T A T A is a 
powerful immunogen in adult mice (Sjögren et al, 1961). Inoculation of 
mice more than a few days old does not induce tumors ; on the contrary, 
it leads to effective resis tance against the implantation of established, 
syngeneic polyoma-induced tumor cells. In nature , the virus is not on-
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oogenic, because most adults have antibodies (Huebner , 1963). Suckling 
mothers transmit antibody to their young, providing protect ion during 
the critical neonatal period. Later , active infection does not lead to any 
tumors under normal c i rcumstances , as already mentioned. In im-
munosuppressed adults , however , virus infection can induce tumors 
(Gaugas et al.y 1973; Law, 1970). Something similar may happen in im-
munosuppressed human recipients of kidney transplants (Penn and 
Starzl, 1972). It follows that such patients may be the most interesting 
source of human viruses with an oncogenic potential . 

Another naturally occurring virus with a high oncogenic potential is 
the G r o s s leukemia virus. In most animals, it does not cause leukemia 
under normal c i rcumstances . In some strains it can do so at old age or 
after X irradiation. T h e laboratory strains from which it had been iso-
lated carry a special H-2 linked susceptibility gene (Lilly and Pincus, 
1973), localized in the same (H-2.K) region as an important Ir gene and 
possibly identical with it. This susceptibility gene, designated Rgv-1, has 
been derived from the A K R strain, specifically bred for high leukemia 
incidence by cont inuous inbreeding and selection. 

T h e opposi te case can be made for the H-2
b
 linked resistance factor 

that protects mice against the oncogenic effect of the mammary tumor 
virus ( M T V ) (Mühlbock and D u x , 1971). This gene has been derived 
from the C57B1 strain, selected for a low incidence of mammary car-
cinoma. 

It thus appears that specific, genetically determined responsiveness 
has evolved to deal with common events of potential neoplastic transfor-
mation, occurring upon the exposure of the natural host to ubiquitous 
and potentially oncogenic viruses. This does not necessari ly mean, how-
ever, that surveillance can deal with any membrane change associated 
with a neoplastic cell. T h e complete lack of protect ion of the marmoset 
and the owl monkey against Herpesvirus saimiri-induced lymphoma has 
been already mentioned. Even more relevant are the chemically induced 
tumors that show no demonstrable antigenicity in the ordinary im-
munizat ion-reject ion type of test (Baldwin, 1973). Although the versa-
tility of the immune system and its ability to respond to new antigenic 
configurations that it could not have encountered during evolution is 
notorious, it obviously has its limits. Since tumors induced by chem-
ical carcinogens have individually distinct antigens that include, in all 
probability, a vast variety of potential new specificities, it is not surpris-
ing that an unprepared immune system cannot deal with all of them. 
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I. Introduction 

Of the many oncogenic viruses that have been described in recent 
years , virtually all fall into one of three general classification groups: the 
enveloped double-stranded D N A herpesviruses , the enveloped single-
stranded R N A oncornaviruses or leukoviruses , and the naked double-
stranded D N A papova- and adenovirus groups. All either have D N A in 
the virion or, in the case of the oncornaviruses , undergo a stage of 
reverse transcription to generate D N A copies while infecting the cell. 
This provides a logical baseline for the premise that a virus, to be on-
cogenic, must be able to interact with the D N A of the cell in a poten-
tially stable fashion. 

513 
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Although it may be t rue that a virus must possess and/or generate 
D N A to be oncogenic, this characterist ic alone does not instill such 
propert ies on the virus. A comparison of the relative similarity of nucleic 
acid base ratios be tween the most oncogenic adenoviruses (types 12, 18, 
31) and mammalian cells with the corresponding lack of such a rela-
tionship for otherwise similar but nononcogenic adenoviruses shows that 
a particular type of D N A is obviously necessary for virus-cel l interac-
tion at this level (Green and Lacy, 1965). 

Mos t viruses in the herpes and p a p o v a - a d e n o groups are cytopathic 
rather than oncogenic under normal c i rcumstances . Only certain repre-
sentat ives of these groups appear to have oncogenic capabilities at all, 
and even these more frequently involve the usual cytopathic response . 
Additionally, only those cells that are infected in a cytocidal manner 
produce progeny virus, while transformed cells produce no virus. T h e 
oncornaviruses differ strikingly from herpes and p a p o v a - a d e n o groups 
in being noncytopathic , but ra ther existing in most cases in a noncy-
tocidal s teady-state association with the virus-producing cell. 

Of the many R N A tumor viruses thus far described, all fit the rather 
rigid criteria of oncornavirus classification (Nowinski et al., 1970; Mel-
nick, 1971); they are enveloped, bud from the cell membrane , have a 
size range of 8 0 - 1 2 0 nm, and contain reverse t ranscriptase and a high 
molecular weight (70 S) R N A . As with the other groups, however , many 
oncornaviruses appear to be nononcogenic . 

Table I lists some of the most important representat ives of the virus 
groups listed above. Although most of these agents have been shown to 
be tumorigenic under certain conditions in a given strain or species of 
animal, and/or capable of transforming certain cells in culture, most have 
not been found to be oncogenic in the outbred free-living species that 
might harbor the agent in nature. In the case of the papovavirus SV40 , 
efficient transformation occurs in cultured cells from several species and 
tumors can be regularly induced in baby hamsters . T h e virus apparently 
is only found under natural conditions in monkeys , however . A some-
what similar situation occurs with Herpes saimiri in squirrel monkeys , 
Herpes ateles in spider monkeys , and polyoma virus in wild mice. Each 
is apparently nonocogenic for the respect ive species of isolation, but 
very oncogenic for other species (marmoset and other primates for 
Herpes saimiri and H. ateles, and inbred mice and hamsters for poly-
oma). Ra ther than representing a purely chance situation it appears 
likely that this reflects selection pressure to develop resistance within 
the species naturally harboring the virus. Considerable evidence 
suggests that in the case of Herpes saimiri and mouse polyoma this 
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TABLE I 

Oncogenic Viruses 

Oncogenicity 

Virus group 
Representative 

viruses Natural host Experimental hosts 

Papova-adeno Mouse polyoma, — (feral mouse) + (hamster, mouse) 
(naked, DNA) SV40, — (monkey) + (hamster) 

Adeno 12, 18, 31 — (man) + (hamster) 
Herpes Marek's disease + (chicken) + (chicken) 

(enveloped, DNA) virus, 
Herpes saimiri, — (squirrel monkey) + (marmoset, others) 
Herpes ateles, — (spider monkey) + (marmoset, others) 
Epstein-Barr virus ? (man) — 

Oncorna AvLV + (chicken) -
(enveloped, RNA) AvSV + (chicken) + (rat, mouse) 

FeLV + (cat) + (dog) 
FeSV + (cat) + (many sp.)° 
MuLV + (laboratory mouse) + (rat) 
MuSV + (laboratory mouse) + (rat, hamster) 

a
 Rat, rabbit, dog, pig, sheep, and monkey. 

selection pressure resulted in successful surveillance of tumor develop-
ment by the immune response (Klein, 1973). It thus follows that as 
virologists and cancer biologists we should avoid categorization of many 
of these agents as being of significance only to the molecular biologist. 

In the case of oncornaviruses , the early exper iments resulted in dis-
coveries of truly oncogenic agents (Ellerman and Bang, 1908; Rous , 
1910; G r o s s , 1951; Graffi et al., 1955; Fr iend, 1957; Moloney, 1960; 
Rauscher , 1962; Jarre t t et al, 1964; Snyder and Thei len, 1969). This 
usually occurred for obvious reasons ; the host candidates were animals 
with tumors or inbred strains of mice selected on the basis of a high 
degree of malignancy expression. It eventually became apparent , after 
the advent of electron microscopy, group-specific antigen serology, and 
various cell culture " r e s c u e " techniques , that oncornavirus strains fit a 
spectrum ranging from those such as the Snyder-Thei len feline sarcoma 
virus (FeSV) , the various strains of Rous sarcoma (RSV) , and Rauscher 
and Fr iend murine leukemia viruses ( M u L V ) on the most oncogenic side 
to many endogenous viruses and " C type par t ic les" that were apparently 
nononcogenic , at least in the classical sense. Recent studies by ad-
vocates of the oncogene hypothesis of H u e b n e r and Toda ro (1969) have 
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elegantly demonst ra ted the presence of endogenous oncornaviruses from 
strains of mice with low incidences of cancer and from cell cultures 
derived from normal mouse and chicken embryos (Todaro and Huebner , 
1972; Huebne r and Gilden, 1972). With few except ions however 
(Armstrong et ai, 1973) these agents appear to have little or no on-
cogenic activity. Many may thus represent laboratory strains created 
largely by mouse geneticists or commercial poultry breeders who se-
lected animal strains on the obvious basis of health and reproduct ive 
vigor within the limits of the inbreeding framework. A s we might expect 
that continued association of such viruses with increasingly similar indi-
viduals in a given host species could lead to a loss of oncogenicity, such 
an association might also lead to a decreasing dependency for horizontal 
virus spread. This line of reasoning suggests that vertical virus transmis-
sion would follow the degree of inbreeding, eventually resulting in stable 
genetic transmission of virus genomes in inbred strains. Along with the 
development of decreasingly oncogenic viruses, these hosts apparently 
also responded by developing genetic resis tance to infection by various 
groups of oncornaviruses . Th is was probably mediated by the loss of cell 
surface a t tachment sites and can be illustrated by the classification of 
chicken cells according to their infectability by subgroup A, B, and C 
viruses (Vogt, 1970; Cr i t tenden and Briles, 1971). In combination with 
the herpes and polyoma situations described above , this illustrates the 
two major categories for satisfactory perpetuat ion of a hos t -paras i te 
relationship: (a) the selection of a more resistant host and (b) the selec-
tion of a less pathogenic parasi te. 

With the assumption that chromosomal virus transmission occurs in 
some instances, thought pat terns geared to classical virus "infection" 
followed by an immune response to the foreign agent must obviously be 
altered. U n d e r such conditions the host should be immunologically 
unresponsive to virus-coded antigens, or at least all such antigens that 
are expressed during embryogenesis . Although earlier studies based on 
less sensitive serologic procedures supported an absolute tolerance 
(Huebner and Todaro , 1969), most recent studies do not (Oldstone et 
aL, 1972; Olsen and Yohn , 1972; Weber and Yohn , 1972; Dougher ty , 
1973). In addition, studies with the feline agents— the only group of 
proven oncogenic oncornaviruses thus far isolated from and associated 
with spontaneous tumors of an outbred mammalian species —have 
yielded results that do not deviate significantly from pat terns of t rans-
mission seen with oncogenic herpes- and papovaviruses and most path-
ogenic nononcogenic viruses of all classification groups (Jarret t , 1972; 
Essex et al., 1973a). 
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Oncornaviruses or oncornavirus-like particles have been observed in 
o ther species or cell cultures derived from them. T h e s e include man 
(Dmochowski et al, 1965; Priori et al, 1971; McAll is ter et al, 1972), 
monkeys (Theilen et al, 1971; Wolfe et al, 1971; Kalter et al, 1973), 
catt le (Miller et al, 1969; Kawakami et al, 1970; Stock and Ferrer , 
1972), swine (Howard et al, 1968), guinea pigs (Nadel et al, 1967; 
Hsiung, 1972) rats (Weinstein and Moloney, 1965; Klement et al, 
1971), hamsters (Stenback et al, 1968; Kelloff et al, 1970), and snakes 
(Zeigel and Clark, 1969). Since most of these have not yet been shown 
to be oncogenic and the t rue origins of some are unclear, they will not be 
discussed. 

T h e immune response to both the virus and the new cell surface or 
turmor-specific antigens associated with oncornavirus infection will be 
considered. T h e issue of whether certain of the tumor cell surface an-
tigens may be the same as embryonic antigens will not be considered. 
T h e evidence that these antigens are specifically induced by the viruses 
is substantial . It is recognized that this induction could be the result of 
derepression of cell genes. If so, it is a virus-specific derepression, and a 
derepress ion of an embryonic function that is common to animals of dif-
ferent species and even classes. 

In this chapter considerable emphasis will be given to the feline oncor-
naviruses, both because the author has studied them and because they 
represent an instance of horizontal infection of outbred animals under 
natural condit ions. Endogenous viruses antigenically identical to the on-
cogenic feline viruses have also not yet been found in cat embryos , 
although another class of distantly related (and possibly nononcogenic?) 
endogenous oncornaviruses , exemplified by the R D 114 agent, have been 
found in nonproducer cat embryo cell cultures (Fischinger et al, 1973; 
Livingston and Toda ro , 1973). 

Mos t studies with the oncornavirus immune response followed either 
artificial virus infections (injections) or t ransplants of virus-induced 
tumors . Many were also done in unnatural hosts , and the significance of 
this must be recognized. T h e type of immune response mounted by a 
mammal given a t ransplanted tumor that was originally induced with a 
subgroup A avian virus tells us much about how that mammal may 
respond to certain classes of tumors , but relatively little about how free-
living jungle fowl may respond to the same virus when infected. 

T h e immune response to most cytopathogenic viruses plays a major 
role in controlling infection and overcoming disease. It is important for 
us , as cancer biologists and virologists, to learn as much as possible 
about the response following infection with oncogenic viruses. 



518 MYRON ESSEX 

II. Antigens of Avian, Feline, and Murine 
C Type Oncornaviruses 

A. General Virus Structure 

Three morphologic types of oncornaviruses have been described: A, 
B, and C (Bernhard, 1960). T h e electron microscopic appearance of 
these viruses has received much attention (de Harven , 1968; Laird et 
al, 1968; Dougher ty and Rickard, 1970; Nowinsk i et al, 1970; Luftig 
and Kilham, 1971 ; Dal ton, 1972a,b; N e r m u t et al, 1972). T h e Β type is 
represented by the mammary tumor virus of mice, which will not be dis-
cussed here. T h e C type represents the typical extracellular particles 
found in chickens, cats , and mice with hematopoiet ic or sarcomatous 
tumors , and in some healthy individuals of these and other species. T h e 
A particle is believed to be the precursor budding form which " m a t u r e s " 
and condenses to the Β or C form after exposure to the extracellular 
environment (de Harven , 1968). 

Oncornaviruses from different species appear quite similar in size and 
morphology, but distinct differences can be seen if sufficiently high reso-
lution is used. These differences are usually only apparent when com-
paring viruses isolated from different species, although two morpho-
logic types of feline agents have been described (Dal ton, 1972a; 
Stephens et al, 1972). All morphologic differences be tween groups of 
C type viruses appear to be related to the envelope s t ructures , not the 
nucleocapsid (Sarkar et al, 1971). T h e fine differences be tween virion 
envelope morphology are independent of the species or cell type from 
which the virus emerges (Dal ton, 1972a). 

Virus proteins can be detected in the cytoplasm where they are 
produced, but assembly of the particles takes place at the budding site at 
cell or vacuolar membranes . Since the viruses appear to form as part of 
the cell membrane itself, certain cell proteins may be incorporated into 
the virus envelope (Mommaer t s et al, 1954; Beard et al, 1957; 
Dorfman et al, 1972). This process may be selective, as evidenced by a 
decrease or complete lack of many widely distributed cell membrane an-
tigens on the virion envelope (Aoki et al, 1970a; Dorfman et al, 1972). 

C type viruses have a total diameter of 8 5 - 1 2 0 nm. T h e envelope may 
contain knobs or spikes (Dougher ty and Rickard, 1970; N e r m u t et al, 
1972). Inside the membrane is an electron-luscent space, and inside the 
space an electron-dense core of 60 to 75 nm. T h e core represents a con-
densed helical nucleocapsid (Sarkar et al, 1971). The viruses have a 
buoyant density of 1.14-1.17 g m / c m

3
 in sucrose (O 'Connor et al, 1964; 
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Kawakami et al, 1967) and internal proteins of very similar size and 
structure (Bolognesi and Bauer, 1970; Fleissner, 1971; H u n g et al, 
1971; Oroszlan et al, 1971b; Shafer et al, 1971; Nowinski et al, 1972). 
They all also contain reverse t ranscr iptase, a protein that is antigenically 
distinct for different groups of oncornaviruses (Scolnick et al, 1972). 

Β. Virus Envelope Antigens 

At least two antigens are found in the virus envelope. They have been 
est imated at 70,000 and 100,000 daltons (Duesberg et al, 1970; Fleiss-
ner, 1971; Nowinski et al, 1972). T h e proteins differ slightly be tween 
different strains of viruses when analyzed by SDS-po lyac ry lamide gel 
electrophoresis (Robinson et al, 1970). They are glycoprotein in nature . 
A s antigens, they are virus-specific. They may be concent ra ted in the 
knob or spike areas of the virus envelope, and play an important role in 
specific adsorpt ion of the virus to the cell surface. T h e envelope proteins 
are essential for infectivity. Relative or complete genetic resis tance to 
virus infection at the cellular level may be due to a lack of cell receptors 
for a particular virus. Saturation of these receptors probably also ac-
counts for the interference observed between viruses of the same type 
that would otherwise infect (Rubin, 1960; Vogt and Ishizaki, 1966; 
Sarma and Log, 1971). Avian and mammalian groups of viruses can also 
become phenotypically mixed when infecting the same cell (Hanafusa et 
al, 1964; F i s ch inge rand O 'Connor , 1969; Gi lden et al, 1972). In other 
words , when F e L V and M u S V are present in the same cell, the progeny 
will contain viruses with F e L V envelopes and M u S V cores , viruses with 
M u S V or M u L V envelopes and F e L V cores , and the usual F e L V and 
M u S V agents . T h e s e hybrid viruses will then have the infectivity spec-
t rum of the envelope type, but will of course only produce t rue virus of 
the nucleic acid core . This can lead to great confusion when at tempting 
to type virus pools that may have been maintained in uncharacter ized 
laboratory animals or cell cultures. This "hybr id iza t ion" occurs be tween 
and within the mouse and cat virus groups, but has not yet been de-
scribed be tween mammalian and avian viruses. Ant ibody directed to 
virus envelope causes virus neutralization, and this procedure can be 
used to separate both subgroups and individual types . Unless the viruses 
are first t reated with such enzymes as neuraminidase and phospholipase 
(Shafer and Szanto , 1969), they do not spontaneously agglutinate 
erythrocytes (Vogt, 1965). 

T h e avian oncornaviruses have been divided into A, B, C , D , and Ε 
subgroups. This classification is based on viral interference and cell 
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receptor pat terns (Vogt, 1970). Of the two major antigenic determinants 
in the virus envelope, one probably cross reacts be tween all viruses 
within a given subgroup, while the other would be specific for each virus 
type (Duff and Vogt , 1969; Bauer and Graf, 1969). Ne i ther should cross 
react be tween subgroups, except possibly for subgroups Β and D . Virus 
interference is also subgroup specific, al though cross interference occurs 
between Β and D subgroups, presumably because one of the envelope 
antigens is similar or common for these two (Bauer and Graf, 1969). 
Mos t field isolates of avian viruses are subgroup A (Vogt, 1970). 

Feline oncornaviruses have been similarly divided into subgroups A, 
B, and C on the basis of interference and virus neurtalization (Sarma and 
Log, 1971). Cat cells that show differential susceptibility to given sub-
groups have not yet been described, but they probably exist because it 
has been shown that canine and human cells are resistant to infection by 
A subgroup viruses but not Β and C subgroup viruses (Jarrett et al., 
1972; O. Jarret t , personal communicat ion) . Many field isolates are 
combinat ions of two subgroup viruses and the Kawakami-Thei len F e L V 
(Theilen et aL, 1969) is a mixture of all three (P. S. Sarma, personal 
communicat ion) . T h e subgroups isolated from field cases are related to 
geographical areas to some extent ; differences have been noted between 
European and Uni ted States isolates. 

T h e characterizat ion of envelope antigens of the murine oncor-
naviruses has been more difficult than with the avian or feline systems 
for two major reasons . First , most if not all laboratory mice and cultures 
derived from them contain one or more endogenous viruses. These en-
dogenous viruses often have envelope characterist ics that may be dif-
ferent from any of the standard oncogenic murine viruses (Fischinger et 
ai, 1972; G o m a r d et aL, 1973). These agents also contaminate many 
virus pools , which serves to confuse studies based on interference pat-
terns . Secondly, mice were thought to be immunologically tolerant to the 
virion envelope of G r o s s virus, the prototype. This is apparently not 
true tolerance, but ra ther a state of antigen excess and persistent 
viremia, so that free antibody cannot be detected (Oldstone et aL, 1972). 
While neutralizing antibody can be produced to any of these viruses in 
rats or rabbits , the ant iserum obtained will neutralize all mouse oncor-
naviruses that have been tested, including G r o s s , Fr iend, Rauscher , 
Graffi, and Moloney types (Geering et aL, 1966; M c C o y et aL, 1968; 
Levy et aL, 1969; Micheel et aL, 1972). This indicates that heterologous 
species recognize a common envelope antigen that mice do not. 

T h e recent study by G o m a r d et al. (1973) c i rcumvented this problem 
by using intrathymic injections of virus into mice. Based on these studies 
it appears that at least four subgroups exist: (a) Fr iend, Moloney, 
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Rauscher , F r i e n d - L L V , Rich, and Buffet vi ruses; (b) Graffi, Mazurenko , 
and Stepina-Zilber viruses; (c) G r o s s virus, the A K R virus, and Kirsten 
virus; and (d) Tennan t virus (Gomard et al., 1973). T h e L cell virus and 
many other endogenous viruses as well as the myeloma cell C type par-
ticles and the N Z B mouse virus probably fall in none of the above ca-
tegories (Aoki et al., 1972; Micheel et al., 1972; Shafer et al., 1972; 
G o m a r d et al., 1973). In addition to the group- and subgroup-specific an-
tigens above , less immunogenic type-specific antigens probably exist for 
each virus. 

It should be stated that the viral envelope antigens of mouse oncor-
naviruses do not correspond to either the Gros s positive or negative 
(Friend, Molony, Rauscher) tumor cell surface antigens (Levy et al., 
1969; G o m a r d et al., 1973). Ne i the r do they correspond to the N - B 
tropism based on resis tance of N I H - S w i s s and B A L B / c mice (Lilly and 
Pincus, 1973) to infection (Gomard et al., 1973). T h e N - B tropism is 
both less stable and less qualitative than the resistance of certain avian 
cells to infection by A v L V subgroups. A s with other oncornaviruses , it 
appears that murine virus envelope antigens do not usually overlap 
virus-induced cell surface antigens. Table I I lists the major virus enve-
lope and core antigen systems of the three major groups of oncor-
naviruses. 

TABLE II 

Primary Oncornavirus Envelope and Core Antigens 

Oncornavirus group Envelope antigens" Core antigens 

Avian (1) subgroup specific'' (1) group specific 
A, B, C, D, or Ε gs 1 

(2) group specific 
gs 3 

Feline (1) subgroup specific ( 1 ) group specific 
gs 1 

(2) group specific
0 

gs 3 
Murine (1) subgroup specific ( 1 ) group specific 

(a) Friend, Moloney gs 1 
Rauscher, others 

(b) Graffi, others (2) group specific
0 

(c) Gross, AKR virus, others gs 3 
(d) Tennant virus 
(c) L-cell particle, others 

a
 Other group- or type-specific antigens that are less immunogenic probably exist. 
6
 Some cross reaction between B, D, and Ε subgroups. 

c
 Interspecies cross reaction between feline and murine groups. 
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C. Virus Core Antigens 

T h e virus core antigens are small basic proteins (Nowinski et ai, 
1972). They are generally called group-specific antigens because they 
are usually common for all avian, murine, or feline viruses. T h e only sig-
nificant exception to the rule thus far appears to be R D 114, an ap-
parently endogenous virus of some cat cells that does not cross react 
completely with prototype F e L V (Oroszlan et ai, 1972). Ei ther five (for 
the A v L V ) or four (for the F e L V and M u L V ) different core proteins 
have been described of approximate molecular weights 30,000, 19,000, 
15,000, 12,000, and 10,000. T h e avian and mammalian proteins have 
very similar molecular weights, suggesting a common origin (Bolognesi 
and Bauer, 1970; Fleissner, 1971; Oroszlan et ai, 1971b; Shafer et ai, 
1971; Nowinski et ai, 1972). 

T h e group-specific core (gs) antigens best studied serologically are gs 
1 or gs a ( M W 30,000) and gs 3 or gs b (MW 15,000). T h e gs 3 is also 
called the interspecies antigen because it has been shown to cross react 
be tween all mammalian viruses (mouse, cat, hamster , and rat) but not 
be tween mammalian and avian viruses (Geering et ai, 1968, 1970; 
Hardy et ai, 1970; Gilden et ai, 1971). T h e gs 1 is species-specific, and 
it may exist on the same molecule as gs 3 (Gilden et ai, 1971 ; Oroszlan 
et ai, 1971b). It is also the strongest immunogen, and this may cause an 
overshadowing of the immune response to gs 3 (Oroszlan et ai, 1971a). 
T h e gs antigens produced by the virus are not affected by the cell or 
host. T h e gs produced by A v L V in chickens is the same as that pro-
duced by Rous sarcoma virus in mammalian tumors (Bauer and Janda, 
1967). 

R D 114, the oncornavirus first detected when human tumor cells were 
passed through fetal cats (McAllister et ai, 1972), contains gs 1 that is 
different from the gs 1 of other F e L V (Orszlan et ai, 1972). This is the 
only instance thus far where viruses with non-cross-reacting gs 1 have 
been isolated from a single species. It is not yet known if this virus ever 
causes spontaneous tumors in cats , or if it jus t represents an endogenous 
nononcogenic deviant (Fischinger et ai, 1973; Livingston and Todaro , 
1973). It apparent ly does not p roduce progeny virus in feline cells of the 
types that have been checked, but it will infect pr imate cells in a produc-
tive fashion (Livingston and Todaro , 1973). 

T h e gs antigens can be readily detected in the cytoplasm of producer 
cells using fixed-cell immunofluorescent techniques (Cook et ai, 1966; 
Yoshida et ai, 1966; Ubert ini et ai, 1971; Ha rdy et ai, 1973a). It has 
also been suggested that they may be deposited on the cell membrane 
(Maruyama and Dmochowsk i , 1969; Yoshiki et ai, 1973). 
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Specific host gene regulation of expression of the gs antigens has been 
demonst ra ted in inbred mice (Taylor et ai, 1971) and chickens (Payne 
and C h u b b , 1968). They are often detected in the absence of infectious 
virus particles in mouse and chicken embryos and in oncornavirus-in-
duced sarcomas in heterologous species (Dougher ty et al., 1967; Payne 
and C h u b b , 1968; Huebne r et al.. 1970; Allen and Sarma, 1972; Gi lden 
and Oroszlan, 1972; Toda ro and Huebner , 1972; Huebner , 1973). In-
duction of "switched-off " gs antigen often follows t reatment of cells with 
such chemicals as bromodeoxyur id ine (Klement et al., 1971; Lowy et 
al., 1971 ; Toda ro and Huebner , 1972). T h e antigen may also be sponta-
neously released following long-term cultivation of cells in vitro (Todaro 
and Huebner , 1972; Huebner , 1973), and alternate expression of the 
virus be tween in vivo passages has been observed (Ioachim et al., 1972). 

III. Tumor Cell Membrane Antigens Associated 
with Oncornavirus Infections 

A. General Characteristics of Tumor Cell Membrane Antigens 

Tumor-specific cell membrane antigens or tumor-associated antigens 
have been described for a wide variety of tumors , such as SV40- and 
polyoma virus-induced tumors (Klein, 1968; Teve th ia et al., 1968; Sjo-
gren and Bansal, 1971), Burkit t 's lymphoma (which is suspected to be 
caused by a herpesvirus) (Epstein, 1970; Klein, 1971), spontaneous 
human tumors of many histopathological types (Hells tröm et al., 1971), 
tumors induced with chemicals such as methylcholanthrene (Klein, 1968; 
Prehn, 1968; Baldwin et al., 1971), as well as oncornavirus- induced 
tumors . In general, the antigens associated with virus-induced tumors 
are consistent for the etiological agent regardless of the host species, 
while the strongest antigens on tumors induced with chemicals are indi-
vidually specific. Some virus-induced tumor cell membrane antigens, 
such as those induced by S V 4 0 and polyoma, which cross react with 
embryonic antigens, may be due to virus-specific derepression of a cell 
antigen (Pearson and F reeman , 1968; Coggin et al., 1971). In the case of 
papova -adeno- and herpesviruses , tumor cell membrane antigens are 
usually expressed by the cell when nei ther whole virus nor virus structu-
ral proteins are produced. This , along with the observat ion that D N A 
synthesis is usually not required, indicates that expression of these an-
tigens is an early function of virus infection (Deichman, 1969; Teveth ia 
et al., 1968; Klein, 1971 ; Sjögren and Bansal , 1971; R a p p and Crouch , 
1971; Gergeley et al., 1971; Klein et al., 1972). 
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T h e immune response to these antigens is related to protection against 
tumor growth. Most tumor cell membrane antigens do not show cross 
reactivity with virus envelope antigens, but the membrane antigen in-
duced by Epstein-Barr virus may be an exception (Bremberg et ai, 
1969; Pearson et al., 1970; Silvestre et ai, 1971). T h e most commonly 
used procedures for demonstrat ing tumor cell membrane antigens in 
vitro are cytotoxicity, membrane immunofluorescence, and immunoelec-
tron microscopy. T u m o r transplantat ion in vivo is used whenever his-
tocompatible hosts are involved. 

Studies involving the relationship of the expression of tumor cell 
membrane antigens to the stage of the cell cycle have been done (Cikes, 
1971; Cikes and Friberg, 1971; Cikes and Klein, 1972). It was shown 
that the amount of antigen expression on murine lymphoma cells and 
MuLV-infected monolayer cultures was inversely proportional to cell 
volume and growth rate. D N A inhibitors, such as hydroxyurea , mi-
tomycin C, and ara C, did not interfere with the expression of this an-
tigen, although inhibitors of protein synthesis , such as puromycin and 
cyclohexamide, did. T h e significance of these observat ions regarding the 
in vivo expression of tumor cell membrane antigens and the possible 
control of tumor growth due to an immune response directed at these an-
tigens is not known. 

At tempts to character ize oncornavirus-induced cell membrane an-
tigens are confused by the fact that most species that become success-
fully infected with these viruses produce antibody to both virus envelope 
and cell membrane antigens. Since most serum samples contain both 
activities, this often leads to misconception about the cross reactivity of 
the two antigen classes. As a result , early studies generally supported 
cross reactivity, while more recent exper iments using more sophisticated 
procedures and serum from non-virus-producer tumor-bearing hosts 
suggest that significant cross reactivity be tween viral envelope and 
tumor cell membrane antigens usually does not occur (see below). 

B. Avian Oncornavirus-Associated Cell Membrane Antigens 

Avian oncornavirus-induced cell surface antigens have been demon-
strated on chicken, rat, mouse , and hamster cells (Bubenik and Bauer, 
1967; Bauer et ai, 1969; Jonsson , 1971; Kryukova et ai, 1971; Kurth 
and Bauer, 1972a,b; Gelderblom et ai, 1972; Meyers et ai, 1972; Gel-
derblom and Bauer, 1973). It is clear that one major group-specific cell 
membrane antigen exists that is induced by all subgroups of avian 
viruses. It is the strongest of the tumor cell membrane antigens (Kurth 
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and Bauer, 1972b). T h e antigen has been shown by the in vitro assay for 
cytotoxicity, membrane immunofluorescence, and immunoferritin la-
beling as well as by tumor challenge in vivo. It can probably be specified 
by either Rous sarcoma virus or helper A v L V in the same pools , but it 
is believed to be restricted to transformed cells or tumor cells (Kurth 
and Bauer, 1972a; Gelderblom et al., 1972). It is the same antigen that 
is expressed on cells of Rous sarcoma virus-induced mammalian tumors 
(Jonsson and Sjögren, 1965; Jonsson , 1971 ; Bauer et al., 1969; Kur th 
and Bauer, 1972a; Gelderb lom and Bauer, 1973). It does not overlap 
with viral envelope antigens as evidenced by the lack of correlation 
be tween antibody reactions to this antigen and virus neutralization 
(Jonsson and Sjögren, 1965; Gelderb lom et ai, 1972; Meyers et ai, 
1972). Express ion of the antigen is also unrelated to virus product ion by 
the cells (Kurth and Bauer, 1972a). 

A second subgroup-specific antigen is also detectable on virus pro-
ducer cells. This overlaps activity with the virus envelope and may sim-
ply represent areas of budding virus particles (Gelderblom et ai, 1972; 
Kurth and Bauer, 1972b). 

C. Feline Oncornavirus-Associated Cell Membrane Antigens 

Feline oncornavirus-associated cell surface antigens have been dem-
onstrated on cat, human, monkey, dog, and pig cells using either biop-
sied tumor cells or cultured cells infected in vitro (Essex et al., 1971b, 
1972, 1973b; Oshiro et al, 1971; Boone et al., 1973; Slauson, 1973). 
T h e antigens have been studied using membrane immunofluorescence, 
1 2 5

1 labeling, cytotoxicity, and immunoferritin labeling. Evidence has 
also been obtained for the expression of this antigen in feline oncor-
navirus tumor-bearing animals of several species, including cats , dogs, 
monkeys , pigs, goats , sheep, and cattle (Essex et al., 1971a,b, 1972, 
1973a,b, 1974; Oshiro et al, 1971; Boone et al., 1973; Cot te r et al, 
1974; Essex and Snyder, 1973; Jarre t t et al, 1973a,b; L. D . Pearson et 
al, 1973). T h e s tandard feline target cell for assay of the antigen is an 
F e L V producer cell line developed by Thei len et al. (1969). This line 
produces all three major subgroups of F e L V (Sarma and Log, 19*71). 
Serum taken from animals exposed to all major sources of F e L V (Ka-
wakami-Theilen, Rickard, and Jarre t t strains) and F e S V (Snyder-
Theilen and Gardner -Arns te in strains), as well as serum from animals 
exposed to many field strains, will react with the target cell. 

Studies to determine if this antigen is group- or subgroup-specific have 
not yet been done. It is likely, however , on the basis of other similarities 
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with the avian and murine oncornavirus sys tems, that at least one of the 
predominant antigens visualized by immunofluorescence will prove to be 
group-specific. Such similarities include observat ions that neither neutra-
lizing antibody directed to the virion envelope nor antibody to the group-
specific core antigen appear to cross react with the major cell membrane 
antigen (Jarrett et al., 1973b; Essex et ai, 1974; W. D . Ha rdy , Jr., per-
sonal communicat ion; Olsen et al., 1974). In addition, we have found 
that removal of antibody to the virus envelope (all subgroups) from 
highly active antisera does not decrease specific reactivity for the cell 
membrane antigen. Although the immunoferritin study of Oshiro et al. 
(1971) showed labeling of both budding virus and virus-free areas of the 
cell membrane , it is very likely that the serum used contained a mixture 
of both neutralizing antibody and ant ibody to any additional antigens on 
tumor cells. 

W e have found that the major feline oncornavirus-associated cell 
membrane antigen is distinct from the major murine and avian or simian 
oncornavirus- induced antigens (Essex et al., 1973b; M. Essex , un-
published observat ions) . It also does not cross react with the Epstein-
Barr virus-induced membrane antigen when both may infect the same 
human lymphoblastoid cells (Essex et ai, 1972). We also do not know if 
the feline virus-induced cell membrane antigen is expressed on cells that 
become productively infected but not transformed. We have successfully 
induced the antigen in many cultured human, canine, and feline lym-
phoblastoid and fibroblastoid cells by infecting with either F e S V or 
F e L V , but most if not all of these lines were already " t ransformed" in the 
sense of demonstrat ing immortality for the line in vitro. We have noticed 
that the degree of expression of the antigen increases with the length of 
time the cells have been in culture following virus infection. F o r ex-
ample, only 10% of the cells in a highly sensitive human lymphoblast 
culture are antigen-positive 10 days after exposure to virus. After sev-
eral months , but without any additional exogenous virus, the number 
of antigen positive cells rises to 8 0 - 9 0 % , and each cell stains more in-
tensely (Essex et al., 1972; M. Essex , unpublished observations) . 

Using rabbit ant iserum to F e L V , a common cell membrane antigen 
w a s demonst ra ted by immunoelectron microscopy and membrane im-
munofluorescence for all tumor cells and cultured fibroblasts infected 
with murine and feline oncornaviruses (Yoshiki et ai, 1973). T h e im-
munoferritin procedure showed the antigen was not virus envelope pro-
tein but that it was specifically deposited in discrete spots away from 
budding particles. T h e authors suggested that it may represent the inter-
species gs 3 viral core antigen expressed free on the cell membrane . A 
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previous report by Maruyama and Dmochowsk i (1969) may be a related 
observat ion. 

D. Murine Oncornavirus-Associated Cell Membrane Antigens 

T h e expression of murine oncornavirus-associated cell membrane an-
tigens has been demonst ra ted in virus-infected mouse cell cul tures , and 
in tumor-bearing mice (Klein and Klein, 1964; Klein, 1968; Old et al., 
1968; Pas ternak, 1969; Aoki , 1971; Herbe rman , 1972; Leclerc et ai, 
1972). Because virus neutralizing antibodies could not be detected in 
G r o s s virus-infected mice, the murine viruses were originally classified 
on the basis of their oncornavirus-associated cell membrane antigens as 
being G-f or G—. T h e typical G-f cells were G r o s s virus related, and 
the G— cells were Fr iend, Moloney, Rauscher , or Graffi ( F M R G i ) virus 
related. It was first thought that the grouping for virus envelope antigens 
would follow this system for cell membrane antigens. A s mentioned in 
Section Ι Ι ,Β , the elegant studies of Eckner and Steeves (1972) and 
G o m a r d et al. (1973) have shown that this is no so. Graffi and Moloney 
viruses, for example , which share the same oncornavirus- induced cell 
membrane antigen F M R G i , do not show cross virus neutralization. A 
second major cell membrane antigen that is common for all murine on-
cornaviruses was described recently (Herberman, 1972; Micheel et al., 
1972; Leclerc et al., 1972). It is not known how this common antigen 
may be related to the antigen shown to be related to both feline and 
murine viruses by Yoshiki et al. (1973). 

A s with the avian and feline sys tems, the major murine oncornavirus-
induced cell membrane antigens do not appear to overlap the antigens of 
the virus envelope. Immunoferri t in labeled antibody to the cell mem-
brane antigen does not label virus particles (Aoki et al., 1970a; Aoki , 
1971), and virus neutralizing antibodies are distinct from antibodies 
directed to this antigen (Old et ai, 1968; Levy et al., 1969; L a w and 
Ting, 1970; Micheel et al., 1972). T h e examination of hybrid cell 
pairs that had either very low or very high expression of the Moloney 
virus-induced cell membrane antigen yielded a similar result; the ex-
pression of tumor cell membrane antigen varied independently with 
virus product ion (Fenyo et al., 1968, 1971; F e n y o , 1971). Evidence 
that certain murine oncornavirus-associated cell membrane antigens 
may overlap embryonic antigens have also been published (Hanna et al., 
1971; Ishimoto and I to , 1972). 

T h e quest ion of whether defective murine sarcoma viruses may in-
duce cell membrane antigens at all, or any that may be different from 
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those induced by murine leukemia viruses, was frequently asked, but dif-
ficult to resolve, due to the constant presence of M u L V helper in M u S V 
stocks. It was already known that most MuSV-induced tumors con-
tained oncornavirus-associated cell membrane antigens that were spe-
cific for M u L V (Chuat et al, 1969). T h e development of sarcoma virus-
posit ive, leukemia virus-negative cloned cell lines provided a new 
approach to this question (Aaronson et ai, 1970; Bassin et ai, 1970). 
It became apparent that M u S V specific antigens equal in intensity to 
the M u L V directed antigens were not induced by M u S V (Stephenson 
and Aaronson , 1972; Strouk et al, 1972), but a weakly antigenic minor 
antigen that is M u S V specific has been found by Aoki et ai (1973). 

Additional classes of tumor cell membrane antigens, the G I X system 
(Stockert et ai, 1971), the Τ L system (Boyse et ai, 1966), the Ε system 
(Aoki et ai, 1970b), and G L and G T (Nowinski and Peters , 1973) have 
been described. These are presumed to be cell-coded alloantigens. In 
some strains the expression of these antigens may be related to virus in-
fection or leukemia induction, but since they are probably not virus 
directed, they will not be discussed here . 

Soluble antigens in plasma and body fluids of A K R and C 58 mice 
have also been studied (Aoki et al, 1972). T h e s e include viral group-
and type-specific antigens as well as G r o s s virus-associated cell mem-
brane antigens and G I X cell membrane antigens (Aoki et al, 1972). In 
regard to the Gros s antigens occurring both in p lasma and at the cell 
membrane , it is not known if this is due to turnover of the membrane 
with sloughing into body fluids or to adsorpt ion of a soluble antigen to 
the cell membrane . 

Table I I I lists the principal avian, feline, and murine oncornavirus-as-
sociated cell membrane antigens. 

TABLE III 

Avian, Feline, and Murine Oncornavirus-Associated Cell Membrane Antigens 

Virus group Primary antigens Demonstrated by 

Avian Group specific
0 

Membrane fluorescence, cytotoxicity, ferritin 
labeling, in vivo challenge 

Feline'' Group specific Membrane fluorescence, cytotoxicity, ferritin 
labeling,

 1 2 5
I labeling, in vivo challenge 

Murine
0 

Subgroup specific
0 

Membrane fluorescence, cytotoxicity, ferritin 
labeling, in vivo challenge 

a
 Less immunogenic subgroup-specific antigens probably also exist. 
b
 Additional interspecies group-specific antigen also described for feline and murine 

systems. 
c
 Subgroups not same as those based on virus envelope antigens. 
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IV. Immune Response to Avian Oncornavirus Infections 

Infection of an animal with oncornaviruses can occur as a result of 
transmission by any of three routes : (a) horizontal , which is the predomi-
nant route for most cytopathic viruses; (b) vertical ext rachromosomal or 
congenital-transplacental or milk-borne infection of the neonate by the 
mother ; and (c) chromosomal t ransmission of "switched-off" viral genes 
as part of the usual inherited genetic material of all individuals within the 
given species. T h e last, of course , can only be referred to as "virus 
t ransmiss ion" by virtue of the fact that these genes can code for the 
product ion of typical virus particles if the environment became suitable. 
Considerable evidence indicates that all three of these routes of infection 
occur in avian and murine species (Dougher ty , 1968; Mirand and 
Mirand, 1969; Burmester and Purchase , 1970; Huebner , 1973). T h e im-
portant issue, however , is which of these routes represents the predomi-
nant t ransmission cycle for those oncornaviruses that cause cancer , as 
opposed to those serologically and morphologically identical oncor-
naviruses that appear to have lost oncogenic potential . 

T h e route of infection should, to some extent , determine both the na-
ture and magnitude of the immune responses mounted to the virus itself 
and to virus-induced cell membrane antigens. If the viral genome is 
genetically t ransmit ted and the genes coding for viral proteins are ex-
pressed during embryogenesis , we should expect these proteins to be 
recognized as self, and immune tolerance should result. This could also 
occur with cogenital ex t rachromosomal infection, assuming that the in-
fection occurred prior to the development of immune tolerance. 
Although most early work suggested that chickens were im-
munologically tolerant to virus core (gs) antigens (Dougher ty , 1968), 
recent work shows that this is not so (Rabott i and Blackham, 1970; 
Roth et ai, 1971; Weber and Yohn , 1972; Dougher ty , 1973). T h e devel-
opment of antibodies in some chickens to gs antigen could be due to 
either a break in tolerance or to a lack of tolerance in the first place in 
certain birds. Antibodies directed to the virus core antigens play no sig-
nificant role in virus elimination, since they can neither neutralize the 
virus nor penet ra te producer cells to inhibit virus product ion. Only in 
the unlikely event that these antigens also compose a sensitive portion of 
the cell membrane could the antibody also at tack tumor cells. 

Ant ibody to the virus envelope probably plays a very significant role 
in limiting viremia in chickens that become infected horizontally 
(Dougher ty , 1968). This probably represents the majority of chickens 
housed under commercial flock condit ions (Purchase , 1969). Mos t of 
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these birds have persisting high titers of virus neutralizing antibody but 
experience only transient viremia. Ant ibody is not detectable during the 
viremia, but rapidly follows the disappearance of virus. Adult female 
chickens pass this antibody to their progeny in the egg yolk (Rubin et 
aL, 1961). Significant levels may then persist until the birds are several 
weeks old and possibly then beyond the stage of high risk for tumor 
development if exposed to exogenous virus (Witter et aL, 1966). Virus 
neutralizing antibody can presumably inhibit tumor development only by 
decreasing the amount of virus to which the bird is exposed, thus 
decreasing the frequency of cell transformation events , and not by con-
trolling the replication of transformed cells. T h e virus neutralizing an-
tibody response would therefore probably be of greater significance with 
inefficient leukemia-inducing oncornaviruses as opposed to the more ef-
ficient sarcoma-inducing oncornaviruses . 

A smaller percentage of chickens in most flocks have persisting 
viremia (Purchase , 1969). These birds regularly excrete virus in the 
saliva and feces (Rubin et aL, 1961) and congenitally infect their 
progeny. They are also the individuals most likely to develop tumors , es-
pecially if the immune response to the cell membrane antigens becomes 
depressed. Evidence supporting genetic t ransmission of avian oncor-
naviruses is also excellent (Huebner and Gilden, 1972). If the agents 
transmitted in this manner are oncogenic, only the immune response to 
the tumor cell membrane antigen would probably be functional, and the 
breakdown of this response could be the most important determinant of 
tumor development . A recent study of Malaysian jungle fowl suggests 
that genetic transmission occurs even under such "na tu ra l " condit ions, 
but that the vertically t ransmit ted viruses represent the poorly oncogenic 
or nononcogenic virus subgroups (Weiss and Biggs, 1972). T h e same 
study found no evidence for genetic t ransmission of A or Β subgroup 
viruses. Since the naturally occurring oncogenic leukemia viruses all ap-
pear to be in the A or Β subgroups (Burmester and Purchase , 1970), it 
will be important in future studies to determine the subgroup status of 
viruses that appear to be exclusively transmit ted in an endogenous or 
genetic manner . 

Depending on dose of virus and the the age and the genetic back-
ground of chickens given R S V , many develop tumors that subsequently 
regress. T h e regression is believed to be related to the immune response 
directed at virus-associated cell membrane antigens. Infiltration of re-
gressing tumors with mononuclear cells has been observed (Dougher ty , 
1968), and the development of cell-mediated immunity has been de-
tected in regressor chickens using the cell-mediated cytotoxicity and 
colony inhibition assays (Sjögren and Jonsson , 1970; Kurth and Bauer, 
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1972b). Significant humoral antibody titers have also been found in 
regressor chickens but not in those with progressing tumors (Rad-
zichovskaja, 1968). Cell-mediated immunity was apparently active in 
both progressors and regressors (Sjögren and Jonsson , 1970). This 
suggested that "blocking factors ," such as circulating sloughed tumor 
cell membrane antigens with or without complexed antibody, may inter-
fere with cell-mediated immunity. Successful immunization of chickens 
to challenge by R S V has been accomplished (Sigel et al., 1971; Meyers 
et al., 1972). Either subtumorigenic doses of R S V or other avian oncor-
naviruses were suitable immunogens . Protect ion was directed at 
common cell membrane antigens for all virus subgroups. Although the 
type of immune response involved was not studied, it seems likely that 
both humoral antibodies and cell-mediated immunity may be important . 

Several studies have concentra ted on the immune response of mice 
and rats to Rous sarcoma virus-induced tumors (Jonsson and Sjögren, 
1966; Bauer et al., 1969; Bellone and Pollard, 1970; Jonsson , 1971; 
Sjögren and Borum, 1971; Kurth and Bauer, 1972a). Transplantat ion 
immunity against Rous tumor isografts was clearly demonst ra ted in mice 
that (a) received live virus injections but developed no tumors or (b) 
were pret reated with irradiated tumor cells. T h e mice usually developed 
no virus neutralizing ant ibody, but were not tested for ant ibody to cell 
membrane antigens. Others (Kurth and Bauer, 1972a) have shown that 
similarly immune mice also develop high titers of cytotoxic ant ibody to 
the cell membrane antigen. Cell-mediated immunity was also found in 
rats bearing Rous sarcoma virus-induced tumors (Jonsson, 1971; Sjo-
gren and Borum, 1971). Blocking serum activity was found in the pro-
gressor animals (Sjögren and Borum, 1971). With the exception of the 
work of Radzichovskaja (1968), very little emphasis has been placed on 
the study of the humoral ant ibody response of chickens to the avian on-
cornavirus-associated cell membrane antigens. T w o possible reasons for 
this come to mind: (a) the disappointment of early workers who found 
that high neutralizing antibody titers were not associated with regres-
sion, not realizing that different antigen systems were involved, and (b) 
the discovery that ant ibody, at least when complexed with sloughed cell 
membrane antigen, may interfere with the cell-mediated response that 
might otherwise successfully at tack the tumor. It is quite possible that 
the latter phenomenom is more related to the "sloughabil i ty" of the 
tumor than to the nature of the antibody. Since recent work with mouse 
and cat oncornavirus- induced tumors indicate a positive correlation 
be tween the presence of humoral ant ibody to tumor cell membrane an-
tigens and tumor regression or blocking of tumor development (see Sec-
tions V and V I ) , similar studies with the avian system may be useful. 
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V. Immune Response to Feline Oncornavirus Infections 

Almost all the current seroepidemiologic studies with femine oncor-
naviruses suggest that horizontal t ransmission of virus between cats rep-
resents the most important infection route (Essex et al., 1971a, 1973a,b; 
Jarret t , 1972; Cot te r et ai, 1973; Ha rdy et aL, 1973a,b, 1974; Jarre t t et 
aL, 1973a,b; Ha rdy et al, 1974). T h e first suggestions that horizontal 
transmission might be important in this species came when observa-
tions of clusters of leukemia in apparently unrelated cats were reported 
(Schneider et al, 1967; Brody et al, 1970; Jarret t , 1971; Cot te r et ai, 
1974). N o evidence has yet suggested that either chromosomal or 
ext rachromosomal vertical t ransmission of oncogenic oncornavi-
ruses occurs in cats to any significant degree, but C type particles have 
occasionally been seen in cat embryos (Schneider, 1971), and R D 114 
virus can be activated from some cat embryo cell cultures (Fischinger et 
aL, 1973; Livingston and Toda ro , 1973). T h e R D 114 virus however , is 
not a typical feline oncornavirus (see Section II) . 

Several procedures were used to demonst ra te horizontal virus t rans-
mission under both laboratory and field condit ions. When uninfected lab-
oratory cats of all ages came in contact with oncornavirus-infected cats 
they rapidly developed antibody to the feline oncornavirus-associated 
cell membrane antigen (Essex et aL, 1971a, 1973a,b; Jarret t , 1972; 
Essex and Snyder , 1973; Jarre t t et aL, 1973b). Mos t also developed 
viremia, at least temporari ly, and had morphologic evidence of C type 
viruses in blood platelets and bone marrow (Jarrett et ai, 1973b). A 
smaller yet significant percentage developed clinical leukemia. Hardy et 
al. (1973a,b) demonst ra ted that horizontal t ransmission of virus 
frequently occurred under field condit ions. When a leukemic cat was 
found in any particular household, examination of the healthy feline 
housemates indicated that 3 9 % were viremic, as compared to fewer than 
1% of the street controls or cats from leukemia-free households . This 
study was based on 154 cats from 78 cat leukemia households and about 
1200 controls representing both stray street cats and cats from leu-
kemia-free houses . This has been confirmed and extended to include the 
examination of cats from the same categories but a different geographi-
cal area (Cotter et al., 1973; Essex et al., 1974). W e have now exam-
ined (in collaboration with Hardy) about 120 cats from two particular 
leukemia clusters. About 4 6 % of the healthy cats in the two households 
are persistently viremic. Mos t of the nonviremic cats have high antibody 
titers to the feline oncornavirus-associated cell membrane antigen, so 
that more than 9 0 % of the cats in these houses had evidence of recent 
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virus exposure . Ne i ther the antibody response nor the presence of 
viremia appeared to be directly related to genetic background for the 
cats in these houses . T h e incidences of leukemia, viremia, and high 
antibody titers (4 to 256) were similar for three different breeds of 
cats housed together. T h e high frequency of viremia and leukemia seen 
among cats from cluster environments is probably due to exposure to 
larger virus doses at a relatively young age. Viremic cats excre te virus in 
saliva, respiratory secret ions, urine, and feces (Dougher ty et al., 1969; 
G a r d n e r et al., 1971 ; Jarre t t et al., 1973b). T h e most significant route 
for excret ion may be respiratory secret ions, since almost all infected cats 
have virus budding from respiratory epithelial surfaces (Jarrett et al., 
1973b). H o o v e r et al. (1972) have shown that F e L V is oncogenic when 
administered by intranasal instillation. 

Cats exposed to F e L V or F e S V under either natural or experimental 
condit ions do not exhibit immune tolerance to either the major virus an-
tigens or the virus-associated cell membrane antigens (Olsen and Yohn , 
1972; de N o r o n h a et al., 1972). 

T h e discovery that the magnitude of the humoral immune response 
directed to the virus-associated cell membrane antigen was directly 
correlated with tumor growth following exposure to F e S V (see below) 
led us to examine the relationship be tween leukemia development and 
the humoral antibody response . Ca t s exposed to F e L V injections that 
developed leukemia never appeared to develop high ant ibody titers to 
the cell membrane antigen. On the other hand, cats which developed 
high ant ibody titers (greater than 4), following either natural or ar-
tificial exposure to F e L V , did not develop leukemia (Jarrett et al., 
1973b; Essex et al., 1974; W. F . H . Jarre t t , personal communicat ion) . 
W e have now checked the ant ibody titers of 63 cases of spontaneous 
feline leukemia and found that they also show a deficient humoral im-
mune response to the cell membrane antigen. 

Exper iments have also been done which show that F e L V may induce 
thymic a t rophy and immunosuppress ion (Anderson et ai, 1971; Per-
ryman et al., 1972). Observat ions of higher than expected frequencies of 
o ther infectious diseases in F e L V viremic cats may be a result of im-
munosuppress ion under natural condit ions (Cotter et al., 1973, 1974; 
Essex and Snyder, 1973; Essex et al., 1973a). 

T h e humoral immune response to FeSV- induced tumors in cats was 
also studied (Essex et al., 1971a,b, 1973b; Essex and Snyder , 1973). 
Ca ts that developed progressively growing sarcomas never developed 
high antibody titers to the feline oncornavirus-associated cell membrane 
antigen. Cats that developed no tumors following virus challenge, or 
developed tumors that subsequently regressed, had high antibody titers 
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(4 to 256). Kittens that received antibody passively as neonates 
from immune mothers were able to resist the development of tumors fol-
lowing challenge with at least 100 to 1000 t imes the lethal dose of F e S V 
(Essex et aL, 1971a, 1973a,b). Although it is possible that virus-directed 
antibodies present in the same serum samples may have played an im-
portant role in the prevent ion of tumors in some cats , it is very unlikely 
that virus neutralizing antibody plays a role in tumor regression. This 
seems apparent because the immune response to the virus-induced cell 
membrane antigen is distinct and independent from the immune 
response to either virus core (gs) or virus envelope antigens. It was 
found that some cats remain persistently viremic with an apparently 
inefficient virus neutralizing antibody response but maintain high an-
tibody titers to the cell membrane antigen and a disease-free status (Jar-
rett et aL, 1973b; W. D . Hardy , Jr. , personal communicat ion; Essex et 
aL, 1974). We also observed that antibody titers developing to the virus 
core antigens bore no relation to the development of antibody titers to 
the cell membrane antigen (Olsen et aL, 1974). Studies of the role of 
cell-mediated immunity in the regression or prevent ion of feline oncor-
navirus-induced tumors in cats have not been published, although a 
mononuclear cell infiltrate has been observed in regressing tumors 

TABLE IV 

Humoral Antibody Response of Cats from Several Categories to 
Feline Oncornavirus-Associated Cell Membrane Antigen 

Titer of antibody
0 

Number 
Group examined Range Geometric mean 

(1) FeSV injected 
(a) Progressors 42 0-4 0.6 
(b) Regressors 25 4-256 18.5 
(c) No tumor developed 8 8-128 29.8 

(2) FeLV injected 
(a) Leukemia 7 0-1 0.2 
(b) No tumor 2 8-64 22.7 

(3) Spontaneous leukemias 63 0-16 1.2 
(4) Laboratory contact controls'' 23 0-128 7.9 
(5) Naturally exposed but healthy cats in 119 0-256 12.5 

cluster leukemia households
0 

(6) Street controls 96 0-256 1.0 

a
 Reciprocal of highest twofold serum dilution still positive by membrane fluorescence. 
b
 Exposed to either FeLV or FeSV injected littermates. 

c
 Most cats in this category with low titers were viremic. 
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(Snyder, 1971). It is quite possible that both cell-mediated immunity and 
humoral antibody directed to the tumor cell play an important role in the 
feline system, as apparent ly they do with murine oncornavirus- induced 
tumors . It seems very unlikely that humoral ant ibody plays a deleterious 
role in feline tumor development , since high circulating ant ibody levels 
are only found in regressor or tumor-free ca ts , never in progressor 
tumor-bearing animals. T h e reverse would be expected if antibody was 
primarily acting to block or interfere with the cell-mediated immune 
response . Tab le I V summarizes the antibody response to the feline on-
cornavirus-associated cell membrane antigen for cats from several ca-
tegories. A n immune response to the feline oncornavirus-associated cell 
membrane antigen has been found in monkeys (Essex et al., 1972), dogs 
(Slauson, 1973; Essex et al., 1973b) and pigs (L. D . Pearson et al., 1973) 
exposed to F e S V . Dogs and pigs developed high antibody titers when 
tumors regressed, but this relationship was not evident with the 
monkeys examined. Cell-mediated cytotoxici ty was also detected in 
regressor dogs. 

VI. Immune Response to Murine Oncornavirus Infections 

As opposed to the situation with avian and feline oncornaviruses , the 
only significant t ransmission route for murine oncornaviruses in labora-
tory strains of mice appears to be vertical (Rich, 1968; G r o s s , 1970; 
H u e b n e r and Gilden, 1972). In strains of mice that have a high in-
cidence of leukemia this t ransmission appears to be genetic ra ther than 
ext rachromosomal . This suggests that when artificial selection is based 
on expression of a malignant disease, such as leukemia, the development 
of a stable pat tern for t ransmission of viral genes may indeed occur. T h e 
possibility remains, however , that the model may not represent what 
occurs when either nature takes its own course of selection or when 
inbred strains are selected for reasons other than the expression of 
malignancy. T h e s e selection processes might instead follow the classical 
guidelines for "survival of the fittest." U n d e r such c i rcumstances we 
might expect proportionally much less host resistance against evolu-
tionary pressure to "genetically t ransmi t" only C type virus genomes 
that have lost their oncogenic potential . This could become further 
complicated by at least two additional issues that may be related. First , 
the possibility that certain proteins coded by the viral genome, such as 
the viral core gs antigens, might have an overlapping function in normal 
embryogenesis (Hirshorn et al., 1973; Huebne r and Gilden, 1972). If 
this could be demonst ra ted , it would obviously substantiate the case for 
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true genetic transmission. A second point is the possibility that the 
apparent Mendelian expression of cancer being due to direct inheritance 
of C type virus genes may in eifect be due to very specific genetic con-
trol over classes of immune response genes affecting host response to 
oncornaviruses or oncornavirus- induced antigens (Benacerraf et al., 
1971; Tennant , 1972; Klein, 1973). Such c i rcumstances might make it 
possible for ext rachromosomal vertical ( transplacental or congenital) 
transmission of viruses to be misinterpreted as chromosomal . 

Evidence with strains having a low spontaneous incidence of leukemia 
are easier to interpret as ext rachromosomal rather than true genetic. F o r 
the most commonly studied murine oncornaviruses (Gross , Moloney, 
Fr iend, Rauscher) , the t ransmission is primarily maternal . Although 
both transplacental and congenital colostral infection occurs , t ransmis-
sion through the milk appeared to be most common, since leukemia in-
cidence could be greatly reduced by foster nursing. I t has been shown 
that infected mice excrete the virus (Mirand and Mirand, 1969; Myers et 
al., 1970), but this is believed to be of little or no significance in labora-
tory strains (Myers et aL, 1970). Studies with oncornaviruses of wild 
mice, such as those by G a r d n e r et al. (1973), will be very important in 
determining the infection and transmission routes under natural condi-
tions. 

T h e relative absence of horizontal t ransmission in laboratory mice, as 
opposed to cats and chickens, would lead to the prediction that mice 
would be less likely to mount an effective immune response to the virus 
due to immunologic tolerance. Observat ions of an apparently inefficient 
antibody response of mice to virus core antigens tend to support this 
hypothesis . Tha t mice may exhibit immunologic tolerance to the virus 
core antigen is probably not significant for prevent ing tumor develop-
ment , however . Only those immune responses directed at the virus 
envelope or tumor cell membrane antigens would be expected to inter-
fere with oncogenesis , and these appear to be functioning to at least 
some degree. Evidence for this is the fact that mice succumb more rap-
idly to oncornavirus infections when artificially immunosuppressed (Al-
lison and Law, 1968; L a w and Chang, 1971 ; Law, 1972; Larson et al., 
1972; Zisblatt and Lilly, 1972). Tha t oncornaviruses themselves can in-
duce immunosuppress ion could be a very important factor in disease 
pathogenesis (Notkins et al., 1970; Dent , 1972). 

Mice injected or naturally infected with leukemogenic viruses experi-
ence persisting viremia that can exist in the absence of pathology for 
long periods, especially in the case of the less acute thymic lymphomas . 
A t some stage prior to the emergence of evident gross pathology, mon-
onuclear cells with virus-associated cell membrane antigens can be de-
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tected. In the case of lymphoma induced by Moloney virus and 
erythroblastic leukemias induced by Fr iend or Rauscher viruses, mem-
brane antigen-positive cells are found localized in the spleen (Wirtz et 
al., 1969; Cerny et al.y 1973). In the case of Fr iend disease, we found 
that 5 0 % or more of the mononuclear spleen cells were membrane an-
tigen-positive by at least 4 days after virus injection (Cerny and Essex , 
1974). T h e number of spleen cells positive for Fr iend virus-associated 
cell membrane antigen then rises to 8 0 % or more by the t ime disease 
signs are pronounced. In the case of " regress ing" Fr iend leukemia (Rich 
et al.y 1969, 1971; Rich and Clymer , 1971) the splenic enlargement 
diminishes back to normal and the antigen-positive cells largely disap-
pear (Cerny et al.y 1973). 

Mice immunosuppressed by t rea tment with anti- lymphocyte serum 
show increased susceptibility to M u L V and M u S V oncogenesis (Law, 
1972; Larson et al.f 1972; Zisblatt and Lilly, 1972). T u m o r frequency is 
higher and latent periods shorter in mice so treated. Law (1972) found 
that such an immunosuppress ion-mediated increased tumor suscepti-
bility could not be reversed by immunotherapy with either hyper immune 
cells or serum in the case of Moloney virus-induced lymphomas . G . R. 
Pearson et al. (1973), on the other hand, found that passive administra-
tion of M u S V regressor serum could provide effective immunotherapy 
for mice with t ransplanted Moloney leukemia virus-induced tumors , 
when single injections of serum were given anytime from 3 days before 
to 2 days after tumor challenge. Multiple injections of hyper immune 
serum during the latent period for tumor development resulted in up to 
9 0 % successful prevent ion of early death from lymphoma. Evidence for 
development of a cell-mediated immune response for oncornavirus-in-
duced mouse lymphomas has also been found (Fass and Fefer, 1972; 
Leclerc et al.y 1972; M c C o y et ai, 1972). T h e development of cell-
mediated cytotoxicity was observed to occur at about the t ime tumors 
became palpable. A decline in the number of immune cells occurred if 
the tumors progressed. It was suggested that such an apparent decline 
could be due to possible masking of immune cells in vivo by blocking 
factors. 

Several studies have involved the immune response of mice to 
Rauscher virus-induced lymphomas or t ransplants of Rauscher virus-in-
duced tumors (Mayyasi et al., 1968; Barski et al.t 1972; M c C o y et al., 
1972; Y o u n et al., 1973). These investigators agreed that the cell-
mediated immune response became ineffective in vivo at the t ime tumors 
are most actively progressing. This defective functioning is specific, 
since the same mice can mount a normal immune response to t rans-
planted syngeneic po lyoma cells while they are unable to resist 
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Rauscher tumor transplants (McCoy et aL, 1972). Disagreement exists 
over the possible reasons for this failure. One study suggested that a par-
ticular type of antibody might be the blocker that interferes with cell-
mediated immunity because such antibody was found in progressor 
animals (McCoy et aL, 1972). A second study, however , disagreed 
because the serum blocking factors acted much more efficiently on im-
mune effector cells than on target tumor cells (Barski et aL, 1972; Youn 
et aL, 1973). Such results would be more compatible with a blocker of 
either sloughed soluble tumor cell membrane antigen alone or with the 
antigen complexed with antibody in antigen excess . T h e immune 
response of rats to a transplantable G r o s s virus-induced tumor has also 
been studied (Herberman and Oren , 1971; de Landazur i and Her-
berman, 1972). Cytotoxic antibodies and cell-mediated immunity ap-
peared within 1 week after injection of tumor cells and remained ele-
vated for several weeks . Nei ther the level of cell-mediated nor humoral 
immunity correlated well with whether or not the tumors regressed. 
G o o d evidence exists , on the other hand, that humoral antibodies pas-
sively obtained by newborn rats are very effective for preventing G r o s s 
virus-induced tumors (Ioachim, 1970; Ioachim et aL, 1973). It is likely 
that virus neutralizing antibodies are largely responsible for this effect. It 
is possible, however , that the immune response for rats , an unnatural 
host for Gros s virus, may be different from the response expected for 
mice with primary virus-induced tumors . 

Considerably more work has been done to s tudy the immune response 
to oncornavirus- induced fibrosarcomas. This system is experimentally 
more at tractive because (a) the tumor latent period is shorter than with 
the leukemias and (b) by adjusting virus dose and age at inoculation, a 
desired number of spontaneous regressions can be made to occur. T h e 
potential disadvantage of working with fibroblastic target cells ra ther 
than lymphoid cells, which are easier to manipulate for membrane 
fluorescence and cytotoxicity tests , can be eliminated by using the 
appropriate cross-reacting oncornavirus-induced lymphoma target cell in 
such tests . 

Significant differences exist regarding the beneficial effects of serum 
and cellular components on inhibiting growth of MuSV-induced tumors . 
Exper iments with a combination chemotherapy- immunotherapy model 
suggested that, while therapy with regressor serum had some benefit, it 
was not nearly as pronounced as the beneficial effects observed when 
therapy was done with immune cells (Fefer, 1969, 1970). A second set 
of experiments showed that regressor serum was very effective for 
preventing the growth of t ransplanted Moloney sarcoma cells (G. R. 
Pearson et aL, 1973). In a third system, where mice were im-
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munosuppressed with anti- lymphocyte serum to increase their risk for 
tumor progression, regressor serum appeared to be more effective than 
immune cells for inducing resistance to tumor death (Law, 1972). 

Lamoné7 al., (1972a) followed the cell-mediated cytotoxicity response 
of mice given M u S V injections and found that cytotoxic lymphocytes 
were present from 2 days after virus infection until tumors completely 
regressed. T h e y found that the lymphocyte cytotoxicity response was 
considerably reduced during tumor progression, as o thers had found for 
virus-induced lymphomas (Barski et al., 1972; Youn et al., 1973). It was 
particularly interesting that the most important effector cell in the M u S V 
cell-mediated cytotoxicity response appeared to be of bone marrow 
rather than thymus origin (Lamon et al., 1972b). 

T h e considerable differences in results regarding the relative ef-
ficiency of cellular and humoral components to control tumor develop-
ment by murine oncornaviruses could be largely due to differences 
be tween the viruses used, the different strains and species of hosts used, 
the types of inocula used for sensitization and challenge, and differences 
be tween the various in vivo and in vitro assays for immunity. 

VII . Summary and Conclusions 

Oncornavi ruses of chickens , ca ts , and mice are morphologically very 
similar, although fine differences can be discerned by electron micros-
copy. These virus groups, defined according to species of isolation, 
possess virus envelope glycoproteins and virus core proteins that are 
biochemically similar. T h e proteins are antigenically distinct for each 
group, the only except ions thus far being the virus core interspecies an-
tigen (gs 3) that is common for cat and mouse viruses. T h e principal 
virus core antigens are apparently identical for all viruses within each 
group. T h e principal and most immunogenic virus envelope antigens, on 
the other hand, are subgroup- or type-specific. These antigens also 
follow the subgroup classification based on virus receptor susceptibility 
and interference pat terns . N e w oncornavirus-associated cell membrane 
antigens are also expressed following infection and/or transformation by 
these viruses. T h e principal tumor cell membrane antigens are group-
specific and antigenically distinct from virus envelope antigens. 

T h e mode of t ransmission and route of infection with oncogenic on-
cornaviruses is apparently different for the three major groups. Avian 
and feline viruses appear to be t ransmit ted horizontally, while this route 
seems unimportant for the murine viruses. In the case of all groups it is 
difficult to determine the role of endogenous chromosomally t ransmit ted 
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but largely nononcogenic viruses. T h e type of virus transmission that 
occurs under natural c i rcumstances appears to be related to the degree 
of genetic variation for each host species, since horizontal t ransmission 
is most important in the outbred cat and least important in inbred mouse 
strains. This suggests that selection of apathogenic viruses may follow 
inbreeding, and vertical t ransmission may follow the evolution of apath-
ogenic virus strains. 

Both the magnitude and nature of the immune response to oncor-
navirus infections depends on the infection route , since vertical infection 
prior to the development of the immune response should result in im-
mune tolerance to those antigens expressed during embryonic life. 
Although it was previously thought that animals were tolerant to the 
virus core antigens, substantial evidence to the contrary has been ob-
tained in the case of chickens and cats . 

T h e immune response to virus core antigens probably plays little or no 
role in control of either virus replication or tumor growth. T h e immune 
response to virus envelope antigens can eliminate virus through neutral-
isation. This response probably has no effect on surveillance of growing 
tumors , but may indirectly limit tumor growth by inhibiting cell transfor-
mation. This response may be more important when viruses of lower 
transforming efficiency are involved (leukemia viruses as oppossed to 
those causing sarcoma). 

T h e immune response to oncornavirus- induced cell membrane an-
tigens is probably the primary immune mechanism for controlling tumor 
growth. T h e immune response to this group of antigens is distinct from, 
and does not necessarily follow, the responses to either virus envelope 
or core antigens. T h e immune response directed to the cell membrane 
antigens can probably both block tumor outgrowth and induce regres-
sion of some established tumors . In the case of spontaneous and induced 
fibrosarcoma and leukemia of outbred cats , the humoral antibody 
response to the oncornavirus- induced cell membrane antigen is closely 
correlated, in an inverse sense, with tumor growth. Ca t s that develop 
high antibody titers either develop no visible tumors or develop tumors 
that regress, while cats that fail to develop high ant ibody titers die with 
progressing fibrosarcoma or leukemia. Both cell-mediated and humoral 
responses appear to contr ibute in a favorable sense to this activity. 
Although a blocking effect of the cell-mediated immune response has 
been observed, this is more likely to be due to circulating sloughed 
tumor cell membrane antigen alone and/or this antigen complexed in 
excess with ant ibody, rather than to either antibody alone or complexes 
with antibody in excess . This observat ion, along with the finding that 
non-T cells appear to be the important mediator of cell-mediated cyto-
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toxicity in the case of murine oncornavirus- induced sarcomas suggests 
that Β cells may play a very important role in the immune response to 
oncornavirus infections. 
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I. Introduction 

Perhaps no subject is more appropria te in a book on comparat ive 
virology than that of discussing the prospects for vaccinating against 
cancer in man. I say this because we know so little about the cause of 
cancer in man, and we know so little also about the immunology of 
cancer in man. T h o s e of us who are charged with the responsibility of 
seeking practical application for control of cancer from the abyss of 
ignorance must , of necessi ty, give at tention to those parallel develop-
ments in animal exper iments that are of outs tanding accomplishment and 
that may provide clues for technological advances that may be eventu-
ally translated to man. O u r only approach for the present lies in learning 
what we can from comparat ive oncology and in establishing systems and 
precedents that can be applied to future developments for man. It may 
be worthy of note that the foundations for modern knowledge of mam-
malian R N A leukemia and sarcoma viruses are based on the pioneering 
studies carried out with chicken viruses in the chicken model system. I t 
seems true also that the further progress with oncogenic mammalian her-
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pesviruses will have its foundation in the advances that have been made 
with Marek ' s disease in chickens. T h e domest ic fowl has provided fine 
models for studies of cancer and the contributions that have been made 
by the chicken virologists are something worth "crowing about . " 

II. Cancer 

In its simplest concept , cancer is akin to an unruly offspring. It is a 
disease in which a cell or cells become disobedient to the parent host 
and multiply indiscriminantly. At the same t ime, the parent host be-
comes permissive and loses partial or total control . 

T h e question is why, and it seems axiomatic that two events must 
occur if there is going to be clinical cancer. First , something must 
happen to the cells to make them different—thus, neoplastic transforma-
tion. Second, something must happen to the host to render it permis-
sive—thus, a failure of immunologic surveillance and homeostasis . In 
any discussion of the immunologic control of cancer , then, one needs 
focus on two points alone —how does one prevent neoplastic transforma-
tion in the first place? And how does one enhance the hos t ' s capability 
for control of the neoplastic cell once it arises? 

Specific Control 

1. Viral Vaccines 

a. Etiology. It is well established that a great many factors have 
something to do with cancer: ionizing radiation, environmental car-
cinogens, age of host , hormones , genetic factors, and the like. It is also 
well established that a great variety of tumors of animals are caused by 
viruses, and one needs only to point to the role of viruses in the malig-
nant neoplasia of rodents , cats , fowl, frogs, and bovines with ancillary 
information obtained in studies of cancer in monkeys and man. This 
leads to the concept that the one indispensable element in cancer may be 
a virus or its genetic material, and all o ther factors may only be secon-
dary. In taking this position, we are reinforced by the fact that cancer 
cells seem to have a new genetic input that allows them to make new 
and unique antigens that are present in the cells and on their surfaces. 
Carcinogenic chemicals and physical agents , such as ionizing radiation, 
do not provide such input—they only rearrange the output . If it is true 
that virus infection is indispensable in cancer , then the prevent ion of 
viral infection or the negation of the viral effect might permit the 
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breaking of an essential link in the neoplastic chain and so make the 
prevention of cancer possible. 

This then has provided the motivation for seeking the virus or viruses 
that cause cancer in man. Curren t research in viral etiology of human 
cancer has been focused on the C and Β type R N A viruses that are 
being linked with leukemia, sarcoma, and breast cancer mainly by the 
demonstrat ion of viruses or viruslike particles in human neoplastic 
t issues and secret ions. T o date , however , no reliably propagable R N A 
virus has been recovered from human neoplasia that can be considered 
to be a serious candidate for an etiologic role in man; this in spite of the 
intense competi t ive effort given to it and in spite of the private and 
public proclamations to the contrary. 

T h e D N A viruses have fared somewhat better , and the herpesviruses 
can be seriously considered as candidates for several neoplasia in man 
including Burkit t 's lymphoma and nasopharyngeal carc inoma and pos-
sibly also cervical and prostat ic neoplasia and Hodgkin ' s disease. A s 
with the R N A viruses, however , proof of etiologic role remains elusive 
and is frustrated by the inability to carry out direct etiologic studies in 
the human species. 

b. Spread. In judging the probability for developing vaccines against 
cancer , it is necessary to consider the means for spread of the virus, 
whether it be horizontal as in infectious disease or vertical as in t rans-
mission from mother to offspring either through transplacental infection 
or through integration in the germ plasm. Cancer viruses t ransmit ted 
horizontally postnatally at an adequate t ime period after birth may be 
very well subject to prophylact ic control by vaccine. Cancer viruses 
t ransmit ted vertically afford less chance for vaccine control , primarily 
because infection would already have been established prenatally and 
because immunologic control might have been preempted in part at least 
by induction of immunologic tolerance. At tempts at therapeut ic applica-
tion of viral vaccines , either to prevent the expression of neoplasia in 
virus-dependent cancer or to limit its expression as clinical cancer , 
deserve special considerat ion since they involve an area in which explor-
atory clinical testing in man could be justified at the present t ime. 

The re is presently a theory that is fashionable, if not of significance, 
that is based on the observat ion that many if not all cells carry genetic 
materials called virogenes and oncogenes that code for infectious virus 
and for the neoplastic transformation of cells. Although normally 
repressed, the virogenes and oncogenes may be derepressed by a variety 
of means , such as carcinogenic chemicals , radiation, aging, D N A 
viruses, or perhaps by the assis tance from related R N A helper viruses 
to cause cells to undergo neoplastic transformation and to produce infec-
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tious transmissible virus bearing the oncogene. T h e theory, in effect, 
says that genes for R N A tumor viruses are par t of the genome of animal 
cells. These genes have a role in (a) normal embryogenesis , (b) speci-
fying viral genomes , and (c) acting as determinants of cancer . 

If indeed, the ubiquitous oncogene were responsible for the generality 
of cancers , then the chance for immunologic interruption by viral vac-
cine would be small. But, it is a fact that infectious oncogenic R N A 
viruses introduced artificially by syringe and needle do cause cancer and 
that in some instances these viruses may correspond completely to the 
endogenous oncogene. Fur ther , cat and chicken leukemia viruses can be 
horizontally spread. T h e interpretation, then, is that even if cancer can 
arise as a spontaneous event through activation of latent oncogenes , cog-
nizance must be taken of the fact that cancer can also result from 
superinfection with an adequate dose of the corresponding infectious 
virus, which is already bearing the oncogene, or from horizontally 
spread infection with an infectious oncogenic virus. T h e basic question, 
then, is which kind of event—assuming both do occur in man —is mainly 
responsible for cancer as it occurs in the human species. It is probable 
that both may occur, and it is possible that the latent oncogene, in the 
practical sense, may only be the reposi tory in nature for these viruses 
and the means by which their perpetuity is assured. 

c. Vaccines. Exper iments aimed at evaluating the virus vaccine ap-
proach to control of experimental cancer in animals have been limited to 
date. The re are , however , sufficient examples to establish the utility of 
the approach to vaccination against oncogenic viruses in several kinds of 
c i rcumstances in experimental cancer , and these may provide guidelines 
for the development of human cancer vaccines. O n e can cite very posi-
tive results in immunizing against the avian leukemia-sarcoma complex, 
against the murine leukemia-sarcoma complex, against the adenoviruses 
that are oncogenic for animals, and against SV40 , polyoma, and myx-
omatosis viruses. Of special interest, immunization of mice with killed 
murine leukemia virus antigens in F reund ' s adjuvant have been shown 
recently to reduce significantly the incidence of tumors induced by 3-
methylcholanthrene. Vaccines , in the case of R N A virus-dependent 
neoplasia, may even show some degree of therapeut ic effect presumably 
by limiting the spread of the virus to new and uninfected cells within the 
infected host . With both R N A and D N A virus-induced tumors , vaccines 
may increase the recognition and response by the host to tumor cells 
that carry viral-specified antigens on their surface. 

d. The Feline Leukemia-Sarcoma Model. T h e feline leukemia-sar-
coma complex presents an excellent model in comparat ive oncology for 



19. PROSPECTS FOR VACCINES AGAINST CANCER 553 

testing vertical versus horizontal spread of cancer and for evaluating the 
effectiveness of vaccines . I t is the pr ime model for R N A oncogenic 
viruses that is being pursued in our laboratories. T h e cat might be con-
sidered an especially meaningful model for such studies, since the cat , 
like man, is outbred, and it is subject to many, if not most , of the same 
environmental carcinogens to which man is subject and which might 
play a role in the induction of cancer . T h e rates for spontaneous leu-
kemia and sarcoma in cats are low and roughly in the same range as in 
man, considering the difference in life span. Mos t important , while cats 
do harbor covert indigenous leukemia viruses, horizontal t ransmission of 
the oncogenic virus does occur , and the role of the vertically t ransmit ted 
genome in relation to clinical cancer as it occurs in nature is in serious 
doubt. Significantly, adult immunologically competent cats can be in-
fected artificially or naturally with the virus and this can result in the in-
duction of leukemia. With further study, it may be hoped that this model 
will present the means whereby live, killed, and subunit vaccines can be 
evaluated for prophylact ic and therapeut ic efficacy and whereby infor-
mation can be obtained that can be applied eventually to the develop-
ment of vaccines for use in man. 

e. Marek's Disease Vaccine. T h e most outstanding example of vac-
cine success is the recent development of highly effective live virus 
vaccines against Marek ' s disease of chickens. Marek ' s disease is a 
lymphoproliferative neoplastic disease of chickens that causes great 
economic loss to the poultry industry. T h e disease is caused by a Β type 
herpesvirus, and the development of the vaccine, in my judgment , is 
perhaps the most outstanding achievement in the virus cancer field in 
the last decade or two. T h e demonstra t ion of an exclusively horizontal 
t ransmission of the herpesvirus that causes Marek ' s disease and the 
prevent ion of the disease by use of highly effective a t tenuated live 
herpesvirus vaccines present some of the best evidences against the 
universality of cancer caused by a ubiquitous oncogene. 

T h e most widely used Marek ' s disease vaccine is a preparat ion of a 
naturally avirulent herpesvirus of turkeys that is antigenically related to 
Marek ' s disease virus but causes no tumor. 

T h e manner in which the vaccine works is of interest as shown in 
Table I. T h e fully virulent infectious virus is released from chickens in 
feather follicle cells that make up chicken dander . T h e virulent virus in-
fects susceptible chicks in the environment , establishes an infection that 
persists for the lifetime of the bird, and causes neoplasia with tumor 
product ion, deficiencies in the conversion of carbohydra te to protein, 
and death. 
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TABLE I 

Progress of Marek's Virus Infection in Vaccinated and Unvaccinated Chickens 

Agent Infection Clinical outcome 

Virulent Marek's herpesvirus Persistent lifetime Death, tumors, decreased 
(in chicken dander) infection egg and meat production 

Turkey herpesvirus (avirulent Persistent lifetime Dual viral infection but 
vaccine — parenteral) infection with failure to develop 

—» Virulent Marek's herpesvirus Persistent lifetime clinical disease 
(in chicken dander) infection 

T h e avirulent herpesvirus vaccine is given to chicks at 1 day of age 
and like the virulent virus, it also establishes a viral infection that per-
sists for the lifetime of the bird, but it differs in that it does not cause 
clinical disease. Important ly , however , the avirulent virus does not 
prevent subsequent infection with the fully virulent Marek ' s virus. What 
the prior infection with avirulent virus does is to prevent the expression 
of the virulent virus as clinical neoplasia. This immunity against the 
development of cancer appears to reside either in some ill-defined bio-
logical antagonism be tween vaccine virus-infected cells and virulent 
virus-infected cells (e.g., interferon or intrinsic interference) or, perhaps , 
in the retention of a degree of immunologic function of the lymphoid re-
ticular immune mechanisms. It is known that infection with Marek ' s 
virus does affect both the bursal and thymic lymphoid systems in 
chickens, with reported depression of both cellular and humoral immune 
responses . A complementary finding is provided by the observat ion in 
some but not all trials of Marek ' s vaccine that there can be reduction in 
deaths due to causes other than definable Marek ' s disease. Assuming 
validity of the findings, such evidence is consistent with retention of a 
functional immune system that can cope with a variety of life-limiting 
disease agents. 

T h e conditions of presentat ion of the vaccine is of considerable impor-
tance in affecting its efficacy. In studies carried out by Dr . R. L. Kilgore 
and others of vaccine produced in our laboratories, the protective ef-
ficacy of the ordinary cell-associated vaccine runs about 8 0 % (see 
Table II) . T h e efficacy level is about the same when the more recently 
developed naked virion or cell-free vaccine is used in chicks hatched 
from dams that were not vaccinated with the turkey herpesvirus. When, 
however , the cell-free vaccine is employed in chicks that carry maternal 
antibody to the turkey herpesvirus, there is a delay in antibody produc-
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TABLE II 

Influence of Turkey Herpesvirus Maternal Antibody on the Efficacy of Cell-Free (Dried) 
Compared with Cell-Associated (Frozen) Marek's Vaccine 

Occurrence of Marek's disease 

No. positive % Protective 
Kind of vaccine Group total positive efficacy (%) 

Study 1° 
Cell-free (dried) Vaccinated 40/1000 4 82 

Control 230/1000 23 
Study 2

b 

Cell-free (dried) Vaccinated 133/800 17 39 
Control 220/800 28 

Cell-associated (frozen) Vaccinated 58/800 7 73 
Control 208/800 26 

a
 Chicks without turkey herpesvirus maternal antibody. 
b
 Chicks with turkey herpesvirus maternal antibody. 

tion, in vaccine-induced viremia, and a drastic reduction in protect ive ef-
ficacy (to 39%) (R. L. Kilgore, unpublished). It is apparent in the 
studies that naturally acquired Marek ' s virus ant ibody does not mark-
edly affect the efficacy of the cell-free vaccine. It is apparent also that 
with cell-associated vaccine, in which virus may be spread from cell to 
cell by contiguous contact and without exposure to antibody, the vac-
cine may be fully protect ive in spite of the presence of homologous an-
tibody of maternal origin. 

T h e r e are at least two important lessons to be learned from Marek ' s 
vaccine, I believe. First , is the lesson that the vaccine need not prevent 
infection with virulent virus in order to prevent cancer . Instead, it needs 
only to limit the ability of the virulent virus to express itself clinically as 
cancer . Second, there is the alert to the need for search for avirulent 
counterpar ts of human oncogenic viruses, and it is possible that these 
might be bountifully distributed in nature . 

/. Simian Cancer Viruses. F ive oncogenic viruses of nonhuman pri-
mates have been discovered to date . T w o of these are herpesviruses , 
viz., herpesvirus saimiri recovered from kidneys of squirrel monkeys 
(Saimiri sciureus) and herpesvirus ateles isolated from kidney culture of 
a black spider monkey (Ateles geoffroyi). Both viruses are t ransmit ted 
horizontally in the parent species without causing apparent disease. In 
several heterologous simian species including marmose ts , however , the 
viruses can cause lymphoma or reticulum cell tumor and leukemia in 
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adult animals after a short incubation period. These viruses present ex-
cellent models for studies for immunologic interruption of cancer in 
primate species using live, killed, or subunit viral vaccines. They are of 
special importance because of their possible use in elucidating the in-
teractions among Epstein-Barr virus, Burkit t 's lymphoma, and naso-
pharyngeal carc inoma in man. 

g. Herpes Simplex. T h e only candidate human oncogenic viruses 
worthy of vaccine considerat ion at this t ime are those of herpes simplex. 
These viruses have been implicated in oral and genitourinary cancers of 
various kinds based on seroepidemiologic findings, on the demonstrat ion 
of herpesvirus antigens or viral nucleic acid components in neoplastic 
t issue, on the occurrence in cancer patients of antibody against virus-
specified non virion antigens, and on the induction of neoplastic transfor-
mation in vitro by irradiated virus. 

T h e limitation of acute clinical disease caused by herpesviruses , once 
infection is established, seems to reside in mechanisms other than an-
tibody, since herpetic disease may reoccur in spite of high levels of 
neutralizing antibody. Instead, immunologic control appears to reside in 
cell-mediated immune mechanism, based on response to antigens pre-
sented on the cell surface that are specified by the virus. Ant ibody may, 
however , be of great importance in preventing or limiting primary her-
pesvirus infection and should be of value if induced by vaccine. Unfortu-
nately, killed vaccines of significance have not been adequately tested as 
preventives of primary infection. Instead, they have been used in at-
tempts to cure recurrent disease. They have not been remarkably suc-
cessful but they do show some evidence for being able to lessen the 
severity of repeated herpetic at tacks and in bringing about remission in 
some cases . Live a t tenuated herpesvirus vaccines have only seen abor-
tive trials in man, and the results have not been encouraging. T h e 
technology, now, for preparing highly purified subunit antigens and the 
availability of safe and effective immunologic adjuvants open the way 
to purposeful research investigations toward this important group of in-
fections. Prevent ion of infection with prevent ion or limitation of the 
acute disease might be anticipated also to limit or prevent cancer if it be 
one of the longer term effects of the virus. 

2. Tumor Antigens 

a. Cancer Immunology. T h e alternative to preventing viral infec-
tions that bring about neoplastic transformation is the a t tempt to alter 
the host ' s ability to deal with neoplastic cells. It may be a long time 
before tumor immunology can bring about prevent ion of cancer , but it is 
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within our grasp to a t tempt improved therapy and diagnosis based on 
immunologic procedures . 

Specific immunologic control is based on the well-known observat ion 
that neoplastic cells have abnormal antigens present that can function as 
weak histocompatibili ty antigens and may be the basis for immunologic 
rejection jus t as in homotransplantat ion. Cancer , in its broadest sense, 
may be regarded as an immunologic deficiency disease in which the po-
tential to apprehend and dest roy neoplastic cells of particular antigenic 
consti tution is reduced or nonexis tent in the first place. Credence can be 
given to this concept based on the observed ou tcome of purposeful 
destruct ion of part of the immunologic surveillance sys tem as , e.g., by 
thymectomy of the neonatal animal, by t reatment with anti lymphocytic 
serum, by massive t rea tment with cort icosteroid, or by exposure to 
whole body irradiation. U n d e r such condit ions, the surveillance poten-
tial is reduced and the immune system, no longer intact, becomes per-
missive allowing for continued proliferation of neoplastic cells in the 
absence of responsiveness to the feeble regulatory signals that might 
remain. 

b. Tumor Cell Vaccines. O n e approach to bolstering the host ' s 
capacity to reject tumor is by use of tumor cell vaccines. T h e s e are in-
tended to provide immunological reinforcement by getting more tumor 
antigens of the proper sort into the correct sites for appropriate immune 
responses . Favorable immune responses are most generally regarded as 
those that involve the cell-mediated immune response , i.e., sensitized 
thymus-dependent lymphocytes or Τ cells and perhaps macrophages to 
some degree. 

Perhaps the greatest roadblock to the application of tumor-specific im-
munization is in the plurality of antigenic consti tution of tumors , es-
pecially as shown experimental ly with chemically induced tumors . 
H e n c e , practical application might be limited to the use of the pat ient 's 
own tumor tissue to bolster his resis tance to the further progression of 
his disease. The re is, however , a commonal i ty in tumor antigens induced 
by a single virus, and also to some degree in spontaneous tumor of simi-
lar type, that might permit a wider application of the principle of tumor 
antigen immunization. 

In our own long years of investigation as well as in studies by others , 
the only kind of tumor cell vaccine that consistently prevents tumor, 
whether induced by virus or given by transplant , is a vaccine comprised 
of tumor cells that have not been killed but have been rendered nonrepli-
cative by exposure to y radiation or by t rea tment with iododeoxyuridine. 
Breakage of the cells to separate out tumor antigen from normal host cell 
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antigen that might be t roublesome in vaccines because of the possibility 
for inducing autoimmune disease has nearly always dest royed the po-
tency in our experience. There have been a few reports of successful 
isolation of immunizing antigens in other systems, however , and this 
provides the basis for continued hope that effective and safe purified 
tumor antigens can be derived. In our own studies, we are now giving 
emphasis to recovery of cell membrane polypeptides and glycoproteins 
that, hopefully, will be found to carry tumor cell specificity that will be 
separable from normal cell antigens, and that will retain immunogenic 
activity. 

O n e particular kind of vaccine evolved by W. T. Shier and referred to 
as a chemical vaccine has at t racted our at tention and we have studied it 
extensively (M. M. Cook, A. F . Wagner , V. M. Larson , A. A. Tytell , 
T . Y. Shen, and M. R. Hilleman). T h e vaccine is based on the observa-
tion that neoplastic cells have on their cell surfaces increased amounts of 
receptors that render them agglutinable by plant lectins, such as wheat 
germ agglutinin. Shier determined that the receptor was chemically simi-
lar to di-yV-acetylchitobiose, an aminodisaccharide that can be obtained 
from the exoskeletons of Crustacea. H e condensed di-/V-acetylchi-
tobiosylamine with sodium poly(L-aspartate) and coupled the whole with 
bovine serum albumin to render it antigenic. T h e complex was emul-
sified in F reund ' s complete mineral oil adjuvant. In a small series of 
experiments , Shier recorded a beneficial effect of the vaccine against 
transplant myeloma of B A L B / c mice and against tumor induced in 
B A L B / c mice by 3-methylcholanthrene. 

O u r efforts were directed to preparing the Shier 's vaccine in the same 
way and to testing its efficacy in the same systems. T h e results shown in 
Table I I I clearly indicate a lack of significant beneficial effect. While 

TABLE III 

Tests with Shier's Chitobiose Vaccine 

Tumor development (No. with tumor/total) 

Transplant challenge
0 

(9 weeks) 

Material 1 x 10
6
 cells 1 x 10

7
 cells 

3-Methycholanthrene (0.5 mg) challenge' 
(20 weeks) 

Vaccine 
Placebo 

6/15 (40%) 
5/17 (29%) 

15/16 (93%) 
14/17 (82%) 

32/45 (71%) 
35/45 (78%) 

a
 Shier's regimens 1, II, VI; results combined. 
b
 Shier's regimens IV and V; results combined. 
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these results are disappointing, they in no way detract from the target 
of eventually evolving effective tumor-specific antigens for immuni-
zation purpose . 

In immunizing against tumor, the manner of presentat ion to the host is 
of greatest importance, lest one stimulate the formation of blocking 
factors, such as blocking antibody or circulating tumor ant ibody-ant igen 
complexes , that might bring about enhancement of tumor rather than 
cell-mediated immunosuppress ion. This is not to imply, however , that 
antibody responses are always adverse and that antibody plays no role 
in tumor immunity. 

Discussion of tumor cell antigen vaccines would not be complete 
without mention of the need to reduce the target tumor cells to the 
absolute minimum if an effective immune response is to be achieved. 
Clearly, the system of immunologic surveillance was designed to handle 
the sporadic appearance of abnormal cells and could hardly be expected 
to be significantly effective when grams of tumor t issue are involved. 
H e n c e , tumor antigen vaccine would be expected to be most useful if 
given even before the appearance of the first tumor of like antigenic con-
stitution. Failing this, such vaccine should be most effective in handling 
distant metas tases when they are still of minimal size at the t ime of 
surgical removal of pr imary tumor. Such vaccines might be used after ir-
radiation or chemotherapy has been applied to reduce the mass of resid-
ual tumor to a minimum. 

c. Nonspecific Control. T h e a t tempt to prevent or treat cancer by 
specific stimulation of the immune system must necessarily take cog-
nizance of the existence of nonspecific measures for immunity and the 
nonspecific manner in which these effector components may be stimu-
lated to intervene in cancer . T h e differentiation be tween tumor-specific 
and nonspecific immunity resides in a gray area and refers primarily to 
the means by which the immune processes directed against tumor are 
initiated. T h e use of nonspecific measures for treating or preventing 
cancer is clearly feasible, and the a t tempt appears best directed to 
stimulating the accumulat ion of mononuclear cells that are active in 
delayed hypersensit ivity. This includes both lymphocytes and macro-
phages that can be activated to act aggressively against neoplasia. 

Pat ients with cancer usually display some degree of general im-
munologic impairment. O n e approach to restoring immune competence 
presently being pursued is by administration of B C G or its fractions. 
These act by inducing sensitivity to the mycobacter ium which is so reac-
tive that it increases the immune response against tumors as well and 
prevents their further development . Special use can also be made of im-
munologic memory in patients who may no longer be able to mount a 
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primary sensitivity response against a new antigen but who may be able 
to respond to a previous sensitivity, such as for P P D (tuberculin) or 
mumps antigen. Transfer factor extracted from lymphocytes sensitized 
to a particular tumor antigen may confer specific antigen responsiveness 
in the recipient who is unable to do so on his own. T h e recent discovery 
of thymosin, a factor regulating Τ cell activity of lymphocytes , might 
find eventual use for maintaining and promoting cell-mediated immunity. 

I I I . Closing Remarks 

In closing, it may be said that the immunologic control of cancer is 
only now seeing its serious beginnings. A concer ted effort is being 
directed to the development of means for immunologic alteration of the 
host to increase his resistance to cancer either by preventing or limiting 
infection with oncogenic viruses or by increasing resistance to cancer on 
tumor-antigen or nonspecific immunost imulatory bases . Thus , the probe 
is being made to develop means for rational immunologic intervention in 
cancer where no means now exist. T h e odds are long but the enthusiasm 
runs high. Many of us who are engaged in cancer work of this nature 
think of achievement of targets in terms of decades and perhaps even 
centuries. Such is the nature of cancer and its historic development 
thus far. 
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I. Introduction 

T h e evolution of viral genomes proceeds by mutat ion and genetic 
recombination. Until recently, most of our knowledge on mutat ion and 
recombination was derived from genetic analysis. W e shall be concerned 
here mainly with the complementary approach of physical mapping by 
electron micrography of heteroduplex D N A , according to the form-
amide technique developed by Westmoreland et al. (1969). This 

563 
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method readily permits the detection and precise localization of genetic 
changes that involve more than 10 to 50 nucleotide pairs, but in its 
simple form is not suited for detecting point mutat ions and rearrang-
ments encompassing shorter sequences . 

In brief, the principle of the technique is as follows. When a separated 
D N A strand from a particular viral strain is annealed in 5 0 % formamide 
solution with a complementary strand from a genetically different mu-
tant, the regions of sequence homology form duplex D N A , whereas the 
heterologous segments remain single s tranded, within the defined het-
eroduplex molecule. T h e D N A is spread on the surface of distilled 
water in a cy tochrome c matrix, according to the basic protein mono-
layer technique of Kleinschmidt and Zahn (1959), and finally visualized 
by electron microscopy and the contour lengths measured photoop-
tically. Simple deletions, insertions, or tandem duplications appear as 
single-stranded " l o o p s " emanating from a single point in the otherwise 
duplex D N A (Fig. la ) . Other genetic rearrangements , including substi-
tutions and inversions, form single-stranded regions of nonhomology, 
referred to as "bubb l e s " (Fig. lb ) . Unpai red regions can also be located 
at the ends of the D N A molecule and are denoted as "split e n d s " (Fig. 
lc) . Inversions appear as symmetr ic bubbles when the lA s t rands are an-
nealed with the complementary r B s trands (Fig. Id) , or as short duplexes 
within otherwise unpaired D N A when the like ( / A + ' B or r A + r B) 
s trands are annealed (Fig. le) . 

A very complex, largely duplex arrangement is obtained for / A + rE het-
eroduplexes be tween noninverted translocations or identical insertions 
(Fig. 5 and Malamy et ai, 1972), but if one of them is inverted in 
respect to the other , the / A + / B (or r A + r B) heteroduplex will appear as in 
Fig. l e . Several o ther configurations are possible (Fig. 1) and some of 
these will be discussed. T h e configurations depicted in Fig. 1 are those 
obtained with the formamide technique of Westmoreland (1968), in 
which the mild denaturing action of the solvent renders the single 
strands visualizable in their extended form. In the independently devel-
oped " a q u e o u s " technique of Davis and Davidson (1968) different 
s tructures are obtained due to the collapse of the single strands into 
" b u s h e s . " 

Besides the heteroduplex technique, o ther physical methods have 
been developed for mapping the viral genome. T h e s e include (a) crosses 
between density labeled phages , (b) fractionation of D N A fragments 
followed by either transfection assay for genetic markers or hybridiza-
tion with defined m R N A ' s , and (c) electron microscopic visualization of 
transcribed D N A or of transcription-translation complexes , as reviewed 
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F I G . 1. Examples of heteroduplex configurations. The position of the structure is fixed in 
respect to the reference points on the DNA molecules, with the exception of "branch 
migration," where the apex of the V-like configuration can move in both directions, and 
the "tandem duplication" loop, which is a special case of branch migration. In "partial 
homology," the relative lengths and positions of the single- and double-stranded regions 
are variable and dependent on the conditions of annealing as controlled principally by the 
formamide concentration, ionic strength, and temperature. Symbols / and r denote the 
complementary DNA strands from the A and Β strains. Modified from Davidson and 
Szybalski (1971). 

by Davidson and Szybalski (1971). Since then, another very powerful 
technique has been developed which depends on precise endonucleolytic 
cleavage of λ D N A with restriction enzymes followed by gel elec-
trophoresis of the fragments (Allet et al, 1973; Hedgpeth et al., 1972; 
Marks , 1973). 

W e have applied the heteroduplex mapping technique to the study of 
mutat ions in the Escherichia coli bacter iophage λ, which was subjected to 
various selective pressures . W e found that more frequently than ex-
pected "muta t ions" are caused by major chromosomal rearrangements 
in contrast to simple point mutat ions. Several examples will be consid-
ered. 
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II. Reducing the Genome Size 

A. Deletions 

Phage λ
+
 is composed of about equal amounts of protein and D N A . 

Each particle contains one double-stranded D N A molecule en-
capsulated in an icosahedral head. T h e molecular weight of the D N A is 
30.8 X 10

6
 daltons (Davidson and Szybalski, 1971). However , it is pos-

sible to pack a larger or a smaller D N A molecule into the λ head. 
Usual ly, when the D N A reaches 1 0 3 % of the λ

+
 length, the head 

becomes ra ther fragile, although there may be except ions; for example , 
Xb519b515arr

2
/*mm434 (Schulman and Got t e sman , 1971; R. Weisberg, 

personal communicat ion) is surprisingly stable even though the D N A 
length is 107% relative to λ

+
. 

T h e instability of λ phage particles, especially those containing a full 
complement of D N A , can be strongly accentuated by raising the tem-
perature and adding chelating agents. Specifically, heating of λ

+
 phage at 

INTEGRATION AND 
EXCISION GENES 
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(b) : 
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I 

FIG . 2. Schematic representation of deletions promoted by the excision function and 
originating at the attachment (att) site. DNA to the right (b,c) or to the left (d,e) of the att 
site can be deleted. Symbol x indicates the crossover event. The circular excised DNA 
fragment is not shown in the figure. 
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37°C in 0.01 M E D T A inactivates over 9 9 . 9 % of the plaque-forming 
particles. However , phage with several percent less D N A than λ

+
 can 

survive such t reatment . This technique was designed by Parkinson and 
Huskey (1971) for the selection of λ deletion mutants . T h e y were able to 
isolate many fully viable mutants with deletions in the central region of 
the λ genome, since no functions obligatory for plaque formation are 
located there. When the phage retained a nondefective excision mecha-
nism, controlled by genes int and xis, most of the deletions had one 
common end at the a t tachment (att) site located at 5 7 . 3 % λ from the left 
D N A terminus. Apparent ly these deletions were promoted by the att-
specific excision machinery through recombinat ion be tween the att site 
and some site either to the left or right (Fig. 2). T h e excision-indepen-
dent deletions could start and end anywhere in the λ genome, but in 
plaque-forming phages they generally did not eliminate genes indispens-
able to the viability of the phage. F o r instance, Blattner et ai (1974) 
isolated many viable λ mutants with deletions in the immunity region 
employing the E D T A selection technique. However , the most well-
known λ deletion, b2 , was isolated before the E D T A technique was 
developed (Kellenberger et ai, 1960), as well as some others (see Fiandt 
etal, 1971). 

B. Substitutions 

Among phages selected for reduced genome size, one finds substitu-
tion mutants in which a fragment of λ D N A has been deleted and 
replaced by a shorter segment of some foreign D N A . The re are two 
major mechanisms of substitution. T h e first involves illegitimate ex-
cision of the λ prophage in an induced E. coli lysogen. In the case 
depicted in Fig. 3a, λ D N A at the right prophage end (a) has been 
deleted, and a lesser amount of E. coli D N A adjoining the a' prophage 
end has been added. T h e net reduct ion of the λ genome would be the dif-
ference be tween the lengths of the λ deletion and the E. coli addition. 
An example is the replacement of most of the b2 region in \qinA3 by an 
E. coli segment located be tween attk and gene pgl, with a net loss of 
6 .6% λ units of D N A (Fiandt et al., 1971). An alternative mechanism 
depends on recombinat ion between λ and a related phage. A s shown in 
Fig. 3b, one crossover has to occur be tween the homologous regions A 
and A ' and a second between Β and B ' . Howeve r , one of the crossover 
events could be the reaction be tween the cohesive ends or the mi-
mediated recombination. Since the distance be tween the A and Β regions 
in λ is larger than the analogous segment in the lambdoid phage genome, 

file:///qinA3
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FIG. 3. Mechanisms of genetic substitution, (a) Illegitimate excision of the prophage ac-
companied by circularization (not shown) and opening at the R A joint, λ duplex DNA is 
represented by double lines and host duplex DNA is represented by solid lines, 
(b) Double crossover in the homology region Α,Α' (1) and Β,Β' (2) as indicated by the 
dashed lines, λ duplex DNA is represented by double lines and nonhomologous duplex 
DNA of the lambdoid ("λ") phage is represented by solid lines. 

in this case the double crossover would lead to a net reduction in 
genome size. An example of such an exchange is the hybrid phage 
KimrrilX (21hyl or Xb5), in which the net deletion corresponds to about 
5 % of the λ genome (Westmoreland et ai, 1969). An analogous case is 
the crossing-in of a preexisting deletion from a λ deletion mutant . 

III . Increasing the Genome Size 

As already mentioned, phage λ can easily tolerate major deletions in 
its genome without loss of viability, as long as vital genes are not af-
fected. However , phage with very extensive deletions form smaller 
plaques, probably due to impairment of packaging of the shortened 
D N A into the phage heads or to its injection into the host. This selective 
disadvantage was first utilized for the isolation of viable mutants (large 
plaque size) with increased D N A content by Frankl in (1967). Fur the r 
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investigation by Bellett et al. (1971) revealed that most of these isolates 
had undergone an internal tandem D N A duplication, which by het-
eroduplex analysis appears as a loop (Fig. la ) at a variable position 
within the limits of the duplicated region. These results indicate that in-
ternal t andem duplication may be the most frequent event , although the-
oretically any genetic change which is the reverse of deletion, including 
insertion and substitution, could account for enlargement of the genome. 
F o r example, the p4 type of substitution (Fiandt et al., 1971) would add 
nearly 10% to the λ genome. 

T h e mechanism of primary duplication must be a complex process . 
T h e first event could be an illegitimate and unequal crossover be tween 
the identical phage genomes. Alternatively, it could be excision of a 
circular λ fragment (Fig. 2b,c) from one phage genome followed by its 
subsequent insertion into another intact λ genome in the same cell. T h e 
secondary events would be much more frequent, depending on normal 
recombinat ion be tween the primary duplication regions (Bellet et al., 
1971). G e n e duplication would appear to be an important evolutionary 
event and might explain the presence of repetit ive D N A sequences , es-
pecially in higher organisms (Britten and Kohne , 1968). 

IV. Shortening the Intergene Distance 

Several types of chromosomal rearrangements have the effect of 
bringing two genetic units closer to each other. These include deletion 
of intervening material , inversion, and translocation as described below. 
T h e construct ion of various t ransducing phages carrying specific bacte-
rial genes will serve as examples . 

A. Deletions 

If the distance be tween host gene A and the inserted prophage (see 
(Fig. 4) is too large for the construct ion of a t ransducing phage, a simple 
deletion of the intervening region would bring gene A into close prox-
imity with the prophage (Fig. 4a,b). This was actually done by isolating 
E. coli mutants with deletions of gene cA/D, which is located be tween 
the gal operon and the prophage λ a t tachment site (Feiss et al., 1972), 
and then construct ing nondefective ga/-transducing \gal phages. If the 
intervening genes have indispensable functions, they cannot be deleted 
but must instead be translocated in their functional form to another part 
of the host genome. 
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F I G . 4. Two modes of bringing host gene A (rectangle on the host genome represented 
by the heavy dashed line) close to the inserted prophage (heavy line), (a)-(b) Deletion of 
intervening material, (c)-(d) Inversion of a segment including intervening DNA and gene 
A. The sites of illegitimate prophage excision leading to the formation of the /4-transducing 
genomes are indicated on (b) and (d). Duplex DNA is represented by single lines. For ex-
amples, see Fiandt et ai (1971). 

Β. Inversions 

As depicted in Fig. 4c,d, host gene A can also be brought closer to the 
prophage by an appropriate inversion. In the case shown, the orientation 
of gene A is inverted and a small dispensable part of the prophage is de-
tached. An example of this rearrangement is the formation of the trans-
ducing phage </>80/?swIII (see Fiandt et al., 1971). 

C. Translocations 

Translocat ion of the E. coli lac gene to the vicinity of the a t tachment 
sites of phages λ and φ80 was performed by Ippen et al. (1971) and 
Beckwith and Signer (1966). Converse ly , Shimada et al. (1972) were 
able to insert the prophage near to several bacterial genes. 

V. Insertosomes 

An inser tosome, or insertion sequence IS , is a circular fragment of 
D N A that has a machinery and a specific site for linear insertion into the 
host or viral genome. Some such units , for example , episomes, have the 
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capacity for au tonomous replication, but this is not an obligatory func-
tion of the inser tosome. A still more complex unit is the lysogenic phage, 
such as λ, φ80 , or Mu, which have the capacity for intracellular propaga-
tion and extracellular transmission. 

O n e of the simplest inser tosomes is the I S / , which is about 800 
nucleotide pairs long and has a specific a t tachment site but can be in-
serted anywhere in the bacterial or phage chromosome (Malamy et aL, 
1972; Fiandt et ai, 1972; Hirsch et ai, 1972). Three o ther classes of in-
ser tosomes, almost twice as large, IS2 , I S 5 , and IS4, have also been 
identified. All these units carry special termination signals, which upon 
insertion into an Operon have strong polar effects. E. coli apparently 
carries in its linear genome a considerable number of these units 
(Saedler and He iss , 1973) and probably other inser tosomes, which 
during evolution could be t ranslocated to other sites and inactivate or 
modulate any genes. Inser tosomes also carry a genetic recombinational 
function, since the region be tween two inserted identical IS sequences 
can be deleted or duplicated; it can also be inverted if the two IS 
sequences have opposi te orientat ions. T h e s e are jus t a few examples of 
the many roles of the IS elements . 

T h e formation of pretzel-like s t ructures be tween identical inser-
tosomes is depicted in Fig. 5; electron micrographs of such het-
eroduplexes and also heteroduplexes be tween inverted inser tosomes 
(see the configuration in Fig. le ) were published by Malamy et aL (1972) 
and Hirsch et aL (1972). Gene t i c e lements that display many of the 

(a) : 

IS 

(b) 

F G 
F I G . 5. Duplex formation between two identical IS sequences (insertosomes), one in 

phage A (/ strand) and the other in phage Β (r strand). The intervening F - G region has to 
loop out and partially unravel to relieve the tension produced by duplex formation between 
the IS' and IS" loops. See Malamy et ai (1972). 
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propert ies ascribed to inser tosomes and can be translocated between the 
chromosomes of a higher organism were described for maize a long time 
ago (McClintock, 1956). 

VI. Acquiring a New Function 

T h e progress of evolution often requires a new function or a change in 
an existing function. A function can be acquired or modified either by 
addition of a new sequence, by deletion of a D N A region that contains a 
negative control , or by a combination of both, including inversion, t rans-
location, and other intragenomic events . 

A. Insertions 

A s already discussed, inser tosomes of the type IS7 ,2 ,3 , and 4 bring in 
a strong polar block and a capacity for deleting, duplicating, or inverting 
the D N A sequences located between them. Moreover , the mutational 
creation of a new promoter (Pereira da Silva and Jacob , 1968; D o v e et 
al., (1969) might sometimes involve an insertion. B. Allet (personal com-
munication) concluded from the electrophoret ic mobility of a λ D N A 
fragment containing the promoter-creat ing mutat ion c l 7 that this muta-
tion might be an insertion of about 20 nucleotide pairs. W e have not 
been able to detect a loop of that small size in heteroduplexes between λ 
and Xcl7 . On the other hand, loops of approximately 130 nucleotide 
length were readily detectable in heteroduplexes between two trans-
ducing phages , one of which carried a single and another a duplicated 
gene for the tyrosinyl t R N A (Fiandt et al., 1971; Miller et al., 1971). 

Β. Deletions 

Transcript ions which originate at the pL and pR p romoters of λ 
proceed only a short distance and then are blocked at the / termination 
signals (Szybalski et al., 1970; Szybalski, 1971, 1972) by the action of 
the host rho factor (Rober ts , 1970). However , the product of λ gene Ν 
permits the transcription to proceed across the t signals. Thus , \N~ mu-
tants are defective, since they have lost the anti termination function of 
gene N. Cour t and Sato (1969) succeeded in isolating λ mutants that are 
able to form plaques in the absence of the Ν function. These mutat ions 
were found to be deletions (denoted nin) of varying size and located 
between the λ genes Ρ and Q (M. Fiandt , D . Cour t , A. Campbel l , and 



20. EVOLUTION OF VIRAL GENOMES 573 

W. Szybalski, as cited by Fiandt et aL, 1971, and unpublished) . It ap-
pears unlikely that these nin deletions, which are 5 to 6% λ in length, 
could in fact be substi tutions of very short , hardly detectable fragments 
of foreign D N A , since the length of independently isolated nin deletions 
can vary. A substitution caused by a double c rossover (see Fig. 3b) 
should not behave as a deletion of variable length. However , it might be 
significant that the left termini of the nin deletions and the qin insertions 
(which will be discussed in the following section) appear to be the same 
(Fiandt et aL, 1971). Moreover , D . Cour t (personal communicat ion) has 
observed recently that the \N~nin5 mutant probably carries an acces-
sory promoter mutat ion between genes Ο and P, a result which might 
explain the transcriptional data of Mark (1973). 

C. Substitutions 

Express ion of the late λ functions depends on the product of gene Q. 
In the absence of Q product the transcription initiated at the late pR' pro-
moter leads to synthesis of a 198 nucleotide-long R N A terminated with 
the U 6 A - O H sequence (Lebowitz et aL, 1971; Blattner and Dahlberg , 
1972; Dahlberg et aL, 1972). T h e most probable role of the Q p roduct is 
to extend this transcription into the late regions of the λ genome, in a 
way somewhat analogous to the anti terminating effects of the gene Ν 
product (Szybalski, 1972, 1974). KQ~ mutants are defective since they 
cannot adequately express the late λ functions, i.e., the synthesis of the 
phage heads and tails and the lytic functions. Howeve r , Cour t and Sato 
(1969) and Sato and Campbel l (1970) isolated ö - independent kqin mu-
tants that can form plaques , although derived from a phage in which 
gene Q was largely deleted. D N A heteroduplex analysis by Z . Hra-
decna, K. Sato, A. Campbel l , and W. Szybalski (see Fiandt et aL, 1971) 
showed that in these mutants the λ D N A between genes Ρ and R 
(including R) has been replaced by some foreign D N A . T h e simplest 
explanation is that the qin mutant is a product of recombinat ion (see 
Fig. 3b) be tween a KQ~ and a related prophage, which exhibits sequence 
homology with λ jus t to the right of genes Ρ and R and which contains a 
nonhomologous but usable set of functions analogous to ß , pR

f
, 5 , and 

R. In other words the host may carry " spa re p a r t s " for the defective λ 
phage in the form of a " p h a n t o m " prophage. 

T w o additional aspects of this amazing adaptat ional flexibility should 
be stressed. (1) Since the fragment derived from the phan tom prophage 
is much longer (about 1 9 % λ) than the deleted λ D N A (about 1 0 % λ) 
this substitution has to be compensa ted for by some deletions. A variety 
of substi tutions or deletions of other regions of λ (e.g., 62, a3) or even 

file:///N~nin5
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within the inserted foreign D N A (e.g., in KqinC3 and \qinQ3) have been 
observed (Fiandt et al, 1971). T h u s , genomic rearrangements needed to 
accommodate a new function are often quite complex. (2) An indepen-
dently isolated, UV-inducted mutant , λρ4 (Jacob and Wollman, 1954), 
was found to contain the identical substitution present in kqin A3 (Fiandt 
et al, 1971). If one accepts that the p4 or qinA3 "muta t ion" is in fact a 
recombinational event with a phantom prophage, it is perhaps not sur-
prising that two identical " exo t i c " mutat ions occurred in two different 
laboratories 15 years apart . 

VII. Hybrid Phages 

T h e events described above involved recombinat ion between λ and an 
unknown phantom prophage. This kind of recombinat ion was actually 
shown to occur be tween phage λ and the related phages 434, 2 1 , φ80 , 
and others (Kaiser and Jacob , 1957; Liedke-Kulke and Kaiser, 1967; 
Franklin et al, 1965; Szpirer et al, 1969). T h e pat terns of sequence 
homology between these phages were determined by heteroduplex anal-
ysis (Simon et al, 1971; Fiandt et al, 1971), and it was found that all 
the observed genetic exchanges occurred within the homology regions 
(Fiandt et al, 1971 ; Westmoreland et al, 1969). It was predicted that an 
exchange in the OP homology region be tween phages λ and φ 8 0 should 
be possible (Fiandt et al, 1971), and that was actually achieved by 
Szpirer (1972). 

It should be s tressed that duplex formation be tween homologous 
regions of two lambdoid phages is not proof that the sequences and the 
genes in those regions are identical. F o r instance, the exo genes of λ and 
φ80 are located in the exo-ß homology region common to these two 
phages (M. Fiandt and W. Szybalski, unpublished), but the corre-
sponding exonucleases are immunologically distinct (Szpirer et al, 
1969). T h e same appears to be the case fot the Ο functions of λ and φ80 
(R. Monnat , W. Szybalski, L. Lamber t , and R. T h o m a s , unpublished). 
Thus , D N A sequences that code for somewhat different proteins can 
still form duplexes that are stable enough to appear homologous by elec-
tron microscopic analysis. 

This result points to the necessity of more refined analysis. T h e 
simplest way is to compare the stability of the duplex regions at increas-
ing temperatures and formamide concentrat ions as was done by Davis 
and H y m a n (1971). A more refined approach would be to look for 
changes of only one or a few nucleotides by measuring the positions of 
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the kinetic blocks to so-called "branch migrat ion" by a method 
suggested by W. Szybalski and K. Car lson (unpublished). T h e ultimate 
level of approach would be the determinat ion of the nucleotide 
sequences . Us ing the latter method, it was found that there are four 
single base changes in the homology region be tween λ and 434 D N A in 
the p L-proximal region of gene Ν (Dahlberg and Blattner, 1973; Dahl-
berg et ai, 1974). 

VIII. Plasmids 

Phage λ has the capacity to persist and propagate according to three 
different modes . In its lytic form, the λ genome replicates many t imes, 
forms a large crop of phage heads and tails, and assembles about 100 
complete phage particles that emerge upon cell lysis. In the prophage 
form, the λ genome becomes linearly inserted in the E. coli genome and 
propagates as an integral part of the host genome. In the plasmid form, 
the λ genome replicates as a separate unit apart from the E. coli 
chromosome, but somehow in stable symbiotic balance with the host . T o 
propagate in the lytic form λ must retain all of its indispensable func-
tions, whereas any fragment of the prophage can persist as a part of the 
bacterial genome, as long as the excision machinery and functions lethal 
to the host are repressed or inactivated. T o establish a plasmid s tate, not 
only must the lethal functions be suppressed but the system for au-
tonomous λ replication and its autorepress ive control has to be pre-
served. 

T h e replicative system of the λ plasmid is a part of the /?R-controlled, 
early rightward λ operon, the so-called Rl scripton (Szybalski et ai, 
1970; Szybalski, 1971, 1972), and includes the following eight e lements 
(Fig. 6): the pR p romoter where the transcription of the Rl scripton orig-
inates; that par t of the oR opera tor that responds to repression by the tof 
product ; the sR startpoint where m R N A synthesis begins; the repressor-
like tof (or cro) product ; the / R 1 terminator , which in the absence of the 
Ν product reduces the transcription of elements to the right of it by a 
factor of about 20 (Kumar and Szybalski , 1970); the replicator site ori, 
where λ D N A replication originates; and genes Ο and P, the products of 
which are continuously required for the initiation of λ D N A replication. 
Moreover , it was postulated by D o v e et ai (1969) that the rightward 
transcription in the vicinity of the ori site is required for the activation of 
λ D N A replication, and the exper iments of H a y e s and Szybalski 
(1973a,b) suggest that the leftward 81 nucleotide long R N A transcript in 



576 WACLAW SZYBALSKI AND ELIZABETH H. SZYBALSKI 

-
Au
Zo** 

+ 1 * 
DNA 

REPLICATION 

F I G . 6. Schematic representation of the DNA replication controls in the \dv plasmid. 
Symbols p R, oR, and sR represent the promoter, operator, and startpoint for the rightward 
mRNA indicated by the shaded arrow. At site fR1 the bulk of the transcription is ter-
minated in the absence of the Ν product of λ (Kumar and Szybalski, 1970). The au-
torepressive control by the Tof product of gene tof is indicated by a dashed arrow. DNA 
replication is initiated at the ori site and requires several factors, including the Ο and Ρ 
products. The oop RNA primer, transcribed counterclockwise in the ori region, is not 
shown (Hayes and Szybalski, 1973a,b). The c l7 mutation creates a new rightward pro-
moter, and the c 17-initiated transcription is symbolized by the open arrow. 

the on region, denoted oop, acts as a primer for the leftward λ D N A 
replication, which requires a number of host factors, including the R N A 
polymerase and the products of E. coli genes dnaB, E, and G. 

H o w is the replication balance maintained with all these factors in 
play? T h e tof product , which acts at or near the oR operator , seems to 
have an autoregulatory role, since whenever the Rl scripton, and hence 
λ D N A replication, become too active the tof product coded by the 
same scripton is produced in excess and immediately depresses the 
expression of the pRoR-tof-ori~0-P operon. Thus , the tof product acts as 
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a repressor that exerts a feedback effect on the Rl scripton, and in this 
manner maintains the fine balance of the plasmid replication. Elimination 
of any of these elements or addition of uncontrol led elements would 
either reduce the plasmid replication rate below that of the host , 
causing loss by dilution, or result in excessive synthesis of plasmids 
leading to the demise of the host. 

If all these notions (Szybalski, 1974) are correct , the plasmid of 
minimum size should contain at least the pRoR-tof-ori-0-P segment of the 
λ genome, and all the elements of this segment must be functional and 
not bypassed by some uncontrolled function, as for instance by a new 
C17-like promotor (Fig. 6). This indeed proved true in the case of the so-
called Xdvl plasmid (Matsubara and Kaiser, 1968) and several o ther 
shorter Xdv plasmids isolated by D . Berg (Chow et al., 1974). Moreover , 
the latter authors found that Xdv's can exist not only in the form of 
single or tandem duplicated circular D N A containing one , two, three , or 
more identical Xdv genomes in head-to-tail arrangement but also as two 
Xdv genomes of unequal length in a head-to-head arrangement . They 
postulated that such unusual Xdv's were formed by excision from the 
replicating fork. T h e various Xdv's provide an example of the evolution 
of the plasmid, which one might expect to be the shortest possible unit 
still retaining all the functions required for replication and autoregula-
tion, but which in fact seems to prefer the form of a multimer, a configu-
ration with apparent selective advantage. T h e development of the 
plasmid could be thought of as evolution in reverse , the creat ion of the 
simplest possible yet still au tonomous genetic unit. 

IX. Conclusions 

This survey of the chromosomal modifications observed in bac-
teriophage λ brings out the remarkable plasticity of the viral genome in 
response to various selective pressures . F requen t exchanges of genetic 
material be tween various phage species and be tween various regions of 
the host genome have been described. Some of these heterospecific 
exchanges depend on general recombinat ion be tween small homology 
regions and some on site-specific recombinat ion mediated by specific en-
zymes , as be tween the host and phage a t tachment regions in the case of 
lambdoid phages , or be tween a special site on an inser tosome (or Mu-like 
phage) and almost any site on the chromosome. Thus , genetic changes 
range from point mutat ions to large gene rearrangements involving many 
thousands of nucleotide pairs. Since the genetic exchanges are rather 
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frequent and often are able to supply the required functions, perhaps it is 
not too surprising that they are rather common. After all, it should be 
easier to construct new genomes from preexisting " m o d u l e s " rather than 
from scratch by the slow, haphazard process of accumulation of benefi-
cial point mutat ions. When evolutionary developments must be rapid, 
the host genome would serve as a handy reposi tory of "spare p a r t s " that 
could be utilized by the phage to rebuild its defective genome. And, in 
turn, the phage could often supply the host with genes, as for instance its 
D N A replication genes or sites (Lindahl et ai, 1971). This brings up the 
quest ion of which part of the phage is composed of bacterial genes and 
which par t of the E. coli host consists of genes derived from various 
defective or repressed prophages . Perhaps this question is not quite 
meaningful, since host and phage appear to share most of the genes , and 
the particular selective pressures dictate the composit ion of their 
genomes . F o r instance, it is easy to adjust the selective pressures in such 
a way that only phages carrying large port ions of bacterial genes (e.g., 
gal, bio, or trp) will survive. On the other hand, since at least 30 temper-
ate E. coli phages have been identified, each about 1 % of the E. coli 
genome length, and many more might be in a defective or cryptic state, 
one could go so far as to assume that half or even more of the E. coli 
genome is composed of prophage D N A . T h u s , conceivably the E. coli 
genome may have evolved by fusion of many viral D N A ' s , or in turn, 
the coliphages could have evolved from modules belonging to the host 
genome. Probably there is truth in both these proposals . 

What inferences could be drawn from these observat ions about eu-
karyotic genomes? Probably the genomes of higher organisms also 
evolved by fusion and rearrangement of genetic modules derived from 
various symbionts including viruses. If the E. coli genome contains up to 
50 various prophages or their par ts , then by inference the mammalian 
genome, almost one thousand times larger, may carry many thousands of 
different proviruses , most of them defective but some capable of being 
activated. Many would be of the D N A virus category, but some, as 
shown by Baltimore (1970) and Temin and Mizutani (1970), could use 
an R N A transcript as an intermediate form, perhaps another evolu-
tionary trick for dispensing with a special excision mechanism. 

If the eukaryot ic genome is composed of large modules , carried 
mainly by viruses and other episomes, this would explain the mystery of 
why the functional genes are so sparsely distributed. Each chromomere 
frequently contains only one known gene, but enough D N A (on average 
of λ D N A size) for about 50 genes of average size. It is possible that 
whenever evolutionary pressures called for the addition of one func-
tional gene, it was supplied in the form of a large module , maybe of viral 
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origin, with its own replicator site and a host of o ther irrelevant func-
tions that might or might not still persist . A detailed genetic and physical 
analysis along the lines described here would be enlightening, but the 
experimental effort would be horrendous considering the sheer size of 
the eukaryot ic genome. More optimistically, advances in computer tech-
nology may soon render this endeavor a practical reality. And from 
there on the sky is the limit. Descriptive biology will shift into synthetic 
biology and, using restriction enzymes , D N A ligases, and all available 
biochemical, synthet ic , and genetic techniques , will culminate in the con-
struction of new gene ar rangements , new genes , and new controlling 
pa thways . 

D o these observat ions throw any light on the origin of neoplastic 
cells? It is well known that neoplastic transformation is often associated 
with major chromosomal rearrangements . Obviously, the complexity of 
the mammalian genome at present precludes drawing any definite corre-
lations or conclusions. However , let us consider the Xdv plasmid and 
how various mutat ions and chromosomal rearrangements can disrupt the 
well-balanced sys tem of controls governing its replication, convert ing a 
plasmid from a symbiotic entity to a lethal agent. A n analogy could be 
drawn with the neoplastic cell genome, which also has lost the capacity 
for controlled replication. 

A s discussed in Section V I I I , the replicative system of the Xdv 
plasmid consists of an operon initiated by the pR p romoter and con-
trolled by that part of the oR opera tor that interacts with the repressor-
like substance Tof coded by gene tof, a part of the same operon (Fig. 6). 
Thus , the Tof product acts as an autorepressor and exer ts a feedback-
like control on the synthesis of several p roducts , including Ο and P, 
required for the plasmid replication. Moreover , there is a 20-fold step-
down in transcription at the / R 1 terminator . H o w could these well-
balanced controls be disrupted, leading to the unrestr icted replication of 
Xdv? 

1. O n e possible mechanism would be the inactivation of the control-
ling genes or sites, i.e., inactivation of gene tof or the oR or tR1 sites, 
which could be caused by point mutat ions or insertions free of termina-
tion signals. 

2. Another means would be the acquisition of a new promoter func-
tion that is not subject to the repressive tof control and is located at any 
site ups t ream from the ori-O-P segment. Such a function could be 
acquired by mutat ion or by insertion of a promoter " b o r r o w e d " from 
some other virus or similar element. T h e c l 7 insertion mutat ion (Fig. 6) 
is an example of such a to/independent new promoter . 
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Thus , there are various ways to disrupt the controls of D N A replica-
tion, involving gene inactivation or promoter acquisition, and any of 
these would provide tenable hypotheses to explain the neoplastic t rans-
formation leading to uncontrolled D N A replication and cell propagation. 
T h e insertion of viral genomes could account for any of these changes. 

X. Summary 

Employing genetic and physical methods of gene localization, es-
pecially electron micrographie mapping of heteroduplex D N A , a free 
flow of D N A sequences has been detected be tween the genomes of bac-
terial viruses and their hosts , creating new types of bacter iophages and 
modified bacterial genomes. Internal genomic rearrangements and the 
existence of specialized, easily translocated D N A sequences permit a 
purposeful evolution of genomes whenever selective pressure is applied. 
It would appear that new genomes can be const ructed from preexisting 
modules in a process that is much more rapid than evolution by point 
mutat ions. One might also speculate that individual chromomeres in 
eukaryot ic chromosomes correspond to inserted modules or whole 
virus-like genomes, from which the chromosome was constructed in 
stepwise fashion whenever evolutionary pressure called for only one 
particular gene function. Thus , on the average, one chromomere would 
code for only one relevant gene. Aside from natural evolution, many 
genetic rearrangements now can be engineered by the use of appropriate 
restriction nucleases and ligating enzymes together with chemical syn-
thesis and genetic techniques. T h e era of synthetic biology has dawned. 
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I. Historical Background 

T h e mycoplasmas are a group of small prokaryotes (order Mycoplas-

matales) which lack cell walls. T h e y are the smallest known free-living 
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cells and, in the earlier l i terature, were referred to as pleuropneumonia-
like organisms or P P L O . This group has been divided into two genera: 
the genus Mycoplasma, comprising those species which require sterol 
for growth, and the genus Acholeplasma, those which have no sterol 
requirement . T h e cell biology of the mycoplasmas has been recently 
reviewed by Smith (1971) and Maniloff and Morowitz (1972). 

F o r a number of years there have been reports of suspected myco-
plasma plasmids. These include electron microscopic observat ions of 
small D N A circles (Morowitz , 1969), satellite D N A bands in density 
gradient sedimentation experiments (Haller and Lynn , 1968; Dugle and 
Dugle , 1971 ; D a s et al, 1972), and some electron micrographs showing 
cytoplasmic inclusions, which have been interpreted to be "viruslike 
par t ic les" (e.g., Rober tson et al, 1972). N o infectious agent could be 
demonstra ted in any of these studies, and, therefore, no conclusion can 
be drawn as to the possible viral nature of the s t ructures . This criticism 
also applies to reports of "viruslike particles associated with mycoplas-
malike organisms" in plants (literature reviewed by Gour re t et al, 1973). 

T h e first isolation of a virus that could infect mycoplasma was 
reported by Gour lay (1970). This was designated M V L 1 (Mycoplasma-
tales virus laidlawii 1). W e propose to call all isolates, which are mor-
phologically and serologically similar to M V L 1 , group L I Mycoplasma-
tales viruses. T w o other mycoplasmaviruses were later isolated, with 
propert ies different from M V L 1 and from each other , and designated 
M V L 2 (Gourlay , 1971) and M V L 3 (Gourlay and Wyld, 1973). A s 
before, we will designate similar isolates group L2 and group L3 Myco-
plasmatales viruses, respectively. W e use the term "mycop lasmavi rus" 
as a common name for the Mycoplasmatales viruses. 

In the last two years , about 35 additional group L I isolates have been 
reported (Liss and Maniloff, 1971; Gour lay , 1972), and most mycoplas-
mavirus studies have concerned the group L I viruses. Although these 
group L I isolates are serologically and morphologically similar to the 
original M V L 1 isolate, some of them have propert ies different from 
M V L 1 , such as host range (e.g., Section I I ,B) , ant iserum inactivation 
kinetics (e.g., Section Ι Ι ,Ε) , U V inactivation kinetics (e.g., Section I I ,F ) , 
and one-step growth kinetics (e.g., Section Ι Ι Ι ,Α) . Therefore , at the 
present t ime (and remembering that mycoplasma virology is only three 
years old), we think of the isolates in each group as being related in the 
sense that we consider T-even bacter iophages, for example , to be related 
(i.e., many of their gross propert ies appear to be similar, but there are 
significant measurable differences in their detailed molecular propert ies) . 
F r o m an experimental point of view, it is these differences that allow us 
to identify various group L I viruses and to choose those isolates having 
appropriately useful propert ies for particular experimental designs. 
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It should be noted that, in spite of extensive searches in several 
laboratories, we know of no " c u r e d " mycoplasma indicator host. All of 
the cell strains presently used to make lawns for virus growth are car-
rying mycoplasmaviruses ; the nature of the carrier state (lysogeny or 
some type of pseudolysogeny) is not known. In fact, R. N . Gour lay 
(personal communicat ion) has been able to obtain isolates of all three 
mycoplasmavirus groups from A. laidlawii strain M1305 /68 . This carrier 
state need not affect virology studies because the differences be tween 
the three groups and the differences be tween isolates within a group 
allow experimental confirmation that spontaneous virus release from the 
indicator host is not contaminating the virus being propagated. In the 
A. laidlawii strains used in our laboratory, we have found spontaneous 
release of carrier virus to be a negligible problem and not to be of con-
cern for investigations of mycoplasmaviruses . This carrier virus situa-
tion is also frequently found in bacter iophage sys tems; one must prag-
matically ignore carrier virus s tates , as long as they remain stable, in 
order to carry on with virological studies. 

II. Virus Particles 

A. PFU Assay 

T h e mycoplasmaviruses are recognized by their ability to form 
plaques on lawns of some strains of A. laidlawii. Ca re must be taken in 
the interpretation of results because plaque formation is affected by the 
host A. laidlawii strain (e.g., Section I I ,B) , the age of the cells used to 
make the lawn (Gourlay and Wyld, 1972; Liss and Maniloff, 1972), the 
water content of the agar plates (Maniloff and Liss, 1973), whether or 
not the incubation is under anerobic or high C 0 2 incubation condit ions 
(Maniloff and Liss , 1973), and the growth medium used (Gourlay and 
Wyld, 1972; Maniloff and Liss , 1973). The re are also viral group dif-
ferences: G r o u p L I viruses will form plaques on lawns that are up to 24 
hours old, but group L2 viruses will only plaque on lawns less than 4 
hours old (J. Maniloff and R. N . Gour lay , unpublished data). Another 
variable is the handling of the cells themselves . F o r example , in some 
laboratories (e.g., Gour lay ' s ) cells are passaged only infrequently and, at 
each t ime, enough aliquot s are frozen to allow some to be thawed and 
used for making lawns when needed; while in other laboratories (e.g., 
ours) cells are passaged daily, so that fresh cultures are always available 
for making lawns. T h e cells in the former procedure are probably similar 
to the original isolate, but the latter p rocedure selects for the fastest 
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growing cells, and so the original isolate must eventually be replaced by 
the fastest growing variant. Since virus plaque formation is affected by 
the cell growth rate , care must be taken in comparing results from two 
laboratories that may have started using the same indicator strain but, 
through adopting differing passage protocols , the cultures may now be 
significantly different as indicator hosts . 

G r o u p L I plaques generally appear to have a clear center surrounded 
by a turbid halo. Thos e of L3 seem clear, while L2 plaques are slightly 
more turbid. L2 and L3 plaques are small (about 1 mm), while L I 
plaques are much larger (several millimeters in diameter) . 

Plaque assays are carried out at 37°C, although all three mycoplas-
mavirus groups can form plaques at room tempera ture (22°C). Gour lay 
(1971) originally reported that M V L 2 could not make plaques at 22°C 
on lawns of A. laidlawii M1308 /68 , but we have found that by changing 
hosts to A. laidlawii J A 1 plaques can be observed after an overnight in-
cubation at 22°C. 

When different concentrat ions of group L I (Fig. 1A) or L2 (Fig. IB) 
virus are plated, it is found that the number of plaques is proportional to 
the first power of the relative virus concentrat ion. This means that each 
plaque results from an infection by one virus and, hence , plaque-forming 
units ( P F U ) can be used to quanti tate these viruses (e.g., Ellis and 
Delbrück, 1939). A s a corollary to this conclusion, it is obvious that we 
have a reproducible assay system for mycoplasmaviruses , and this has 
allowed the development of mycoplasma virology. 

(A)GROUP LI VIRUS (B) GROUP L2 VIRUS 

i J — , — , — ί — , — , — , — , \ — , — — , — , — , — , 

1 2 4 8 16 32 64 128 1 2 4 8 16 3 2 64 128 

RELATIVE VIRUS CONCENTRATION 
FIG. 1. Log-log plots of plaque counts from successive twofold dilutions of: 

(A) MVL51, a group LI virus, and (B) MVL2, a group L2 virus. The solid lines are the 
theoretical curves for one-hit processes, and the dotted lines are the theoretical curves for 
two-hit processes. The data show that 1 P F U is produced by one virus. 
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Β. Host Range 

T h e ability of mycoplasmaviruses to form plaques on lawns of 
Acholeplasma and Mycoplasma species has been examined (Table I). 
Thus far, only some A. laidlawii strains have been shown to produce 
virus plaques. In a study of a number of A. laidlawii indicator strains, no 
unique pat tern of biochemical or physiological propert ies could be found 
to differentiate these from other A. laidlawii strains (J. Fabr icant , per-
sonal communicat ion) . Using a group L I virus and M. gallisepticum 
A5969 , we were able to rule out the possibility that the virus might be 
growing on these cells but not forming plaques by assaying for progeny 
virus on an A. laidlawii indicator (Maniloff and Liss , 1973). W e also 
found that some group L I virus isolates had different relative titers on 

TABLE I 

Mycoplasma Lawns Tested as Virus Indicators 

Using group LI virus Using group L2 virus 

No. strains No. strains 
No. strains producing No. strains producing 

Species examined plaques examined plaques 

A. laidlawii
a
'
b
'
d 

78 23 17 6 
A. granularum

b
'
c
'
d 

3 0 1 0 
A. axanthum

0 
1 0 - -

A. sp M221/69* 1 0 - -
M. arthritidis" 1 0 - -
M. sp. strain 14 (goat)° 1 0 - -
M. gallisepticum

0 
5 0 - -

M. sp. strain avian serotype 1° 4 0 - -
M. hyorhinis

b 1 0 - -
M. bovirhinis

b 
1 0 - -

M. dispar
0 

1 0 - -
Serological group 6 (Squire)

f t cd 
2 0 1 0 

Serological group 7 ÇN29)
b
-

d 
1 0 1 0 

M. mycoides var. mycoides
b 

7 0 - -
M. pneumoniae

0 
1 0 - -

M. salivarium
b,d 

1 0 1 0 
M. fermentans

b 
1 0 - -

M. hominis
b
'
c
'
d 

2 0 1 0 
M. orale type \

b
'

d 
1 0 1 0 

M. pulmonis
0 

10 0 — — 

a
 Liss and Maniloff (1971). c Liss (1973). 
b
 Gourlay and Wyld (1972). d Gourlay (1972). 
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some of the A. laidlawii indicator strains, and the host range, thus 
defined, could be a useful property for differentiating the isolates (Liss 
and Maniloff, 1971). 

Mos t a t tempts to isolate viruses from a mycoplasma have been done 
by washing a lawn of the organism being examined, with either buffer or 
growth medium, and plating the wash on an .4. laidlawii indicator. T h e 
two host strains most widely employed are A. laidlawii M1305/68 (used 
in Gour lay ' s studies) and A. laidlawii J A 1 (used in ours) ; the latter is a 
nalidixic acid-resistant variant of A. laidlawii B N 1 . In this way, group 
L I virus isolates have been obtained from 25 A. laidlawii strains, an 
A. granularum, an A. axant hum, a Mycoplasma sp. strain 14 (goat), a 
M. hominis, a M. pneumoniae, a M. gallisepticum, a M. arthritidis, and 
five M. pulmonis strains (Liss and Maniloff, 1971; Gour lay , 1972; Liss, 
1973). G r o u p L2 and L3 viruses have only been isolated from 
A. laidlawii; however , for L2 , only A. laidlawii and A. granularum have 
been examined (Gourlay, 1972), and, for L 3 , only A. laidlawii was used 
(Gourlay and Wyld, 1973). 

C. Electron Microscopy 

T h e electron microscopic observat ions of the viral morphologies are 
summarized in Table I I . A s seen in Fig. 2A, G r o u p L I viruses are 
bullet-shaped particles, 14-16 nm wide and 7 0 - 9 0 nm long; this has 
been confirmed by observat ions on ten group L I isolates (Liss and 
Maniloff, 1971; Gour lay , 1972; Milne et al., 1972). T h e variation in par-

TABLE II 

Properties of Mycoplasmatales Viruses 

Properties Group LI Group L2 Group L3 

Virus morphology 

Virus size 

Nucleic acid 

DNA molecular 
weight 

Naked bullet-shaped 
particles

0 ,0 

14-16 nm wide, 
70-90 nm long"'" 

Single-stranded 
DNA circle^ 

2 X 1 0
6 c 

Enveloped particles'* 

80 nm mean diam-
eter (size range: 
52-125 nm)

d 

DNA
rf 

Icosahedral particles 
with short tails*' 

About 54 nm 
diameter' 

Double-stranded 
D N A

/ 

4 to 5 x 1 0
6 / 

a
 Bruce et al. (1972). 
b
 Liss and Maniloff ( 1973a). 

c
 Liss and Maniloff (1973b). 

d
 Gourlay et al. (1973). 
e
 Gourlay and Wyld (1973). 
'Ga rwes et al. (1974). 
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FIG. 2 . Electron micrographs of negatively strained MVL51 virus particles, from Mani-
loff and Liss (1973). x 2 4 0 , 0 0 0 . (A) Uranyl formate stained bullet-shaped viruses. 
(B) Phosphotungstate stained ring structures (arrows). 

ticle length reflects two different interpretations of the micrographs. All 
the repor ts agree that one end of the virus is rounded. Bruce et al. 
(1972) report that in infectious particles the other end (the basal end that 
makes contact with the cell membrane) is also rounded, but that this end 
is frequently degraded to give 8 -10 nm shorter particles, with basal ends 
appearing flat or with one or two short pro tuberances . However , Liss 
and Maniloff (1973a) report that the basal end is flat with some sort of 
short flexible protrusions, which could not be further resolved in their 
studies but which would add about 7 nm to the particle length. It should 
be noted that the ends of these thin rods have such a small radius of cur-
vature that the drying pat tern of the negative stain around any form of 
end structure must frequently give a hemispherical appearance . Also , 
since group L I preparat ions usually have at least 1 0 1 0 P F U / m l , most 
particles observed are probably infectious units, unless they are de-
graded during the negative staining. 

Optical analysis of micrographs of group L I particles have shown that 
the viruses have helical symmetry , and the optical transforms have a 
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near meridional reflection at about 4.8 nm (Bruce et ai, 1972; Liss and 
Maniloff, 1973a). T h e viral capsid s tructure units must form an hexago-
nal lattice (with a 9.6 nm center to center hexagon spacing) that gives 
rise to the helix; Bruce et al. (1972) have built a model of a group L I 
virus from these data, with the s tructure units arranged in a two-start 
helix with 5.6 subunits per turn at a pitch of 20°. 

In addition to the infectious virus particles, group L I preparat ions 
also reveal other types of viral related structures that may eventually be 
useful in elucidating the mechanism of viral assembly. (1) Unpurified 
preparat ions contain 13-14 nm rings (Fig. 2B), which may be in-
tracellular viral protein subassemblies (Liss and Maniloff, 1973a). (2) A 
few particles have been seen with hollow centers (Bruce et ai, 1972; 
J. Maniloff, unpublished data) ; these are about as wide as virus particles 
but are definitely shorter and may be incomplete viruses. (3) Long rods, 
with diameters similar to the viruses but with lengths sometimes exceed-
ing 500 nm, have been observed (Bruce et ai, 1972; Milne et ai, 1972) 
and may be aberrant viral polymerization forms; we have noted that the 
shortest rods have both ends rounded and are about 147 nm, the length 
of two virus particles (Liss and Maniloff, 1973a). (4) Long hollow 
tubular s t ructures have been reported (Bruce et ai, 1972; Milne et ai, 
1972; Liss and Maniloff, 1973a); most widths are about 13-18 nm, but 
some as wide as 30 nm have been seen, and the reported lengths are up 
to 1 μπι . Bruce et al. (1972) have noted a greater frequency of hollow 
tubes in cells infected in late log phase or in cells examined late (i.e., 4 
hours) after virus infection; hence, these s t ructures must represent some 
type of aberrant polymerization product of the aged infected cells. (5) 
Milne et al. (1972) showed, by thin-section electron microscopy of old 
(72 hour) infected cells, the presence of intracellular threads: Some 
formed striate masses , and others were randomly distributed but seemed 
to have a helical appearance . However , numerous a t tempts to repeat 
this one observat ion in other laboratories (e.g., J. Maniloff, unpublished 
data) have thus far been unsuccessful. T h e many possible experimental 
parameters (e.g., culture age and multiplicity of infection) make it impos-
sible to evaluate these reported thread s tructures . 

G r o u p L2 viruses, examined by negative staining (Gourlay et ai, 
1973), appeared as roughly spherical particles about 80 nm in diameter. 
N o internal s tructure was obvious, but it is stated that an indication of a 
coiled s tructure within the envelope could be seen. T h e presence of an 
envelope was implied by the viral sensitivity to detergent and organic 
solvents (Gourlay, 1971) and confirmed by thin-sectioned electron mi-
croscopy showing an envelope with a "uni t m e m b r a n e " structure 
(Gourlay et ai, 1973). 
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T h e only group L3 isolate, M V L 3 , was reported to be an icosahedral 
particle, about 54 nm in diameter (Gourlay and Wyld, 1973). More 
recent studies have revealed that each particle has a short thin tail 
(Garwes et al., 1974), giving it an appearance similar to T 3 bac-
teriophage. 

D. Chemical Composition 

T h e fact that all three mycoplasmavirus groups are D N A viruses (see 
Table II) was originally demonst ra ted by showing that labeled thymi-
dine, but not uridine, could be incorporated into each of the viruses 
(Gourlay et al., 1971, 1973; G a r w e s et al., 1974). T h e D N A of a 
group L I virus, M V L 5 1 , was analyzed by alkaline sucrose gradient 
velocity sedimentat ion, neutral and alkaline CsCl isopycnic sedimenta-
tion, and t rea tment with endo- and exonucleases (Liss and Maniloff, 
1973b) and shown to be a covalently linked single-stranded D N A circle 
of molecular weight 2 x 10

6
 dal tons. D N A from the group L3 virus, 

M V L 3 , exhibits a hypochromic shift on heating indicating that it is 
double-stranded and sedimentat ion analysis gives a molecular weight of 
4 to 5 x 10

6
 daltons (Garwes et al., 1974). 

T h e difficulty in obtaining large quantit ies of virus free from contami-
nating cell membrane material has precluded extensive studies on the 
number and stoichiometry of the mycoplasmavirus proteins. In addition, 
the group L2 viral envelope must also contain a lipid component . T h e 
envelope probably accounts for the sensitivity of group L2 (but not L I 
or L3) viruses to detergent , organic solvent, and thermal inactivation 
(Gourlay, 1970, 1971, 1972; Gour lay and Wyld, 1972, 1973). 

E. Antiserum Inactivation 

T h e serological differentiation of the three groups of mycoplas-
maviruses has been carried out by examining the ability of a specific an-
t iserum to inhibit plaque formation (Gourlay, 1972). In this procedure , a 
mixture of virus and ant iserum is plated and examined for plaques after 
a 24 hour incubation. H e n c e , this method allows the identification of 
three serologically distinct virus groups , but because the inactivation 
kinetics are ignored, nothing can be concluded about the degree of 
serological re la tedness among the isolates within each group. 

W e have examined the inactivation kinetics of four group L I viruses 
with ant iserum to M V L 5 1 (Fig. 3). T h e r e is a consistent threefold dif-
ference in inactivation rates among these isolates, indicating a degree of 
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FIG. 3. Inactivation kinetics of group LI viruses by antiserum made against MVL51: 
(A) MVL1, (O) MVL51, (* ) MVL52, and (Δ ) MVG51. The ordinate is the logarithm 
of the surviving virus fraction after mixture of the viruses with a 1:500 dilution of a stock 
antiserum. The abscissa is the incubation time at 37°C, after which the mixture was as-
sayed for P F U on lawns of A. laidlawii J A l . 

serological heterogeneity in these group L I viruses. This situation, 
where the viruses within a group are serologically related but not iden-
tical, has also been noted to occur in the T-even bacter iophage (e.g., 
Stent, 1963). Since the inactivation rate is a distinctive proper ty , we 
have used this to identify the progeny virus produced by transfection 
(Liss and Maniloff, 1972). 

F. UV Inactivation 

All three mycoplasmavirus groups are inactivated by ultraviolet light 
(Gourlay, 1970, 1971; Gour lay and Wyld, 1972, 1973; Liss and Mani-
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loff, 1971). In a s tudy of the U V inactivation kinetics of three group L I 
isolates (Liss and Maniloff, 1971), we found that the inactivation fol-
lowed one-hit kinetics, but the three viruses each had different U V inac-
tivation cross sections. This again indicates that not all group L I isolates 
are identical. A similar result is reached in studies of the U V inactiva-
tion of the T-even phages (e.g., Stent, 1963). 

III. Growth Cycle 

A. One-Step Growth 

In the one-step growth exper iments , mycoplasma cells are mixed with 
viruses at a multiplicity of infection ( M O I ) less than 1 (so each infected 
cell only receives , on the average, one virus), incubated for 5 minutes to 
allow adsorpt ion, diluted to eliminate possible reinfection, and samples 
are plated at various t imes to assay the number of P F U in the cul tures. 
Figure 4 shows par t of a one-s tep growth curve for a group L I virus, 
M V L 5 1 . T h e r e is an initial, short (about 10 minutes) latent period 
during which there is a decrease in virus titer; this may indicate abort ive 
viral replication in some of the infected cells. T h e latent period is 
followed by a rise period during which there is a gradual increase in the 
P F U titer, suggesting cont inuous viral product ion rather than a sudden 
release of virus by a cell lysis mechanism. After the rise period, the virus 
titer reaches a plateau; for M V L 5 1 in t ryptose broth, this happens at 
about 2 hours after infection, by which time each infected cell has 
released 150-200 progeny viruses (Liss and Maniloff, 1973a). 

Although the general one-step growth curve pat tern is the same for 
other group L I isolates, the period t imes and the amount of progeny 
released per infection is different, but consistent , for the different iso-
lates (Liss and Maniloff, 1971, 1973a). 

N o one-step growth data is available for group L2 and L3 viruses. 
Although group L 2 virus grows well on lawns on solid t ryptose medium, 
it does not adsorb well to cells in liquid medium, and this has kept us 
from obtaining one-step growth curves . 

B. Artificial Lysis 

In order to see whether group L I virus replication involves the in-
tracellular accumulat ion of mature virus, we have done premature lysis 
experiments (Maniloff and Liss , 1973; Liss and Maniloff, 1973a). In 
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MINUTES 

FIG. 4. Artificial lysis experiment using A. laidlawii JA1 infected by MVL51, from Liss 
and Maniloff (1973a). Half of the infected culture (MOI of 0.1) was assayed directly for 
P F U , giving a one-step growth curve (O) , and half was lysed before the P F U assay. ( # ) . 

these, M V L 5 1 infected cells are lysed by detergent (0 .2% Tri ton X-100) 
during a one-step growth experiment and assayed for the infectivity of 
the intracellular contents released by the artificial lysis. It was found 
(Fig. 4) that, after infection, the P F U of the lysed samples was equal to 
the free unadsorbed virus titer during the latent period, indicating no in-
fectious intracellular viruses. During the rise period the number of P F U 
in the lysed samples increased to equal the virus titer of the control 
unlysed samples, reflecting the release of progeny virus. 

In systems where virus release is due to cell lysis, the P F U of the ar-
tificially lysed cells exceeds that of the unlysed ones up to the time of 
cell lysis, due to the artificial release of accumulated intracellular mature 
viruses (Doermann , 1952). However , for M V L 5 1 infection (Fig. 4) the 
P F U titer of the lysed cells never exceeded that of the unlysed ones , 
showing that there is no intracellular pool of completed viruses and that 
new M V L 5 1 viruses are released as they are made. 
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C. Single Burst Size 

Although progeny group L I viruses are not released in a burst , it is 
easiest to use the " b u r s t " terminology in discussing virus yield. W e have 
shown that both the progeny virus yield and the growth rate of infected 
cells vary as a function of the M O I (Maniloff and Liss, 1973; Liss and 
Maniloff, 1973a). Therefore , consistent experimental results and max-
imal virus product ion require a low M O I (less than about 5-10) . Above 
this M O I , the virus yield is variable and usually less than those mea-
sured at low M O I . This probably accounts for those studies, in which 
the M O I was not controlled, where the burst size was reported to vary 
(Gourlay and Wyld, 1972). 

In the one-step growth exper iments , the burst size measured is an 
average over all of the infected mycoplasmas . F o r the group L I viruses, 
these range from 3 for M V L 1 to 150-200 for M V L 5 1 (Liss and Mani-
loff, 1971, 1973a). 

Using the single-burst protocol of Ellis and Delbrück (1939), the virus 
release from individual M V L 5 1 infected cells was measured (Liss and 
Maniloff, 1973a). T h e average virus yield per infected cell was 88 at 60 
minutes after infection (the range of values was 50 -180) and was 154 at 
120 minutes (range of 120-270) . In agreement with the other growth 
exper iments , these data indicate that each infected cell is releasing virus 
continuously at about the same rate , ra ther than releasing its progeny 
virus in a short burst . 

D. Growth of Infected Cells 

During the group L I viral growth studies, we noted that at an M O I 
less than 5 - 1 0 infected cells produced virus without a loss of cell titer, 
but at a higher M O I there was a decrease in the number of viable 
colony-forming units (Maniloff and Liss, 1973). However , at the lower 
M O I the infected cells do grow slower; uninfected cells have a doubling 
time of 110 minutes while M V L 5 1 infected cells have one of 160 
minutes (Liss and Maniloff, 1973a). 

In thin-section electron micrographs of M V L 5 1 infected cells, no in-
tracellular viral s t ructures have been observed (Liss and Maniloff, 
1973a). Progeny viruses were found in clusters on the cell surface; in the 
adjacent cytoplasmic areas , there were regions of amorphous material 
that may be condensat ions of viral s t ructure precursors . H e n c e , electron 
microscopy confirms the absence of completed intracellular viruses and 
shows that virus assembly and release must take place in association 
with a limited number of membrane sites in infected cells. 
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E. Plaque Formation 

T h e detailed studies of one group L I virus, M V L 5 1 , and the prelimi-
nary data on other group L I isolates have shown that these viruses 
produce nonlytic infections, at low M O I . Previous papers on group L I 
mycoplasmaviruses have accepted a lytic mode of infection because 
plaque formation is generally associated with the lysis of infected cells. 
However , studies of the filamentous bacterial viruses have shown that 
plaques can be due to infected cells growing slower and making smaller 
colonies than uninfected ones (Hsu , 1968). T h e slower growth rate of in-
fected mycoplasmas has been discussed in Section I I I , D , and it has 
been repor ted that M V L 5 1 infected cells do make smaller colonies than 
uninfected ones (Maniloff and Liss, 1973). Therefore , group L I virus 
plaque formation must be due to differential growth rate and size of in-
fected cells, which lead to the uninfected cell lawn looking more dense 
and the area of infected cells appearing as a clearing or plaque. Some 
lysis may occur in the center of the plaque where the M O I is high. 

Although group L2 and L3 plaques are clearer than group L I plaques, 
no data is available on whether these represent lytic or nonlytic infec-
tions. 

IV. Virus Replication 

A. Adsorption 

T h e adsorption kinetics of several group L I viruses has been shown 
to be first-order (Fraser , 1973; A. Liss , unpublished data). F rase r (1973) 
has found little temperature dependence for the process between 
30° -42°C and noted that the cation dependence indicates an ionic mecha-
nism for adsorption. This latter conclusion is consistent with the fact 
that these cells have a small negative surface charge density (Cars tensen 
et ai, 1971). 

F r o m the slopes of the adsorpt ion curves , the adsorpt ion rates for two 
group L I viruses have been calculated: F o r M V L 1 the rate is about 
3 X 1 0

- 9
 cm

3
/minute (Fraser , 1973), and for M V L 5 1 it is about 

5.6 Χ 10"
9
 cm

3
/minute (A. Liss, unpublished data). W e have calculated 

the theoretical adsorption rate constant of these viruses from collision 
kinetics, using the von Schmoluchowski equation as described by Stent 
(1963) and approximating the rod-shaped viruses by a prolate ellipsoid 
(Tanford, 1961). F r o m this calculation (see the Appendix) , the theoreti-
cal ra te is 5 x 10"

9
 cm

3
/minute , in agreement with the experimental val-
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ues . H e n c e , nearly every collision be tween a group L I virus and an 
A. laidlawii cell must result in the adsorpt ion of the virus. 

W e have shown that each cell can adsorb over 300 M V L 1 particles, 
but it is not known how many of these adsorbed particles actually have 
their D N A penet ra te the cell (Liss and Maniloff, 1971). 

Noth ing is known about the mechanism of penetrat ion, nor is it known 
whether any of the viral coat proteins enter the cell with the D N A . 

Β. DNA Replication 

W e have investigated the intracellular replication of M V L 5 1 (Liss and 
Maniloff, 1973c), by using radioisotopic labels to follow either the in-
fecting parental D N A or the nascent progeny D N A and analyzing the 
extracted D N A by CsCl band sedimentation. After entering the cell, the 
single-stranded parental D N A was rapidly conver ted to a double-
s t randed replicative form (RF) . This was then replicated to p roduce ad-
ditional R F molecules. Later , the parental D N A was found to leave the 
R F pool and became associated with large molecular weight D N A ; none 
of the labeled parental D N A could be found in released progeny viruses. 
Single-stranded progeny viral D N A was synthesized from the double-
stranded R F and an accumulat ion of viral ch romosome size single-
stranded D N A complexed with phenol-sensit ive material was observed. 

C. Virus Assembly 

Combining the data in Sections I I , C , I I I , and IV ,B , a model for group 
L I virus assembly can be constructed. Many of these details are similar 
to those of other single-stranded D N A viruses (Table I I I ) . 

G r o u p L I virus assembly must occur at a small number of sites at the 
inner surface of the cell membrane . T h e complex here may consist of 
both the D N A replication forms and viral proteins, some possibly in 
subassemblies. T h e single-stranded progeny D N A is synthesized on the 
R F and interacts with some intracellular material , probably protein, to 
form a phenol-sensit ive complex. Ring s t ructures have been observed 
which may be coat protein subassemblies and may be involved in the as-
sembly reaction. This process must be associated with the mechanism 
by which progeny viruses are extruded from the cell. It may be that as a 
D N A region passes through the membrane it interacts with a protein 
ring subassembly, resulting in the extrusion of a part of the viral chromo-
some in its protein coat . This could be an irreversible s tep which would 
drive the extrusion reaction to completion, i.e., release of the completed 
virus. 
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TABLE III 

Group LI Filamentous φΧ type 
Mycoplasmatales bacterial bacterial 

Properties virus virus virus Parvovirus 

Virus symmetry Helical" Helical' Icosahedral' Icosahedral'' 
DNA structure, Circular Circular Circular Linear 

molecular weight 2 X \0
6b 

2 X 10
6
" 1.7 x 1 0

6
' 1.7 X 1 0

e ,J 

Cell site of adsorption Membrane
rf 

Pili" Cell wall" Membrane
7
' 

Replication properties 
Conversion of Yes" Yes" Yes ' Y e s* . / 

parental DNA to 
double-stranded 
replicative form 

Intracellular pool of Yes" Yes" N o ' Yes
A
' 

single-stranded 
progeny DNA 

Cell death No" No" Yes ' Yes'" 

" Liss and Maniloff ( 1973a). 
* Liss and Maniloff ( 1973b). 
' Liss and Maniloff ( 1973c). 
d
 Maniloff and Liss (1973). 
" Marvin and Hohn (1969). 
'Sinsheimer (1970). 

Brown et al. ( 1971 ). 

" Hoggan (1971). 
'Crawford et al. (1969). 
J
 Salzman et al. (1971). 

k
 Dobson and Helleiner (1973). 
' Salzman and White (1973). 

m
 Cytopathic effect on cell monolayers re-

ported by Tattersall (1972). 

V. Transfection 

A. Properties 

We have shown that D N A isolated from group L I viruses is infec-
tious when mixed with A. laidlawii cells (Liss and Maniloff, 1972), 
leading to product ion of virus progeny with the same propert ies as the 
viral source of the D N A . T h e infectivity was dest royed by D N a s e , but 
not by R N a s e , pronase , or specific ant iserum to the virus (Table IV) . 
T h e host mycoplasma cells are only competent for transfection during 
late logarithmic phase growth. T h e t ime course of the D N A - c e l l interac-
tion indicates that during the first 10-15 minutes there is an a t tachment 
of the D N A to the cell, during which the transfection is sensitive to 
D N a s e , and this is followed by the entry of the D N A into the cell, after 
which the process is DNase-res is tant . T h e dose - r e sponse curve for 

Comparative Properties of Single-Stranded DNA Viruses 
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transfection shows that an average of two molecules of D N A must in-
teract with a cell in order to produce an infection. In addition, from the 
curve it can be calculated that 1.1 to 1.3 Χ 10"

6
 /xg of D N A is required 

per infection; this means that 3 to 4 X 10
5
 viral equivalents of D N A are 

needed per transfection. This efficiency is about the same as for animal 
virus transfection (Pagano, 1970) and at the lower end of the range of 
values for bacter iophage transfection (Epstein, 1971). 

B. Comparison with Infection 

While A. laidlawii cells can support group L I viral growth throughout 
the logarithmic growth phase , they are only competent for transfection 
during the last 4 - 8 hours of logarithmic growth. This presumably re-
flects either a surface alteration or an increased extracellular nuclease 
activity during cul ture development . Table I V compares some of the 
growth parameters of the infection and transfection. T h e increased latent 
period and decreased progeny yield for transfection has also been ob-
served for bacter iophage systems (Horva th , 1969). T h e transfection 
progeny have the same growth parameters as the mycoplasmavirus used 
as the D N A source. 

W e have also found (Table V) that a Mycoplasma species, which 
cannot be infected by virus, can take up the viral D N A and produce 
progeny virus (Maniloff and Liss , 1973). 

VI. Evolutionary Considerations 

At this t ime, no conclusions about mycoplasmavirus evolution can be 
stated because (1) mycoplasma virology is still young and we have insuf-
ficient data for such generalizations; (2) little is known about the origin 
and evolution of even those bacterial viruses which have been exten-
sively character ized; and (3) the taxonomy and evolution of the myco-
plasmas and other wall-less prokaryotes are still unclear. However , we 
believe it is possible to outline some considerat ions which may be of 
utility in thinking about the origin and evolution of the mycoplas-
maviruses . 

T h e first quest ions concern the mycoplasma host cells themselves . 
T h e cellular and molecular biology of these organisms is qualitatively 
the same as that of other p rokaryotes ; the differences are small quantita-
tive ones due to the limited mycoplasma cell and genome size (e.g., 
Maniloff and Morowitz , 1972). H e n c e , it should not be too unexpected 
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TABLE IV 

Infection Transfection 

Cells infected by 
Latent period 
Progeny titer at 2 hours 
Effect of DNase 
Effect of RNase 
Effect of pronase 
Effect of anti-MVL51 serum 

Virus particles 
10 minutes 
150-200 
None 
None 
None 
Inhibition 

Viral DNA 
30-40 minutes 
85-100 
Inhibition 
None 
None 
None 

a
 From Maniloff and Liss (1973). 

to find that these cells have their own viral flora. Mycoplasma taxonomy 
remains unsett led, and little is known about their relationship to other 
walled prokaryotes (Smith, 1971) or to the two other recently discov-
ered wall-less prokaryotes : the helical spiraplasmas of plants (Davis and 
Worley, 1973) and the acidophilic thermophiles (Darland et ai, 1970). 
In fact, although Morowitz and Wallace (1973) have speculated about 
the Mycoplasma being the evolutionary precursor of the Acholeplasma, 
there is nothing to preclude these two genera from having originated to-
tally independently from some primitive prokaryote . 

Considerat ions of the origin of mycoplasmaviruses must begin with 
the most trivial possible explanation: Mycoplasmas are grown in media 
containing serum, and it has been established that a significant propor-

TABLE V 

Effect of MVL51 Virus and DNA on Mycoplasmas" 

A. laidlawii JA1 M. gallisepticum A5969 

MVL51 virus infection 
Virus adsorption Yes No 
Progeny formed Yes No 
Plaques formed Yes No 

MVL51 DNA transfection 
DNA taken up Yes Yes 
Virus formed Yes Yes" 
Plaques formed Yes No 

a
 From Maniloff and Liss (1973). 
b
 Assayed as PFU on JA1 lawns. 

Infection and Transfection of JA1 Cells by MVL51° 
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tion of sera contain animal viruses and/or bacter iophages (e.g., Molander 
et ai, 1972; Merril et ai, 1972), so perhaps the mycoplasmaviruses orig-
inated from viral contaminants in the sera. It is probably impossible to 
completely eliminate this possibility, but we believe it is highly improba-
ble that this could account for the origin of all the mycoplasmaviruses . 
T h e main argument against this is the isolation of similar mycoplas-
maviruses in several laboratories both in England and the Uni ted States , 
where different media and serum sources were used. 

It is interesting to note the morphological similarity of the myco-
plasmaviruses to other viruses. N a k e d bullet-shaped particles such as 
group L I viruses have only been reported as plant viruses (e.g., Brunt et 
ai, 1964); it is not known whether the plant viruses contain D N A or 
R N A . G r o u p L 2 particles resemble animal viruses because of their 
membrane envelopes , and G r o u p L3 particles, with apparent head and 
tail s t ructures , resemble T 3 bacter iophage. Evolutionarily, it is difficult 
to image a cell, like the mycoplasmas , being so virologically naive as 
to be able to be parasit ized, through media contaminants , by such di-
verse viruses. W e must then consider other possibilities for the origin 
of viruses. 

Table I I I compares some of the propert ies of the single-stranded 
D N A viruses. Each type, including the group L I mycoplasmavirus , has 
distinctive propert ies . Interestingly, all these viruses have the same size 
chromosome, within experimental accuracy: 2 x 10

6
 daltons. T h e group 

L3 virus, which has double-stranded D N A (Table I) , also has the same 
amount of genetic information, since its D N A is 4 to 5 x 10

6
 dal tons. 

This may represent a lower threshold for the informational content of 
the D N A viruses; even this is about twice as large as the nucleic acid of 
the small R N A bacter iophages, which is about 1 x 10

6
 daltons (e.g., 

Bradley, 1971). 
T h e idea that the D N A bacter iophages originated as episomes and 

evolved in a series of s teps to complete viruses has been recently 
reviewed by Bradley (1971). Before this scheme can be applied to the 
mycoplasmaviruses , more da ta on viral evolution will be required for the 
bacter iophage systems and more details on the basic biology of the 
mycoplasmaviruses must be accumulated. 

Given the obvious fact of the origin of the mycoplasmaviruses , their 
survival and spread must have not been too difficult. We have shown 
that mycoplasma can support viral growth, and even those that are resis-
tant to viral infection can be infected by viral D N A (Table V) . T h e lysis 
of cells carrying virus in some carrier state may release infectious D N A 
to spread the virus to other mycoplasmas . 

T h e mycoplasmavirus carrier state seems extremely stable, and spon-
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taneous plaques are infrequent. This latter observat ion may be due to 
the fact that the viruses grow slowly (group L I virus release takes about 
2 hours) and the cells are only sensitive to infection during logarithmic 
growth, so once the culture ages the cells are resistant to the viruses. 
Parenthetically, cell densities are generally only high enough to allow a 
good probability of a virus colliding with a cell when the cells are in the 
late logarithmic growth phase . Therefore , the viral growth propert ies 
probably work against the establishment of an ongoing infection in the 
culture and allow the carrier state to persist. 

VII. Concluding Remarks 

It is three years since the isolation of the first mycoplasmavirus . W e 
have tried to review here the outlines of mycoplasma virology that have 
been established in that t ime. The mycoplasmaviruses are ecologically 
distinct: Like bacter iophage they infect prokaryot ic cells, but like animal 
viruses they must adsorb to and penetra te a lipoprotein unit membrane 
structure. Hence , mycoplasma virology overlaps both areas ; it uses both 
for models and, in turn, should contr ibute information to both. 

In view of the prevalence of the mycoplasmaviruses , we should re-
member that the mycoplasmas are medically significant pathogens. T h e 
future development of mycoplasma virology must allow us to examine 
the possible role of these viruses in determining mycoplasma pathoge-
nicity and consider the suggestion that the role of mycoplasmas in dis-
ease may be as vectors for viruses (Atanasoff, 1972). 

VIII. Appendix: Calculation of Adsorption Rate Constant 

T o calculate the rate of contact be tween a group L I virus and a cell 
due to collision kinetics, we must first calculate a diffusion coefficient for 
the rod-shaped virus particles. T h e diffusion coefficient is 

D=kTlf 

where k = 1.38 x 10~
1 6
 dyne cm/deg (Boltzmann's constant) , T = 

300°K, and / = frictional coefficient (dyne second/cm). T h e frictional 
coefficient of a rod-shaped particle can be approximated by a prolate 
ellipsoid with semiaxes a, b, b (Tanford, 1961), where 

b /3V>
2 
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and d= d iameter of virus = 14 nm, L= length of virus = 71 nm. With 

this approximation, the frictional coefficient is given by 

/ = « 
6tt7)R0 (bla)

2
i*ln[a(\ + a)lb] 

where a = ( 1 — b
2
/a

2
)

112
, R0 = radius of sphere with same volume as rod-

shaped particle = ( 3 d
2
L / 1 6 )

1 / 3
, η = viscosity of water = 10~

2
 poise. 

Combining these equations gives 

D= 1.33 Χ 10"
7
 cm

3
/ second 

for the virus. 

T h e adsorpt ion rate constant is given by (e.g., Stent , 1963) 

k = Απ DR 

where R = radius of sphere whose surface is equal to that of cell = 

0.5 X 10~
4
 cm. Putting in the values for D and R and convert ing from 

seconds to minutes gives 

k= 5 x 10~
9
 cm

3
/minute 
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of Herpesviruses 
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Whether we look at infectious diseases primarily as microbiologists 
concerned with understanding and circumventing the microbial ag-
gressors or as immunologists studying the reactions of the host, we 
shall need above all to apply ecological and evolutionary principles. 

Burnet and White (1972) 

Some people are inclined to retain what separates, 
others what unites. We belong to the latter group. 

Lwoff and Tournier (1971) 

I. Introduction 605 
II. The Problem of Classification 606 

III. Origin of Herpesviruses 608 
IV. The Matter of Survival 609 

A. Herpesviruses-With and without Love 611 
B. The Ecological Niche 612 

V. Phylogeny of Herpesviruses 619 
VI. Envoi 622 

References 622 

I. Introduction 

T h e need to apply an evolutionary perspect ive to herpesviruses be-

came apparent to me about two years ago when I was asked to pre-

sent an overview of herpesviruses and their pathobiological aspects 

(Nahmias , 1972a,b). T h e time seemed propit ious for several reasons. 

605 
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The re was a mounting number of reports describing the isolation of one 
or more distinct herpesviruses in a variety of species, spanning the ver-
tebrate phylum from fish to man. Information had become available on 
the natural history in their own hosts of many herpesviruses , particularly 
those of medical and veterinary importance. Several common features 
among the various herpesviruses , such as viral pers is tence, had become 
apparent , and others , such as oncogenic potential , were becoming appre-
ciated. Fur the rmore , a large variety of laboratory methods was being 
applied to compare relationships among many of the herpesviruses . 

Over the past two years , more information has been acquired related 
to these various aspects of herpesviruses , providing at the same time 
more quest ions of evolutionary import as well as some approaches to 
their resolution. It is the purpose , then, of this report to focus on evolu-
tionary issues concerning herpesviruses , with the realization that more 
questions will be raised than can be conclusively answered at this t ime. 

II. The Problem of Classification 

Herpesvi ruses are generally defined as large enveloped virions with an 
icosahedral capsid consisting of 162 capsomeres and arranged around a 
D N A core (Roizman, 1969). Viruses with such characterist ics have 
been detected not only in a large number of ver tebrate species from fish 
to man, but also more recently (Farley et ai, 1972; Kazama and Schorn-
stein, 1972) in invertebrate oysters and in marine fungi (Fig. 1). As the 
figure also indicates, up to five different herpesviruses may be found in a 
single species, and several herpesviruses have been found capable of in-
fecting, under natural condit ions, species other than their natural host. 

This large array of viruses has made it difficult for the Herpesvi rus 
Study G r o u p of the International Commit tee for the Nomencla tu re of 
Viruses to provide some uniform method of nomenclature . A s a result, 
the Study G r o u p has proposed recently (1973) that only a provisional 
labeling system can be considered at present , suggesting that (1) the 
label for each herpesvirus would be in an anglicized form; (2) each her-
pesvirus would be named after the taxonomic unit to which its primary 
natural host belongs; and (3) the herpesviruses within each group would 
be given arabic numbers (rather than " type" ) .* 

All classification sys tems, including the phanerogram, the cryptogram, 
and the gymnogram (Lwoff and Tournier , 1971) make use of both 

* For the present discussion, however, vernacular common usage terms will be retained. 
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FIG. 1. Evolution of species with herpesviruses; no phylogenetic relationship among 
the various herpesviruses themselves is implied in this figure. Number in parentheses is the 
number of herpesviruses identified in each species. Species underlined are the species sus-
ceptible to herpesviruses from other species. Asterisk denotes species with herpesvirus 
which have been found to infect other species under natural conditions. Adapted from 
Nahmias (1972b). 
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genotypic and phenotypic characterist ics of the virus, e.g., nucleic acid, 
proteins , virion archi tecture, and natural host . As emphasized by Lwoff 
and Tournier (1971), phenotypic characterist ics cont inue to be the basis 
for any classification. Moreover , as maintained by some evolutionists, 
natural selection operates generally on the phenotype . It therefore 
appears important that any search for the evolutionary order which 
needs to be established to provide a more rational classification for 
herpesviruses should include both phenotypic and genotypic characters . 

III. Origin of Herpesviruses 

Most virologists have rejected the concept that viruses originated 
from early abiotic organic material , basing their argument primarily on 
the premise that all viruses require other living forms to multiply (Luria 
and Darnel l , 1967). T h e current concept is that viruses were derived 
from genetically specific components of cells. One of the characterist ic 
features of all herpesviruses , studied in any detail, is that the virus 
acquires an envelope from the nuclear membrane (occasionally also 
from other cell membranes) . Since eukaryocyt ic cells originated around 
700 million years ago, one can conclude that a herpesvirus , at least as 
presently defined as an enveloped particle, could not have originated 
earlier than the first eukaryocyte . 

T h e nature of the envelope in herpesviruses , which can vary in size 
(e.g., t ree shrew herpesvirus) (McCombs et ai, 1971), may be assumed 
to be of crucial importance, since it is at this level that the virus interacts 
with its host. T h e ability of a herpesvirus to at tach and adsorb to cells 
and hence infect them is in large part due to the presence of the 
envelope, which also may protect the virus from degradation by the 
cell 's cytoplasmic enzymes (Nahmias and Roizman, 1973). T h e neutral-
izing responses in the ver tebrate host ' s body fluids is also at this level. 
Another important considerat ion, in several herpesviruses studied to 
date , e.g., herpes simplex viruses ( H S V ) (Roizman, 1971) or Epstein-
Barr virus (EBV) (Klein, 1972a), is that the membranes of infected cells 
acquire biochemical and antigenic components similar to those found on 
the viral envelope itself. Cell membrane changes occur early after viral 
infection, may be produced in the absence of viral D N A synthesis , and 
are believed to be of importance as regards immunological respon-
siveness of the ver tebrate host and in carcinogenesis by herpesviruses . 
It should be kept in mind, however , that not only is nonenveloped virus 
occasionally infectious, but that in case of H S V - 1 , infection can be 



22. EVOLUTION OF HERPESVIRUSES 609 

accomplished in vitro with deproteinized " n a k e d " D N A (Lando and 
Ryhiner, 1969). 

There is a large temporal gap to account for be tween the first clinical 
description of herpesvirus infection [herpes febrilis (HSV-1)] around 20 
centuries ago and the first eukaryocyt ic cell from which an enveloped 
herpesvirus could have originated, approximately 700 million years ago. 
T h e presence of the various herpesvirus in today 's species (Fig. 1) tells 
us only that a herpesvirus found in a particular species could not have 
occurred in its present form earlier than when that species evolved. It 
may be pert inent in this regard that oys ters , from which a herpes virus 
has recently been isolated, are believed not to have changed for 150 
million years (Simpson, 1944). 

An early origin of herpesviruses is also suggested by results of geno-
typic analyses. As noted in Table I, the guanine + cytosine content of 
the D N A of several ver tebrate viruses ranges from 45 to 74 moles %. 
Such a substantial divergence in D N A base composit ion would imply 
wide evolutionary separation among herpesviruses . 

T h e pat tern of nearest-neighbor base sequences has been determined 
by Subak-Sharpe et al. (1966) for H S V - 1 , porcine Pseudorabies virus, 
and equine rhinopneumonit is (type 1) viruses. T h e pat terns differed 
widely not only among the three herpesviruses but also in relation to 
that found in mammalian cells. These workers concluded that it was 
unlikely that these herpesviruses originated from mammalian cells. It 
would be of interest, nevertheless , to compare the nearest-neighbor base 
sequences of herpesviruses of lower forms with invertebrate or fungal 
cells, now that herpesviruses have been isolated from these organisms. 

IV. The Mat ter of Survival 

The main problem that a parasitic species has to solve if it is to survive is to manage 
the transfer of its offspring from one individual host to another (Burnet and White, 
1972). 

Another point favoring a relatively early origin for most herpes-
viruses, as compared to almost all other virus families, is that the herpes-
viruses have the greatest capacity for surviving when small numbers of 
susceptible hosts are available, a situation probably quite common as the 
host species themselves developed. This capacity to survive is conveyed 
to herpesviruses by their ability to persist in spite of various host 
defenses and hence enables them to spread to o ther hosts at a later t ime. 

In evolutionary te rms, this proper ty of herpesviruses must be consid-
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TABLE I 

DNA Base Composition and in Vitro and in Vivo Host Range of Herpesviruses 

In vitro 
Base composition tissue culture In vivo 

Herpesvirus (common name) G + C (moles %)* host range" host range" 

Porcine Pseudorabies 72-74 Β B 
Bovine infectious rhinotracheitis 71-72 Β L 
Squirrel monkey Herpes saimiri 69-70 Β B 
Human herpes simplex type 2 68-69 Β B 
Human herpes simplex type 1 66-67 Β B 
Squirrel monkey Τ virus 67 Β B 
Tree shrew herpesvirus 66 9 9 

Equine coital exanthem — type 3 66-67 L L 
Bovine mammilitis 64 Β B 
Guinea pig herpesvirus 57 L L 
Human Epstein-Barr virus 56-58 L L 
Human cytomegalovirus 56-58 L L 
Murine cytomegalovirus 56-58 L L 
Equine cytomegalovirus (type 2) 56-58 L L 
Equine abortion-rhinopneumonitis 55-57 B L 

(type 1) 
Frog virus No. 4 54-56 L L 
Vervet monkey cytomegalovirus (SA8) 51 L L 
Chicken Marek's disease virus 47 L L 
Turkey herpesvirus 47 L 
Chicken infectious laryngotracheitis 45-47 L L 
Frog herpesvirus (Lucké) 45-47 L L 
Feline rhinotracheitis 46 L L 
Human varicella-zoster 46 L L 

a
 Adapted from Plummer et ai (1969), Bachenheimer et ai (1972), and Ludwig (1972). 

The G + C content of canine herpesvirus of 33 moles% has been challenged. 
b
 Β, broad; L, limited. 

ered as the central issue for their survival in time and, as such, would be 

likely to have originated very early. Most other phenomena associated 

with herpesviruses are also likely to be related, in some way, to this fea-

ture. Indeed, one wonders how the morphological complex of the partic-

ular geometrical configuration of the herpesvirion and its envelope relate 

to this major character . 

Viral persis tence, however , would be a dead end, unless the virus were 

present in a site from which it could spread to other hosts —hence, the 

need to examine now the various modes of spread of herpesviruses. 
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A. Herpesviruses—With and without Love 

Although the exact mode of spread has not been well substantiated for 
all herpesviruses , the two major routes of viral t ransmission, at least for 
ver tebrate viruses, appear to be via the air or by contact . Air dissemi-
nation could occur not only via air droplets but also via infected feather 
follicles (Calneck et ai, 1970) and possibly skin squames. In man, 
kissing may well be involved in the spread of H S V , cytomegalovirus 
( C M V ) , and E B V ; this suggestion in the case of infectious mononu-
cleosis has gained support with the ability to isolate E B V for long 
periods from the throat (Miller et ai, 1973). 

Several of the herpesviruses have been recently demonst ra ted to 
spread primarily by a venereal route . T h e venereal human H S V , type 2, 
(Nahmias et ai, 1973) and the equine coital exanthem virus, type 3, 
(Studdert , 1973) have been found to differ in several antigenic and bio-
logical characterist ics from the nonvenereal viruses in the same hosts . 
Preliminary studies suggest that although the venereal canine herpes-
virus is antigenically similar to the nonvenereal virus, the two viruses 
express different biological effects (Poste , 1972). Bowling and co-
workers (1969) have been unable to demonst ra te any significant an-
tigenic or biochemical differences be tween the venereal [infectious 
pustular vulvovaginitis ( IPV)] and nonvenereal [infectious bovine rhino-
tracheitis (IBR)] bovine herpesviruses . This may be due to the adapta-
tion of the venereal virus to respiratory spread in recent times (Mc-
Kercher , 1973). T h e isolation of human cytomegaloviruses from the 
cervix (Reynolds et al., 1973) and from semen (Lang and Kummer , 
1972), and their common recovery in women attending venereal disease 
clinics (Jordan et al., 1973), suggest that these viruses may also possess 
a venereal mode of spread. In evolutionary terms, the ability to be t rans-
mitted venereally offers another survival advantage for the virus in-
fecting species that reproduce sexually. It should be noted that non-
venereal strains may be occasionally isolated from the genital tract, e.g., 
equine type 1 herpesviruses in horses (Studdert , 1973) or H S V - 1 in 
humans (Nahamias et al., 1973), suggestive of an oral-genital mode of 
spread. 

Var ious herpesviruses persist in peripheral blood leukocytes (see 
below), and some, e.g., human C M V , can be t ransmit ted via blood trans-
fusions (Lang, 1972). N o evidence currently exists for blood-borne virus 
transmission by vectors , such as insects. T h e r e is, however , evidence for 
the transplacental transmission of blood-borne virus in several mamma-
lian species (reviewed by Nahmias , 1972b). In general, such transmis-
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sion would have little survival value for the virus, since in most cases , 
the fetus would be aborted. An exception might be human C M V , which 
occurs in approximately 1% of newborns and kills very few of the in-
fected infants; survivors can then serve as a long-term source of virus to 
other susceptible hos ts , as well as demonstrat ing on occasion chronic 
neurological or other ill effects. 

Transmiss ion of human C M V via breast milk may also occur, and a 
similar mode of viral spread would be expected to occur occasionally 
when herpesviruses affect the mammary glands of o ther mammals , such 
as cattle. Although some herpesviruses , e.g., human C M V and H S V , 
can be isolated from the urine, there is no information regarding the pos-
sibility that urine may serve as a source of t ransmission of herpes-
viruses. Nei ther has the oral-fecal route of spread been documented for 
any of the herpesviruses . 

Another mode of spread for some of the mammalian herpesviruses is 
from the infected maternal genital t ract to the newborn around the time 
of delivery (Nahmias et ai, 1970; Reynolds et ai, 1973). This may be 
advantageous for further t ransmission only if the infected newborn does 
not die from his infection (see below). N o vertical t ransmission via germ 
plasm has been documented in herpesviruses . 

B. The Ecological Niche 

T h e ecological niche for a virus is its host , in particular those host 
t issues and cells which the virus can infect. F o r a herpesvirus , the 
ecological niche would also include those t issues or cells in which it can 
persist. F r o m an evolutionary perspect ive, therefore, it appears appro-
priate to consider what has been termed, from other viewpoints , " t ro -
p i sm" in both its clinicopathological and viral pers is tence aspects . Each 
of these aspects and their interrelationships will be discussed within the 
larger framework of the host with its nonimmune and immune influ-
ences . 

/. Clinicopathological Effects of Herpesviruses 

One of the most striking similarities among herpesviruses is that they 
generally cause either a subclinical infection or a nonlethal disease in 
their natural host , with important except ions to be discussed later as a 
separate topic. On the other hand, there are several examples of severe, 
often fatal diseases when a herpesvirus is found to be at all capable 
of infecting another species under natural conditions (Fig. 1, species 
underlined). T h e examples include cattle killed by wildebeest virus; 
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gibbons, lemurs , owl monkeys , and skunks by H S V - 1 ; sheep, catt le, cats 
and dogs by Pseudorabies virus of pigs; and marmose ts and owl 
monkeys by the Τ virus of squirrel monkeys (reviewed by Nahmias , 
1972b). O n e interesting except ion to this common theme is the nonlethal 
human varicella infection in chimpanzees and gorillas. Never the less , the 
observat ions that vervet monkey herpesvirus kills many of these animals 
(Hunt and Melendez , 1969) or that owl, pigeon, duck, or falcon herpes-
viruses kill many of these birds (Maré and G r a h a m , 1973) would suggest 
that another undetermined species is the actual natural host. 

T h e t issues affected by herpesviruses in its otherwise healthy natural 
host , outside infancy, are , in general , external sites from which virus can 
spread. These include (1) the skin, oral or genital mucous membranes , 
e.g., the herpesviruses of fish, turt les, ca ts , catt le, horses , macaque and 
Patas monkeys and the human H S V - 1 , H S V - 2 , and varicella-zoster 
(VZ) viruses; (2) the upper , and occasionally lower, respiratory tract , 
e.g., herpesviruses of chickens, cats , dogs, horses , cattle and V Z virus; 
(3) the eyes , e.g., herpesviruses of chickens , cats , dogs, pigs, and 
H S V - 1 and V Z virus. 

Internal t issues involved include the liver in case of several avian 
species (Maré and G r a h a m , 1973) and the lymphoid organs , e.g., infec-
tious mononucleosis with E B virus (Henle et ai, 1968). Var ious herpes-
viruses have been detected in peripheral blood leukocytes ; these viruses 
include herpesviruses of chickens , turkeys , guinea pigs, catt le, wil-
debeest , pigs, cottontail rabbits , dogs, several Old World and N e w 
World monkeys , chimpanzees , and human C M V , H S V - 2 , and E B V 
(reviewed by Nahmias , 1972b). This part icular affinity for lymphoid 
cells may be related to one of the mechanisms of persis tence and, as 
suggested by the observat ions of Bryans (1969) with equine type 1 her-
pesvirus, could also permit the virus to escape neutralization by circu-
lating antibodies. 

The re is a great deal of information available on the ability of various 
herpesviruses to infect cells in culture from species other than their own. 
Some viruses, e.g., herpes simplex viruses, have been found to have a 
broad in vitro host range, whereas o thers , e.g., human C M V , have a 
limited host range (Table I). Although all herpesviruses , except E B V , 
produce intranuclear inclusions, some also produce intracytoplasmic 
inclusions. The re are many variabilities among the various herpes-
viruses, as well as within different strains of the same herpesvirus, in 
plaque size or syncytial formation. T h e s e differences can often be at-
tributed to the cell culture used (reviewed by Nahmias and Dowdle , 
1968), environmental condit ions [e.g., t empera ture effect on iguana virus 
syncytial formation (Clark and Karzon , 1972)], or to genetic differences. 
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Indeed, syncytial formation has been used as a genetic marker for 
studies with temperature-sensi t ive mutants of H S V and is believed to 
represent a point mutation (Subak-Sharpe, 1973). In addition, herpes-
viruses have been classified by Melnick and M c C o m b s (1966) on the 
basis of whether they are cell-associated or not. This differentiation ap-
pears artificial; for example, both human C M V and V Z viruses are clas-
sified as cell-associated, yet extracellular virus is found in high titers in 
the urine or vesicular fluid, respectively. Marek ' s disease virus is present 
in various organs of the chicken in a cell-associated form, yet infectious 
virus is recoverable from feather follicles (Calneck et ai, 1970). Iguana 
herpesvirus is cell-associated at warm tempera tures ; yet at cold temper-
atures , the virus is readily released extracellularly (Clark and Karzon, 
1972). 

A large number of observat ions have been made on the ability of 
many herpesviruses to infect foreign hosts , under natural or experi-
mental condit ions, and on the consequences of such infections. Some of 
the viruses have a limited in vivo host range, appearing to infect only its 
own or closely related species, e.g., human C M V , whereas others have a 
much broader host range, infecting widely diverse species, e.g., H S V 
(Table I). Experimental studies on foreign hosts have been helpful in 
suggesting possible pathogenetic pa thways , types of pers is tence, or car-
cinogenic potential of various herpesviruses. F o r studies of human her-
pesvirus there are few other alternatives. However , it would appear that 
in case of nonhuman herpesviruses , results obtained with natural , or 
even experimental , infection of a herpesvirus in its own host would be 
more readily interprétable for comparat ive or evolutionary consider-
ations. 

2. Viral Persistence 

Current information suggests that herpesviruses persist in the host in 
two types of t issue — neural and extraneural . T h e persis tence of H S V - 1 , 
H S V - 2 , and equine herpesvirus in the nerve ganglions of experimentally 
infected animals has been well documented (Plummer et ai, 1970; 
Stevens and Cook , 1973). H S V - 1 has now been repeatedly isolated from 
trigeminal ganglions of human cadavers (Bastian et ai, 1972; Stevens 
and Cook, 1973; Bar ingerand Swovland, 1973). In both the animal and 
human studies, infectious virus can only be demonst ra ted by cocultiva-
tion on susceptible cells or by growing the ganglion for several days or 
weeks . Whether these herpesviruses persist in nerve cells or in sup-
porting cells of the ganglion, and whether there is back-and-forth traffic 
of virus in a complete or incomplete form, is still not established. 

Extraneural t issues in which herpesviruses have been found to persist 
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include lymphoid t issues (see above) and other t issues, such as parotid 
glands and kidneys (e.g., human C M V ) . 

Environmental factors play an important role in inducing reactivation 
of several " l a t en t " herpesviruses . This phenomenon has been noted 
even in marine fungi, in which virus is only demonstrable when nutrient 
medium is unavailable (Kazama and Schornstein, 1972). Tempera tu re is 
another important factor. T h e herpesvirus associated with the frog 
Lucké adenocarc inoma is demonstrable only at low tempera tures 
(winter form) and remains in a latent state at warm tempera tures 
(Granoff, 1972). In humans , it is well appreciated that hyper thermia 
reactivates herpes simplex virus infections. On the other hand, hyper-
thermia has been shown to suppress viral dissemination in mice experi-
mentally infected with H S V (Schmidt and Rasmussen , 1960) or in pups 
infected with canine herpes (Carmichael et al, 1970). These observa-
tions indicate that the virus-cel l interaction related to persis tence is sep-
arable from the v i rus -hos t interaction at the pathogenetic level. 

Several o ther factors have been found to contr ibute to reactivation of 
herpesviruses , e.g., menstruat ion for H S V , cort icosteroids for bovine in-
fectious rhinotracheitis virus (Sheffy and Davies , 1972), and I U d R or 
B U d R and arginine depletion for E B V (see Klein, 1972b). T h e detailed 
mechanisms of viral persis tence remain to be elucidated. It appears , 
however , that herpesviruses may persist in cells in various forms where 
(1) the viral genome only is detectable; (2) viral antigens are also de-
tectable; (3) infectious virus is also demonstrable . It should also be 
noted that exogenous reinfection with the same virus can also occur on 
occasion with some animal or human herpesviruses (Nahmias and 
Dowdle , 1968). 

3. Fatal Herpetic Disease 

F r o m an evolutionary perspect ive, the death of its host has no sur-
vival value for any parasi te , including a virus. A n at tempt to explain 
such occurrences will now be made for herpesviruses within the context 
of the two aspects of the ecological niche and the nonimmune or im-
mune influences of the host. F o r herpesviruses , potentially lethal con-
sequences of infection include (a) encephalit is , (b) cancer , (c) fetal and 
neonatal disease, and (d) disease in the comprised host . 

a. Encephalitis. The re are two possible methods for virus to spread 
to the brain —via a hematogenous or via a neurogenic route . Hema-
togenous transmission to the brain of those herpesviruses that can be 
isolated from peripheral blood leukocytes , e.g., human C M V or E B V , is 
very infrequent. In case of H S V - 1 , such blood dissemination to the 
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brain appears to occur primarily in the newborn or compromised host, 
whereas H S V - 2 infections in normal hosts generally results in a benign 
meningitis (Craig and Nahmias , 1973). 

Several experimental and/or clinicopathological observat ions suggest 
that H S V - 1 and V Z encephalitis are neurogenically t ransmit ted (Craig 
and Nahmias , 1973). Such relatively infrequent outcomes of infection 
with these viruses may be viewed as a consequence of an aberrat ion of 
their persis tence in neural t issues. This may occur as a result of a 
primary H S V - 1 infection before the virus establishes itself in a " s t a t i c " 
relationship in neural t issue or as a consequence of virus reactivation 
from such an integrated state, so that the virus would now travel cen-
trally rather than peripherally. It is also possible that herpesviruses may 
remain latent in parts of the brain itself, as demonst ra ted with Β virus in 
rhesus monkeys (Keeble, 1960) and with H S V in experimentally in-
fected rabbits (Stevens and Cook, 1973). T h e several examples of brain 
involvement, presumably by neurogenic spread, of a variety of ver-
tebrate herpesviruses when they affect a foreign host may also be the 
result of unsuccessful a t tempts to establish a persistent relationship in 
neural t issue. Involvement of sensory ganglions of catt le, sheep, cats , or 
dogs by Pseudorabies virus of pigs causing pruritis in these animals, 
which is then followed by neurogenic spread to the brain (Plummer, 
1967), is compatible with this view. 

b. Cancer. A variety of cancers in man and other ver tebrates has 
now been associated with several herpesviruses (Table I I ) . T h e purpose 
here is not to review this area, which has been the subject of several 
recent conferences (Biggs et ai, 1972; Herpesvi ruses and Cancer , 1972; 
Herpesvi rus and Cervical Cancer , 1973). Rather , the question is how to 
explain neoplastic transformation, which has no apparent evolutionary 
survival advantage to herpesviruses . One likely possibility is that such 
an occurrence is an aberrat ion in the integration of the viral genome in 
cells in which the virus would persist . F o r instance, in Marek ' s disease 
of chickens, the lymphomas occur in lymphoid cells, in which virus as-
sumes a noninfectious form, rather than in the feather follicles, from 
which infectious virus can be recovered. T h e other examples of leu-
kemias or lymphomas associated with human E B V , two N e w World 
monkey herpesviruses , and cottontail rabbit and guinea pig herpes-
viruses also correlate with the persis tence of nonproduct ive virus in 
lymphoid cells. In case of the frog herpesvirus associated with adenocar-
cinoma of the kidney, there is this extraordinary effect of low tempera-
tures in activating virus in " s u m m e r " tumors . Indeed, a variety of envi-
ronmental or host factors must interplay with this virus-cel l interaction 
(Table II) . T h e burgeoning understanding of the role of immune factors 



TABLE II

Herpesviruses Associated with Cancer (in Order of Strength of Evidence for Etiologic Association) N
!V

Strength of Species of tn
<:

association Herpesvirus origin Type of malignancy Associated factors 0
~

~

Strong Marek's disease virus Chicken Lymphoma Dose and virulence of virus; stress, """l
IoooC
0genetic, age and immune factors Z

H. saimiri Squirrel Lymphoma, leukemia Host differences suspected 0
monkey "'r1

H. ateles Spider Lymphoma Host differences suspected ==
monkey tn

~Lucke virus Frog Adenocarcinoma of kidney Temperature, immune factors (?) tn
EB virus Man Lymphoma Genetic factors, immune factors (?), 00-e

malaria (?)
IoooC
~

Fair to Herpes simplex Man Cervical cancer Pregnancy (?) or hormones (?) e
00

good type 2 tn
00

EB virus Man Nasopharyngeal carcinoma Genetic factors, immune factors (?)
Cottontail rabbit virus Cottontail Lymphoma

rabbit
Guinea pig virus Guinea Leukemia Association with RN A

pig oncornavirus (?)
Weak Herpes simplex Man Prostatic cancer, other uro-

type 2 genital cancers
Herpes simplex Man Lip cancer, other oral cancers,

type 1 laryngeal cancer
Sheep virus Sheep Pulmonary adenomatosis,

lung cancer (?)
Hamster virus Hamster Ileocecal proliferation

disease, adenocarcinoma (?)
Canine herpesvirus Dog Lymphoma
Equine herpes type 3 Horse Lymphoma (in hamsters) 0\
Bovine herpesvirus Cow Lymphosarcoma, sarcomas ~

~

(in hamsters)
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in this complex has recently been reviewed (Klein, 1972a). Of particular 
interest is the apparent ability of the turkey herpesvirus , related to 
Marek ' s disease virus, to prevent neoplastic transformation by the 
chicken virus without preventing infection and replication with that 
virus. 

c. Fetus and Newborn. Many of the mammalian herpesviruses have 
been recognized as causing abort ions (Nahmias , 1972b), a problem of 
particular veterinary and human import. T h e abort ions may result from 
actual viral transmission to the fetus or as a consequence of disease in 
pregnant hosts , e.g., in cats infected with feline herpesvirus (Hoover and 
Gr iesemer , 1971). Several herpesviruses also cause lethal disease in 
infected infants, including the human herpesviruses ( C M V , H S V - 1 , 
H S V - 2 , and V Z virus) and the herpesviruses of dogs, cats , pigs, catt le, 
and horses (reviewed by Nahmias , 1972b). Maternal antibodies to these 
herpesviruses convey varying degrees of protect ion to the fetus and 
newborn and are usually not fully protect ive. 

T h e damaging effect of herpesviruses on the fetus and newborn may 
be viewed as an incidental occurrence secondary to the presence of per-
sistent or infectious virus in the blood or genital organs of the mother. 
These ill effects are most likely a result of developmental and im-
munological immaturity of the fetus or newborn ; however , the exact 
mechanisms remain to be elucidated. Although the advantage for herpes-
viruses having a host other than the mother as a second source of virus 
for later transmission may not be of primary survival value, some adap-
tation appears to have occurred in case of human cytomegaloviruses 
which kill very few of the infected newborns (see above) . 

d. The Compromised Host. The re are several examples of the 
inducement by various stresses of profuse proliferation of herpesviruses 
in a variety of species. F o r example, in man, severe malnutrit ion permits 
a fatal disseminated disease with herpes simplex viruses. Several of the 
conditions in humans which are associated with severe, if not fatal, her-
pesvirus infections have been related to depressions in immune factors. 
T h e increasing severity of V Z virus pneumonia and of E B virus infec-
tious mononucleosis in older individuals also suggest hormonal effects. 
Nei ther hormonal nor immune factors, however , are well unders tood 
as they relate to herpesvirus infections. T h e observat ions of persistent 
nonlethal herpesvirus infections in fungi and oysters , which do not 
possess classical immunoglobulins and delayed hypersensitivity re-
sponses , would suggest that nonspecific host factors are involved. 
Both nonspecific and specific immune factors appear to participate in 
controlling herpes simplex virus infection (see Nahmias and Roiz-
man, 1973). 
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Whatever the stress might be that affects the intimate cel l -virus rela-
t ionship, herpesviruses would gain an important survival advantage if 
they were induced to proliferate extensively, increasing their t ransmis-
sion potential to other susceptible hosts . 

V. Phylogeny of Herpesviruses 

The re are two evolutionary pat terns for the acquisition of similar 
morphological characterist ics among various organisms—parallel and 
convergent evolution. T h e first pat tern would require all herpesviruses 
to have evolved from one common progenitor. Convergent evolution 
would demand that the same mechanisms from which herpesviruses 
originally evolved would repeat itself over fifty t imes. It is also possible 
that convergent evolution would have occurred only a few t imes, in 
which case there would not be fifty, but relatively few, progenitors of 
herpesviruses . 

F o r any of these possible events , there are two main mechanisms to 
explain how a progenitor herpesvirus in an earlier species evolved into 
the various herpesviruses as the host species evolved themselves . One is 
that a herpesvirus from an older species could have infected a new 
species after it had already evolved, and, in so doing, the virus would 
now assume new characterist ics . A s noted earlier, however , herpes-
viruses generally cause severe, usually fatal infections in foreign hosts , 
even if the species are not too distantly related, e.g., squirrel Τ virus in 
owl monkeys , H S V in gibbons, or rhesus Β virus in man. Since mild in-
fections in foreign hosts may not be readily identifiable, the herpesvirus 
in such surviving hosts might in time become adapted to the new 
species. A well-appreciated example of at tenuation of a virus on re-
peated passages is that of myxoma virus of rabbits (Fenner and Rat-
cliffe, 1965). However , to be successful, such a mechanism requires a 
large populat ion of susceptible hosts and may actually be a factor in 
selecting the more resistant hos ts in the populat ion. 

T h e second mechanism that could have operated in the evolution of a 
herpesvirus would be its concurrent evolution with its host , as the host 
itself was evolving into a new species. Such coevolution of host and par-
asite has been implicated in the evolution of animal parasi tes (Inglis, 
1965). 

Can these various possibilities be differentiated with presently avail-
able information in order to develop a phylogenetic order for herpes-
viruses? Can one determine, for instance, the various origins of the five 
human herpesviruses: E B V , C M V , V Z , H S V - 1 , and H S V - 2 ? Intrahost 
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competi t ion does not appear to be operat ive, since all five viruses can 
not only infect the same host at various t imes but also persist in its own 
ecological niche at the same time. 

Several of the genotypic and phenotypic characters of H S V - 1 and 
H S V - 2 are so similar that the occurrence of parallel evolution is most 
likely for these two viruses. T h e genotypic similarities include closeness 
in guan ine+cy tos ine content of their D N A (Table I) and in the pat tern 
of nearest-neighbor sequences (Subak-Sharpe, 1973). Approximately 
5 0 % homology between the D N A of the two viruses has been demon-
strated (Kieff et ai, 1972; Ludwig, 1972), and common and variable 
D N A base sequences have been found. Moreover , genetic recombina-
tion between temperature-sensi t ive mutants of H S V - 1 and H S V - 2 has 
been possible (Subak-Sharpe, 1973). T h e two viruses, besides pos-
sessing type-specific antigens, including viral thymidine kinase (Wildy, 
1973), also share common antigens (Schneweis and Nahmias , 1971). 

On the other hand, there are variable observat ions related to the other 
human herpesviruses . T h u s , if relationships be tween the herpesviruses 
are considered according to their method of pers is tence in host t issues, 
the human herpesviruses might be grouped as follows: (1) H S V - 1 , 
H S V - 2 , V Z virus; (2) E B V ; (3) C M V . Yet the G + C content of herpes 
simplex virus and V Z virus are quite different (Table I), whereas the 
G + C content of human E B V and C M V are similar. These latter two 
viruses are antigenically distinct and differ in several other phenotypic 
characterist ics. 

T h e same di lemma applies to all herpesviruses that have been studied 
in any detail. Various phenotypic characters , noted earlier, could be 
used besides mode of persis tence. T h e s e include similarities or dif-
ferences in mode of spread, clinicopathological manifestations, in vivo 
and in vitro host range, and type of inclusions produced in cells. Another 
important feature, not previously discussed, is the antigenic relationship 
found among the various herpesviruses . It would be expected that sero-
logical tests detecting cross-react ions with viral envelope antigens, e.g., 
by neutralization or cross-protect ion tes ts , would show closer rela-
tionships than serological tes ts , e.g., immunodiffusion using soluble viral 
proteins containing a variety of virus proteins. 

Neutral izat ion studies suggest a close relationship, not only between 
H S V - 1 and H S V - 2 but also be tween these human viruses, the Β virus of 
macaques , the SA-8 virus of vervet monkeys , and the Τ virus of squirrel 
monkeys ( U e d a et ai, 1968; Stevens et ai, 1968; Blue and Plummer, 
1973). T h e stronger reactions of the human herpesviruses with the 
Old World monkey viruses than with the N e w World monkey virus are 
consistent with an earlier common parallel evolution. A closer rela-
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tionship would be predicted among the herpesviruses of owls , pigeons, 
and falcons than with the duck virus or the infectious laryngotracheitis 
virus of chickens (Maré and G r a h a m , 1973). It appears also that the 
chicken Marek ' s disease virus is more closely related to the turkey her-
pesvirus than to the o ther chicken herpesvirus (infectious laryngo-
tracheitis). 

Immunofluorescent , immunoprecipit in, and complement fixation tests 
have shown much wider cross-react ions be tween the various herpes-
viruses than neutralization assays . Such cross-reactions could suggest 
the existence of group antigens for herpesviruses , e.g., be tween H S V , 
human C M V and E B V , frog Lucké virus, and the chicken Marek ' s 
disease virus (Kirkwood et ai, 1972; Ross et ai, 1972) or be tween 
human C M V , E B V , and V Z virus (Hanshaw et ai, 1972). However , 
until the whole array of herpesviruses is systemically studied with a 
variety of serological tests under well-controlled condit ions, it will not 
be possible to determine whether the cross-react ions that are found 
would be useful for phylogenetic considerat ions. 

Studies of the genotype of several herpesviruses have included deter-
minations of the G + C content of the D N A (Table I) and of the pat tern 
of nearest-neighbor sequences (Subak-Sharpe et ai, 1966), as well as 
nucleic acid hybridization studies among several herpesviruses (zur 
H a u s e n et ai, 1970; Bachenheimer et ai, 1972; Granoff, 1972; 
Bronson et ai, 1972; Ludwig, 1972). T h e wide range of G + C content of 
the D N A among a large number of herpesviruses (46 -72 moles % ) , the 
lack of common pat terns in nearest-neighbor sequences of three herpes-
viruses, and the lack of nucleic acid homology among various pairs of 
eight herpesviruses do not shed light on the evolutionary relatedness 
among herpesviruses . A priori, one would expect to find common genes 
for some of the phenotypic characterist ics shared by all herpesviruses . 
T h e fact that , except for H S V - 1 and H S V - 2 , genotypic similarities 
among the herpesviruses studied have not been detected at present may 
reflect the lack of sensitivity of the various techniques employed. T h e 
studies with herpes simplex virus (Kieff et ai, 1972), demonstrat ing 
common and variable sequences in their D N A , suggest that the common 
genes among far-related herpesviruses would be small in number , as 
compared to the variable genes that would be segregated as evolution 
progressed. More precise information on genetic relatedness awaits res-
olution of methods to measure specific nucleotide sequences of the 
D N A of herpesviruses . Although such studies are currently being at-
tempted with o ther viruses, the size of the herpesvirus D N A (around 
100 X 10

6
 daltons) will make such endeavors particularly difficult. 

Certain correlations be tween G + C content of the D N A of several 
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herpesviruses and their in vivo and in vitro host range have suggested 
some form of grouping (Nahmias , 1972b). Another form of grouping, ac-
cording to mode of persis tence, has also been suggested here . However , 
the overall picture of the phylogeny of herpesviruses awaits further 
developments . A t the accelerated pace with which herpesviruses from a 
wide variety of species are currently being studied, resolution of some of 
these evolutionary issues may not be too far in the future. 

VI. Envoi 

T h e evolutionary perspect ive with its unique four-dimensional t ime-
encompassing view of the universe has been applied at various lev-
els—atomic, molecular, macromolecular , genetic, cellular, multicellu-
lar, neural , mental , and social (Rolling and Oparin, 1972). Although in-
te rdependence among a variety of scientific disciplines has proved nec-
essary to provide the larger canvas , certain general principles have 
guided the study of evolutionary quest ions at any of these levels. At the 
level of viruses, such evolutionary principles can also offer a different 
perspect ive than heretofore used in the study of viruses. I have at-
tempted in this presentat ion to employ the evolutionary perspect ive in 
the overview of herpesviruses from fungi to man. It appears , as evi-
denced by the various chapters in this volume, that the study of the 
evolution of viruses, which I have termed evovirology, is indeed gaining 
recognition as a specialized field of study in virology. 
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Evolution of Orthomyxoviruses 
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. . . it began with a roughness of the jaws, small cough, then a strong fever, with a 
pain of the head, back and legs; some felt as though they were over the breast and 
had a weight at the stomach; all of which continued to the third day at the farthest; 
there the fever went off with a sweat or bleeding at the nose. In some few, it turned 
to pleurisy, or fatal peri pneumony. 

Description of the 1557 influenza epidemic 
by Short as quoted by Thompson (1852). 
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I. Introduction 

Influenza continues to be one of the major epidemic diseases of man 

and, is in fact, his only remaining pandemic disease. This is largely 

because influenza virus is an evolving pathogen and continues to un-
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dergo antigenic variation. T h e severity of pandemics also varies; in 
1918-1919 at least 20 million people infected with influenza virus died 
of influenza or its complications. T h e concern of those that work in this 
field is that future pandemic strains may have the virulence of the 1918 
strain. 

Influenza viruses are divided into types A, B, and C on the basis of 
their antigenically distinct r ibonucleoprotein antigens. Influenza A 
viruses cause the major pandemics in man, and various subtypes are 
found in animals and birds. Influenza Β viruses cause less severe epi-
demics in man and have never been isolated from animals or birds; influ-
enza C causes rare infections only in man. This chapter deals with the 
evolution of influenza A viruses, particularly with regard to the origin of 
pandemic strains. 

II. The Virus 

Influenza virus s tructure will be briefly discussed only in relationship 
to those par ts of virus anatomy that have dominant roles in its evolution. 

A. The Virus Genome 

T h e genome of influenza viruses is segmented, single-stranded R N A 
which exists in five to seven pieces (21 S to 8 S) (Duesberg , 1968; Pons 
and Hirs t , 1968; Choppin and Pons , 1970; Skehel , 1971). T h e amount 
of adenosine te t raphosphates (pppAp) on the 5 ' terminal of influenza 
R N A (Young and Content , 1971) and the presence of nonphosphory-
lated 3 ' termini in the different size classes of R N A (Lewandowski et 
al, 1971) strongly indicate that the different pieces of genomic R N A 
result from replication and assor tment into the virion and not by en-
donuclease cleavage of a single polynucleotide some t ime after matura-
tion at the plasma membrane . T h e total molecular weight of the pieces of 
R N A is approximately 4 to 5 x 10

6
 (Compans et ai, 1970; Skehel, 

1971) and is compatible with the amount of R N A in the virion. 

T h e R N A codes for at least six structural polypeptides and one non-
structural polypeptide. Quanti tat ively, these polypeptides are in good 
agreement with the coding capacity of genomic R N A . T h e virus con-
tains lipid from the host cell and carbohydrate (host antigen) covalently 
at tached to the hemagglutinin and neuraminidase subunits . Detailed in-
formation on the polypeptides of influenza virus can be found elsewhere 
(Kilbourne et al, 1972). This chapter will deal only with the hemagglu-
tinin and neuraminidase subunits —the antigens involved in the evolution 
of antigenic variants . A schematic representat ion of the virion compo-
nents is shown in Fig. 1. 
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FIG. 1. Diagrammatic representation of a portion of an influenza virion. The hemagglu-
tinin subunit is triangular in cross section and the neuraminidase subunit is "cuff-link"-
shaped. The ratio of hemagglutinin to neuraminidase spikes varies from strain to strain and 
may be as high as 2:1 for some viruses (Webster et al, 1968). The membrane or matrix 
protein lies beneath the lipid envelope but the arrangement of this layer is not known. The 
orientation of the nucleoprotein-RNA complex in the virion has not been fully elucidated; 
these complexes occur in segments when extracted from the virion, but may be linked 
within the virion by labile bonds. RNA polymerase activity has been associated with the 
core of the virion but its exact location in the core is unknown. 
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B. The Virus Hemagglutinin Subunit 

T h e hemagglutinin (HA) is the major surface antigen of the virus and 
is responsible for the a t tachment of influenza virus to cell receptors and 
for the induction of neutralizing antibodies. T h e H A subunit of influenza 
virus is a rod-shaped structure about 14 nm long and 4 nm wide with a 
molecular weight of approximately 150,000 (Laver and Valentine, 
1969). T h e hemagglutinin subunit is a glycoprotein (Compans et aL, 
1970; Schulze, 1970; Skehel and Schild, 1971) composed of two heavy 
glycopolypeptide chains [of about 60,000 M W (HA1)] containing 
the antigenic determinant (Brand and Skehel, 1972) and two light glyco-
polypeptide chains [of about 30,000 M W (HA2)] . T h e light chains are 
joined by — S — S — bond(s) to the two heavy chains to form a dimer 
(Laver, 1971). T h e precursor of the two chains of the H A is a polypep-
tide of molecular weight of about 80,000 which may or may not be 
cleaved to give two smaller polypeptides depending on the host cell and 
virus strain used (Lazarowitz et al., 1971, 1973). 

C. The Virus Neuraminidase Subunit 

T h e enzyme neuraminidase is the second virus-coded surface subunit 
on the virion; it hydrolyzes terminal N-acetylneuraminic acid (sialic acid) 
from the specific glycoprotein on the cell surface with which the he-
magglutinin a t taches , causing the virus to elute. T h e neuraminidase also 
induces the product ion of antibodies, but inhibition of enzyme activity 
has little effect on the infectivity of the virus, although it prevents the 
spread of virus to other cells (Schulman et ai, 1968). 

T h e neuraminidase subunit of influenza viruses is a "cuff-link"-shaped 
structure with a cap about 9 nm long and 5 nm wide to which a 10 nm 
long fiber is centrally at tached. T h e fiber has a diffuse knob about 4 nm 
in diameter at its end (Laver and Valent ine, 1969). T h e neuraminidase is 
a polymer composed of four identical molecules of glycoprotein, molecu-
lar weight 60,000 (Lazdins et al., 1972; Wrigley et al., 1973). 

III . Antigenic Variation of Influenza Viruses 

T w o kinds of antigenic variation occur in influenza A viruses; major 
antigenic shift and minor antigenic drift, both involving changes in the 
hemagglutinin and neuraminidase antigens on the surface of the virus. 
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A. Antigenic Shift 

T h e major antigenic shifts in the human influenza viruses occurred in 

1934 ( H 0 N 1 ) , 1947 ( H 1 N 1 ) , 1957 ( H 2 N 2 ) , and 1968 ( H 3 N 2 ) (Table I). 

T h e changes in 1947 and 1968 involved a major antigenic change in the 

hemagglutinin only, while in 1957 both the hemagglutinin and neuramini-

dase were different from the preceding viruses. Table I also lists ex-

amples of influenza viruses from lower mammals and birds. T h e follow-

TABLE I 

Hemagglutinin and Neuraminidase Composition of Mammalian and 
Avian Influenza A Viruses

0 

Year isolated Composition Prototype strain 

1934 H0N1 PR8 
1947 H1N1 FMI 
1957 H2N2 Asian 
1968 H3N2 Hong Kong 

1930 HswlNl Swine 

1956 Heql Neql Equine 1 
1963 Heq2 Neq2 Equine 2 

1949 Hav2 Nl* Chicken/Germany 
1956 Hav2 Navl Duck/England 
1965 Hav6 N2 Turkey/Massachusetts 

a
 The designation of influenza strains is according to the revised system of nomenclature 

for influenza viruses (World Health Organization Report, 1971). It consists of a strain 
designation [antigenic type, host of origin (except isolates from man), geographic origin, 
strain number, year of isolation] and a description of the hemagglutinin (H) and neuramini-
dase (N) antigens. The strain designation is followed by the antigenic description and in-
cludes in parentheses an index describing the antigenic character of the hemagglutinin 
subtype (e.g., human HO, H I , H2, H3; equine Heql , Heq2) and an index describing the 
antigenic character of the neuraminidase subtype (e.g., human Ν1 , N2; equine Neql , Neq2). 
The host designation of Η and Ν antigens is based on the origin of the virus; it does not 
imply phylogenetic or evolutionary relationships between viruses containing common Η 
or Ν designation. For simplicity the following abbreviations are used: A/FPV/Dutch/27 
(Havl Neql) , FPV; A/turkey/Wisconsin/66 (Hav6 N2), T/Wis; A/turkey/Ontario/7732/66 
(Hav5 N?), T/Ont; A/swine/Taiwan/70 (H3N2), HK; A/swine/Wisconsin/1/67 (Hswl N l ) , 
Sw; A/NWS/33 (HO)-FPV/Dutch/27 (Neql), NWS(H)-FPV( N )); A/FPV/Dutch/27 (Havl)-
Singapore/1/57 (N2), FPV( H)-Sing/57(N); A/turkey/Wisconsin/66 (Hav6)-Swine/Wisconsin/ 
67 (Nl) , T/Wis( H)-Sw(N ); A/swine/Wisconsin/1/67 (Hswl)-equine/Prague/l/56 (Neql), 
Sw(H)Eql( N). 

b
 There are eight avian Η subtypes, three of which are shown. 
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ing points can be made: (1) Different subtypes of influenza A do not 
coexist in the human population, whereas in the equine or avian popula-
tions more than one subtype can be present at the same time. (2) Similar, 
if not identical, neuraminidase antigens are shared between some of the 
influenza viruses of man, lower mammals , and birds. 

B. Antigenic Drift 

Antigenic drift involves gradual changes in the surface antigens of 
influenza virus and is thought to result from the selection by an immune 
population of mutant virus particles with altered antigenic determinants . 
These mutants , therefore, possess a growth advantage in the presence of 
antibody (Francis and Maassab , 1965). Antigenic drift occurs in the in-
terpandemic periods. A recent example of antigenic drift of the Hong 
Kong strain ( H 3 N 2 ) which first appeared in 1968 is the 1972 London 
variant (A/England/42/72) that caused epidemics of moderate severity. 

In the laboratory it has been possible to obtain influenza viruses 
showing antigenic drift by passing virus in the presence of antibodies 
(Archetti and Horsfall, 1950; H a m r e et ai, 1958). An example of 
laboratory-induced antigenic drift is shown in Table I I , where after 
seven passages in homologous ant iserum the variant virus was approxi-
mately 30-fold less reactive with parental antibody than with antibody to 
the variant. Similarly, after 19 passages in parental ant iserum the variant 
virus was approximately 36-fold less reactive with homologous antibody 
and 13-fold less reactive with the variant of the seventh passage. Peptide 
maps of the isolated hemagglutinin subunits of these variants (Laver and 

TABLE II 

Laboratory-Induced Antigenic Drift" 

Number of passages in 
presence of antiserum 

HI titer of antisera to viruses passed 

Virus 
Number of passages in 
presence of antiserum None 7X I9X 

H0N1 None 
7 

19 

25,000 
1,600 

560 

4,700 370 
47,000 800 

1,500 20,000 

a
 The A/Bel/42 (HON 1) influenza virus was serially passed with low avidity antiserum in 

embryonated chicken eggs. Antisera used in the above tests were prepared in rabbits to 
wild-type virus and to virus obtained from the seventh and nineteenth passages. (Modified 
from Laver and Webster, 1968.) 
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Webster , 1968) showed differences in one or two peptides suggesting 
minor changes in the amino acid sequence of the hemagglutinin subunits . 
T h e significance of this finding will be dealt with later. 

IV. Possible Mechanisms for Evolution of 
Pandemic Influenza A Viruses 

T h e H A and neuraminidase components of the influenza virus are the 
antigens mainly involved in providing immunity to infection. A t the 
same time they are the antigens involved in antigenic variation. T h e 
mechanism(s) of antigenic variation leading to the evolution of a new 
pandemic strain of human influenza virus is not known, but several 
hypotheses can be proposed. Table I I I lists three possible mechanisms 
which we will discuss and evidence for or against each one will be given. 

A. Mutation of Existing Human Influenza Virus Strains 

T h e most recent influenza pandemic was caused by a virus that arose 
in July 1968, apparently in southeastern China. This virus [A/Hong 
Kong/68 (H3N2) ] possessed neuraminidase subunits that were similar to 
those of the Asian viruses ( H 2 N 2 ) . On the other hand, the hemagglu-
tinin subunits of the H o n g Kong virus were found to be completely dif-
ferent immunologically from those of the Asian strains. Immunodif-
fusion tests with antisera prepared to the isolated hemagglutinin subunits 
of H o n g Kong and Asian influenza viruses and tested against each virus 
showed lines of precipitation that were specific only for the homologous 
virus (Fig. 2). 

Laver and Webs te r (1972) have tried to answer the quest ion: "Where 
did the hemagglutinin subunit (H3) of H o n g Kong influenza A virus 
come f rom?" A single mutat ion in an Asian ( H 2 N 2 ) influenza virus 
might have caused the polypeptide chains of the hemagglutinin subunits 
to refold in such a way as to expose completely new antigenic deter-

TABLE III 

Possible Mechanisms for Evolution of Human Influenza A Viruses 

1. Mutation of existing human influenza virus strains 
2. Direct transmission from other animal sources (e.g., pigs, horses, birds) 
3. Recombination between human and other mammalian or avian species 
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o -A2 /A ich i (H) 

Ned / 68 

FIG. 2. Immunodiffusion tests with antisera to the isolated hemagglutinin subunits of 
Asian (H2N2) and Hong Kong (H3N2) influenza viruses. (From Webster and Laver, 
1972). a-A2/Ned(H), hyperimmune rabbit antiserum to isolated hemagglutinin subunits from 
A/Netherlands/84/68 (H2N2); a-A2/Aichi( H ), hyperimmune rabbit antiserum to isolated 
hemagglutinin subunits from A/Aichi/2/68 (H3N2); Ned/68, A/Netherlands/84/68 
(H2N2) influenza virus treated with 1% SDS; Aichi/68, A/Aichi/2/68 (H3N2) influenza 
virus treated with 1% SDS. 

minants. They thought that if the hemagglutinin subunits of Hong Kong 
influenza virus were derived by mutat ion in this fashion from the earlier 
Asian viruses, then the amino acid sequence of the polypeptides of the 
H 2 and H 3 subunits would be similar. On the other hand, if the H 3 
hemagglutinin subunit of the Hong Kong virus came from an influenza 
virus of a lower mammal or from an avian source, then the amino acid 
sequences of their polypeptide chains probably would be vastly different 
from those of the Asian viruses. T o test this, hemagglutinin subunits 
were isolated from three strains of Asian influenza virus obtained from 
different par ts of the world in 1968 before the occurrence of the Hong 
Kong influenza pandemic and from three strains of Hong Kong influenza 
virus isolated in different parts of the world in 1968, 1970, and 1971. 
T h e hemagglutinin subunits were isolated from recombinant (antigenic 
hybrid) viruses by electrophoresis on cellulose acetate strips after 
disruption of the virus particles with cold S D S . T h e subunits isolated in 
this way were pure insofar as they contained none of the other structural 
proteins of the virus (Laver, 1971; Webs te r and Laver , 1972). They did, 
however , contain a host-specific antigen, which is carbohydrate in nature 
and covalently at tached to the protein of the subunits (Laver and Web-
ster, 1966). 

T h e hemagglutinin subunits were dissociated by t rea tment with guani-
dine hydrochloride and dithiothreitol, and the light and heavy polypep-



FIG. 3. Maps of the tryptic peptides (soluble at pH 6.5) from the light polypeptide chains 
(HA2) of the hemagglutinin subunits of A/Netherlands/68 (H2N2) influenza virus isolated 
before the occurrence of the Hong Kong virus influenza pandemic and of the light chains 
of A/Hong Kong/68 (H3N2) influenza virus. Electrophoresis at pH 6.5 was followed by 
ascending chromatography in pyridine-isoamyl alcohol-water (35:35:30). The circle 
drawn in the top right hand corner of each map shows the position of the phenol red 
marker added to the tryptic peptides before mapping. (Peptide maps by Dr. Graeme 
Laver.) 
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FIG. 4. Maps of the tryptic peptides from the heavy polypeptide chains (HA1) of the 
hemagglutinin subunits of A/Netherlands/68 (H2N2) and A/Hong Kong/68 (H3N2) influ-
enza viruses. (Peptide maps by Dr. Graeme Laver.) 
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tide chains were separated by centrifugation (Laver , 1971). Each of the 
isolated polypeptide chains was then digested with trypsin, and the 
tryptic peptides were mapped (Laver, 1969). 

T h e maps showed that the polypeptide chains from the hemagglutinin 
subunits of the influenza viruses isolated in 1968 prior to the appearance 
of the Hong Kong strain differed greatly in amino acid sequence from 
the polypeptide chains of the Hong Kong strains. Striking differences oc-
curred in both light and heavy chains (Figs. 3 and 4). On the o ther hand, 
the maps of the light chains from three H o n g Kong strains were similar, 
and the maps of the heavy chains were almost identical, the exception 
being one or two peptides only (Laver and Webster , 1972). T h e maps 
from three Asian 1968 strains differed in a number of peptides (both in 
the light and heavy chains), but none bore any resemblance to the maps 
of the Hong Kong strains, corroborat ing the immunodiffusion results. 

These results indicate that the hemagglutinin subunit of Hong Kong 
influenza virus was not derived by mutation from a preexisting human 
Asian strain. 

B. Direct Transmission from Other Animal Sources 

It could be argued that the pandemic Asian strain of influenza virus 
( H 2 N 2 ) of 1957 originated by direct t ransmission to man from another 
animal species. T h e Asian influenza virus showed major changes in both 
the hemagglutinin and neuraminidase antigens from the preceding H I N I 
influenza viruses. Direc t t ransmission from another animal source seems 
less likely to offer an explanation for the origin of the H o n g Kong influ-
enza virus ( H 3 N 2 ) ; in this case , only the hemagglutinin antigen was dif-
ferent from the preceding viruses, while the neuraminidase was the same 
as on the preceding human strains. A more convincing case can be made 
for the origin of H o n g Kong influenza virus invoking recombinat ion 
between a human Asian strain possessing Ν 2 neuraminidase and an 
influenza virus from horses or ducks having an Η 3 type hemagglutinin 
(see Section V). 

Serological evidence indicates that the agent responsible for the 1918 
pandemic of influenza in man was caused by swine virus, or at least by a 
virus that was antigenically very similar to swine influenza viruses (Dav-
enport et ai, 1953), but it is likely that the virus was t ransmit ted from 
man to pigs rather than in the other direction (Laidlaw, 1935; Shope, 
1936). The re is also serological evidence suggesting that the 1899-1900 
epidemic of influenza in man was caused by a virus related to equine-2 
influenza virus (Minuse et ai, 1965; Masurel and Mulder , 1966). 
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Equine-2 influenza virus (Heq2 Neq2) will cause infection in humans 
and A / H o n g Kong/68 ( H 3 N 2 ) virus will cause infection in Chincoteague 
ponies (Kasel et al., 1965; Kasel and Couch , 1969). Serological evi-
dence from lower mammals and birds (Kaplan and Payne , 1959; Dasen 
and Laver , 1970) suggest that influenza A viruses of man either infect 
these hosts or share antigenic determinants with influenza A viruses 
that do infect these hosts . 

T h e absence of strict host barriers for mammalian influenza viruses is 
evident with H o n g Kong influenza virus. This virus has been isolated 
from pigs (Kundin, 1970) [A/swine/Taiwan/1/70 (H3N2) ] , and an-
tibodies to the virus have been detected in pigs from many countr ies in 
the world (Kundin and Easterday, 1972). T h u s , it would appear that a 
human influenza virus was again (vis-à-vis, 1918) transmitted from man 
to pigs, but the reverse cannot be ruled out. Hong Kong influenza virus 
has also been reported to infect baboons (Kalter et al., 1969) and 
gibbons (Johnsen et al., 1971) and can be naturally transmitted from 
man to cats (Paniker and Nair , 1970). T h e isolation of Hong Kong influ-
enza virus from chickens (Zhezmer et al., 1973) is the first demon-
stration of natural transmission of a human influenza virus to an avian 
species. In the case of Hong Kong influenza virus it is evident that this 
virus can be transmitted directly from man to other hosts , but there is no 
convincing evidence for transmission of influenza viruses from lower 
mammals and birds to man to explain the emergence of a pandemic 
strain. 

C. Recombination between Human and Other Mammalian 
or Avian Species 

Recombinat ion be tween animal viruses was first shown to occur with 
influenza viruses by Burnet and co-workers (Burnet and Lind, 1949, 
1951). U p to 5 0 % recombination has been shown for some influenza 
virus markers , while no recombination can be demonst ra ted for other 
markers (Simpson and Hirst , 1961; Simpson, 1964; T u m o v a and 
Pereira, 1965). This unusual genetic behavior of influenza virus led 
Burnet (1956) and Hirs t (1962) to suggest that this virus contains sev-
eral pieces of R N A , and this is now well established (see above). T h e 
unusually high frequency of recombination with certain markers and the 
low or virtual absence of recombination with others can be explained in 
terms of a segmented genome (Hirst , 1962; Simpson and Hirst , 1968). 
Thus , genetic interactions of influenza virus may be of two types: (1) 
random assor tment of entire segments of R N A giving high frequency 
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recombinat ion and (2) intragenic recombinat ion between homologous 
segments of R N A giving low frequencies of recombinat ion. 

Antigenic hybrids (recombinants) of many mammalian and avian influ-
enza A viruses have been isolated after mixed infection of chick em-
bryos or t issue cultures with different influenza A viruses (Tumova and 
Pereira, 1965; Kilbourne and Schulman, 1965; Kilbourne et ai, 1967; 
Kilbourne, 1968; Eas terday et al., 1969). These studies have been 
reviewed by Kilbourne et al. (1967) and by Webster and Laver (1971). 
It is now evident that recombinant influenza A viruses with the desired 
surface antigens (Webster , 1970), growth potential (Kilbourne et al., 
1972), or o ther biological characterist ics (McCahon and Schild, 1971) 
can be made " to order . " Thus , " n e w " influenza viruses can be produced 
in the laboratory. 

In 1970 Kilbourne pointed out that recombinat ion be tween different 
strains of influenza A viruses had not . . yet been demonst ra ted in 
the intact animal —even under experimental condi t ions ." Over the past 
several years exper iments in our laboratory have been designed to 
answer the question of whether or not recombinat ion could occur in vivo 
especially under condit ions of natural t ransmission. T h e following is an 
account of the results of these exper iments . 

7. Recombination in Vivo following Inoculation of a Mixture 
of Two Different Influenza Viruses 

a. Recombinants Isolated from Nonimmune Pigs and Turkeys. Ini-
tially two systems were used (Webster et al., 1971). In the first, only one 
of the parental viruses multiplied in the host animal, and, in the second, 
both parental viruses multiplied (Table I V , Expts . 1 and 2). T h e general 
scheme was to inoculate animals with large doses of a mixture of 
parental viruses, and on the third day, when at least one of the viruses 
had multiplied, the animals were killed and homogenates of lung were 
tested directly in the allantois-on-shell system for the presence of recom-
binant viruses (Webster , 1970). This system selects for antigenic hybrids 
since parental viruses are inhibited by specific antisera. 

In the first exper iment (Table IV) pigs were inoculated with a mixture 
of swine influenza virus (Sw) (A/swine/ Wisconsin/1/67 [ H s w l N l ] ) and 
fowl plague virus ( F P V ) (A/fowl plague v i rus /Dutch/27 [ H a v l N e q l ] ) ; 
the latter virus does not yield infectious virus after inoculation of pigs. 
Lung suspensions collected 3 days later contained parental viruses, and 
the recombinant viruses possessing swine influenza virus hemagglutinin 
and F P V neuraminidase Sw ( H) -FPV( N) ( A / H s w l - N e q l ) and F P V ( Hr 
S w ( N) ( A / H a v l - N l ) . 
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In the second experiment (Table IV), where both viruses replicated, 
turkeys were infected with F P V and turkey influenza virus (T) 
(A/ turkey/Massachuse t t s /3740/65 [Hav6N2]) , and antigenic hybrids 
possessing T ( Hr F P V ( N ) ( A / H a v 6 - N e q l ) and FPV( H) -T( N) ( A / H a v l - N 2 ) 
were isolated. 

The re are two possible objections to the interpretation that the recom-
bination described above occurred in vivo. T h e first is that the recom-
bination might have occurred in the tissue culture system used for selec-
tion of viruses, and the second is a question of whether the antigenic 
hybrids were genetically stable and not merely phenotypically mixed 
particles. 

T h e first objection can be ruled out because the selection of antigenic 
hybrid viruses was done directly in very high concentra t ions of an-
tibodies that would have neutralized the parental viruses. T o provide 
more rigorous evidence that the antigenic hybrid viruses did not arise in 
the isolation procedures outside the infected hosts , it was necessary to 
plate the mixed yield from the lung suspension for plaque isolation and 
to characterize the virus stocks grown from plaque isolates. Twenty-five 
percent of the plaques isolated from the lung suspension of turkeys mix-
edly infected with F P V plus turkey influenza virus were antigenic hy-
brids containing F P V hemagglutinin and turkey influenza virus neur-
aminidase. Inoculation of host animals with cloned hybrid viruses 
and their reisolation from inoculated animals provided evidence for their 
genetic stability. 

b. Recombinants Isolated from Immune Chickens. T h e preceding 
experiments provided formal evidence that recombinat ion of influenza A 
viruses could occur in vivo, but they did not answer the question of 
whether selection could also occur in vivo, analogous to what might 
occur in nature during emergence of a " n e w " influenza virus. T o answer 
this question the lung suspensions from turkeys mixedly infected 3 days 
earlier with F P V and turkey influenza virus (Table IV , Expt . 2) were 
inoculated into groups of chickens immune to the hemagglutinin of one 
parental virus and also to the neuraminidase of the other parental virus 
(Webster and Campbel l , 1972) (Table IV , Expt . 3). T h u s , groups of 
seven chickens were vaccinated so that they were immune to parental 
F P V (group A) , F P V ( H) plus T ( N) (group B), or T ( H> plus F P V ( N) (group 
C). G r o u p s of chickens were not immunized with turkey influenza virus, 
since preliminary studies showed that this virus does not replicate in 
chickens or induce a detectable antibody response after intratracheal ad-
ministration of virus. 

Chickens vaccinated against F P V (group A) and against the antigenic 
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hybrid possessing F P V ( H) - A 2/ 5 7 ( N) ( A / H a v l - N 2 ) (group B) remained 
normal during the course of the experiment , and viruses were not re-
covered from tracheal swabs or from lung suspensions. Chickens im-
munized against T(H) and FPV(N> either died of a fulminating infection or 
remained apparently normal. Lung samples collected from the birds 
yielded pure cultures of a recombinant influenza virus possessing 
F P V ( H ) - T ( N) ( A / H a v l - N 2 ) , which killed embryonated chicken eggs. Lung 
suspensions from the birds in group C that remained apparently normal 
(two out of seven) yielded pure cultures of parental F P V . T h e infectivity 
titers of the lung suspensions from the apparently normal birds were at 
least 100-fold lower than in the birds infected with recombinant viruses, 
suggesting that the immune status of the birds resulted in a modified or 
inapparent infection. 

These studies demonst ra te that recombinants of different influenza A 
viruses can be selected in vivo, where the immune status acts as a selec-
tion pressure and thus mimics what might occur in nature during the 
emergence of a " n e w " influenza virus. 

2. Recombination in Vivo under Simulated Conditions 
of Natural Transmission 

T h e above studies (Section I V , C , l , a ) showed that two different 
strains of influenza A viruses could recombine in vivo when they were 
simultaneously introduced into the same animal artificially. T h e simulta-
neous inoculation of animals with large doses of two different influenza 
A viruses, however , const i tutes an artificial system that probably would 
not occur in nature . T o obviate this problem and to demonst ra te recom-
bination under conditions of t ransmission more closely resembling natu-
ral infection, the following experiments were under taken. 

a. Recombination between Two Turkey Influenza Strains in 
Turkeys. T w o antigenically distinct turkey influenza viruses were simul-
taneously allowed to spread in a flock of susceptible birds in the follow-
ing way (Table IV , Expt . 4). T w o young turkeys were infected by the in-
tratracheal route with T / O n t influenza virus (A/ tu rkey /Onta r io /7732 /66 
[Hav5 N?]) ,* and others were similarly infected with T/Wis influenza 
viruses ( A / t u r k e y / Wisconsin/66 [Hav6N2]) . T h e infected birds were 
put into a flock of sentinel turkeys . Tracheal and lung samples were 
collected daily and tested for the presence of parental and recombinant 
(antigenic hybrid) viruses by the immune sera-allantois-on-shell system, 

* The neuraminidase of this strain has not been identified but is different from 
T/Wis/66. 
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by limit dilution in the allantois-on-shell, and by plaque isolation directly 
from plated samples. 

T h e results of these studies (Webster et al., 1973) demonst ra ted three 
points: (1) One influenza virus can replicate in the upper respiratory 
tract of turkeys , while an antigenically distinct influenza A virus can 
replicate in the lower respiratory tract. (2) Recombinat ion can occur 
between influenza viruses under conditions simulating natural t ransmis-
sion. In these exper iments the recovery of recombinant viruses was low 
and of a single variety (T/Ont(H)-T/Wis(N). All isolates had the virulence 
of the parental T /On t influenza virus. (3) U n d e r conditions of mixed in-
fection there was a sparing effect: T h e highly virulent T /On t influenza 
virus did not cause death of the contact birds during the course of the 
experiment. 

b. Recombination between a Turkey and a Chicken Influenza Virus in 
Turkeys. If a " n e w " strain of influenza virus were to arise in nature by 
recombinat ion as described above and become an epidemic strain, it 
would be necessary for the " n e w " virus to have some selective advan-
tage. This selective advantage could lie in possession of antigens to 
which the population at large was not immune, but in addition the virus 
would have to possess the capacity to t ransmit to susceptible hosts . 
Both of these factors were investigated in an exper iment on sequential 
transmission of two influenza viruses in a flock of turkeys (Webster et 
al., 1973) (Table I V , Expt . 5). 

T w o turkeys infected with T/Wis influenza virus were introduced into 
a flock of 26 contact birds, and 2 days later two turkeys infected with 
F P V were also put into the flock (Table IV , Expt . 5a). By the fourth day 
after initial exposure to the infected birds, 3 5 % of the contacts had 
T/Wis influenza virus in their t racheas . Similarly, by the fourth day after 
exposure to F P V (sixth day after initial exposure to T/Wis) , the first 
doubly infected bird was detected. T h e incidence of dually infected birds 
increased with t ime, and, by the tenth day, 7 1 % of the contact birds 
were doubly infected with influenza viruses; one-half of these birds had 
antigenic hybrids possessing FPV( H)-T/Wis( N) in their t racheas . 

On the tenth day after initial exposure to T/Wis influenza virus, when 
5 0 % of the contact turkeys had recombinant influenza viruses (FPV(H>-
T/Wis(N>) present in their t racheas , additional birds were introduced into 
the flock (Table IV , Expt . 5b). The re were two groups of birds: (1) 12 
fully susceptible turkeys and (2) 12 chickens vaccinated with a recom-
binant possessing NWS< H)-FPV( N), so that they had high levels of an-
tibodies to FPV( N) and antibody to an irrelevant hemagglutinin. Tracheal 
samples were collected from birds beginning on the second day after in-
troduction to the flock. Parental F P V was isolated from the tracheal 
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swabs and from lung samples , but no recombinant viruses were isolated 
from any of the samples from either group of birds. This experiment 
demonst ra tes that even though recombinant influenza viruses can arise 
with a high frequency under natural condit ions of transmission in vivo, 
these viruses do not necessarily have the propert ies that would permit 
them to readily spread and initiate a pandemic . 

c. Recombination between Hong Kong and Swine Influenza Viruses 
in Pigs. T o determine if recombinat ion can occur in vivo be tween influ-

Hong Kong Influonzo Virus (HK) Swine Influonzo Virus (SW) 

Doy Exsanguinated 5th 6 * 71 

1 VIRUSES ISOLATED FROM 
\ LUNGS 

NONE 

FIG. 5. Recombination between Hong Kong and Sw influenza viruses under conditions 
of natural transmission. One pig was infected with Η Κ influenza virus, and a second pig 
was infected with Sw influenza virus. Six hours later the infected animals were put into a 
room with four contact pigs. Beginning on the fifth day after introduction of the infected 
animals, one pig was exsanguinated each day and lung suspensions were examined for 
recombinant viruses (from Webster et al., 1973). 
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enza viruses from man and from lower mammals , the following experi-
ment was done. T w o antigenically distinct influenza A viruses that 
will replicate in pigs were used; these were A/swine/Wiscon-
sin/67 ( H s w l N l ) (Sw) and a strain of Hong Kong influenza virus 
isolated from pigs — A/swine/Taiwan/70 ( H 3 N 2 ) (HK) that is an-
tigenically identical to strains of human origin. O n e pig was infected with 
Sw influenza virus and another with H K influenza virus; 6 hours later 
both animals were introduced into a herd of four susceptible pigs (Fig. 5 
and Table IV , Expt . 6) (Webster et ai, 1973). 

Lung suspensions from the contact pigs were passaged directly in the 
allantois-on-shell sys tem in the presence of specific antibodies to the 
hemagglutinin of one parental virus and to the neuraminidase of the 
other. Figure 5 and Table I V (Expt. 6) shows that both of the parental 
viruses were detected in the lungs of the animal killed on the seventh 
day after exposure to the pigs infected with parental viruses. Recom-
binant viruses possessing HK(H)-Sw(N) and others possessing Sw(H)-HK(N) 
were also isolated on the seventh day after exposure . 

T h e recombinant viruses were isolated at limit dilution in the allantois-
on-shell system and then reinoculated into pigs. Both types of recom-
binants caused mild respiratory infections in pigs and were genetically 
stable; the same viruses were reisolated from the pigs. T h e antigenic 
hybrid possessing HK(H)-Sw(N) was naturally t ransmit ted from infected to 
control pigs. 

These studies demonstra te that recombinat ion be tween influenza 
viruses from man and animals can occur in vivo under conditions simu-
lating natural t ransmission. 

V. Evidence for the Progenitors of the Hong Kong Strain 
of Human Influenza Virus 

T h e above studies provide evidence of a mechanism for the formation 
of " n e w " influenza viruses, such as the H o n g Kong strain, but give no 
idea of the parents . T h e following exper iments provide information on 
the possible lineage of Hong Kong influenza virus. 

Previous hemagglutination inhibition tests showed that two of the 
known mammalian and avian influenza viruses, A/equine/Miami/1/63 
(Heq2 Neq2) and A/duck/Ukra ine /1 /63 (Hav7 Neq2) , were related im-
munologically to H o n g Kong influenza virus (Coleman et al., 1968; 
T u m o v a and Eas terday, 1969). However , the cross-reactions found 
were very small and could have been mediated through the neuramini-
dases via steric hinderance. T h e hemagglutinin subunits from equine, 
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TABLE V 

Cross-Reactions in Hemagglutination-Inhibition Tests between the Hemagglutinin 
Subunits of Hong Kong, Equine 2, and Duck/Ukraine Influenza Viruses" 

Hyperimmune 
antisera to isolated 

HA subunits 

HI titers with the following HA or virus antigens 
Hyperimmune 

antisera to isolated 
HA subunits 

Hong Kong 
(H3) 

Equine 2 
(Heq2) 

Duck/Ukraine 
(Hav7) 

A2/Asian 
(H2N2) 

Duck/Penn. 
(Hav6N?) 

Hong Kong 38,000 3,600 3,600 <20 <20 
Equine 2 3,400 13,800 2,600 <20 <20 
Duck/Ukraine 11,800 1,500 20,400 <20 <20 

a
 The hemagglutinin subunits (HA) were isolated by electrophoresis of SDS-disrupted 

virions. Hyperimmune antisera were prepared in rabbits, and hemagglutination-inhibition 
(HI) titers represent the reciprocals of the serum dilution causing 50% inhibition of four 
hemagglutinating doses of antigen. A2/Asian and Duck/Penn influenza viruses were used 
as controls. (Modified from Laver and Webster, 1973.) 

duck, and H o n g Kong influenza viruses were therefore isolated and 
tested for immunological and biochemical relatedness (Laver and Web-
ster, 1973). 

Hyper immune antisera raised against the isolated hemagglutinin sub-
units of duck /Ukra ine , equine 2, and H o n g Kong influenza viruses were 
tested in hemagglutination-inhibition and immunodiffusion tests with 
each of the viruses. T h e results of these tests showed strong serological 
cross-react ions be tween the isolated hemagglutinin subunits of the three 
viruses. In hemagglutination-inhibition tes ts using the isolated subunits 
(Table V) , a 10-fold difference was found be tween H o n g Kong and the 
other two viruses with ant iserum to H o n g Kong. T h e cross-reactions 
were asymmetr ical . Ant iserum to duck /Ukra ine showed a 2-fold dif-
ference be tween H o n g Kong and duck /Ukra ine hemagglutinin subunits , 
while the reciprocal reaction showed a 10-fold difference. 

Maps of the tryptic peptides from the light chains of the hemagglutinin 
subunits of the equine 2, H o n g Kong, and duck strains of influenza virus 
were almost identical. In contrast , maps of the heavy polypeptide chains 
of the hemagglutinin subunits of each virus showed a number of changes 
indicating that the heavy chains of the hemagglutinin subunits from the 
three viruses differed considerably in amino acid sequence. T h e simi-
larities of the H A light chains of each virus suggest a common progen-
itor of the H A . T h e differences in the heavy chains can best be ex-
plained by antigenic drift from the progenitor. This idea is in keeping 
with the heavy chain containing the antigenic determinant (Brand and 
Skehel, 1972). 
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VI. Conclusions 

We have a t tempted in this chapter to present evidence to account for 
the evolution of pandemic influenza viruses. In the laboratory, recom-
bination among influenza viruses from man, lower mammals , and birds 
can occur in vivo after natural t ransmission from individually infected 
hosts and give rise to " n e w " influenza viruses. The re is no reason to 
believe the same does not occur in nature. T h e experimental da ta (Laver 
and Webster , 1972) strongly indicate that the hemagglutinin subunit of 
Hong Kong influenza virus could not have arisen by mutation from a 
preexisting human influenza virus. It is more likely that genetic recom-
bination between an animal or avian influenza virus can explain its 
appearance , a view which is s trengthened by the transmission experi-
ments we have described. T h e evidence for animal and avian influenza 
viruses having hemagglutinin subunits closely related antigenically to 
those of Hong Kong influenza (Laver and Webster , 1973) further sup-
por ts this hypothesis as do data from the pept ide maps of the light and 
heavy polypeptide chains of human, equine, and avian strains (Section 
V). T h e light chains of these strains were virtually identical, in contras t 
to peptide maps of the light chains from human H 2 N 2 and H 0 N 1 influ-
enza viruses, which were quite different (Laver and Webster , 1973). 

It is not known whether the light polypeptide ( H A 2 ) of the hemagglu-
tinin subunits consti tutes any part of the antigenic area. These findings 
do not imply that the immunological relationships be tween equine, duck, 
and Hong Kong viruses are due to similarities in light chains. They are, 
however , very difficult to explain if Hong Kong influenza virus arose by 
mutation from a preexisting human influenza virus. The only acceptable 
alternative seems to be that it a rose by genetic recombinat ion from an 
animal or avian influenza virus having hemagglutinin subunits related to 
those of equine 2 and duck /Ukra ine viruses. 

T h e segmented nature of the influenza virus genome probably ac-
counts for the high frequency of recombinat ion be tween different influ-
enza A viruses and for the above findings of efficient recombinat ion in 
vivo be tween different influenza viruses. Biochemical analysis of gene 
products of each of the segmented genomic R N A ' s of influenza viruses 
isolated from man, lower mammals , and birds should help to elucidate 
the origin of new strains. 

In toto the evidence presented strongly favors a recombinational 
event in the evolution of new pandemic strains of influenza virus. 

The re is little information available on the number of different influ-
enza viruses in lower mammals and avian species or on the extent of 
genetic variation in these viruses. T h e eventual control of the last great 
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plague of man may well depend on ecological information on this virus 
in lower species and information on the available antigens contributing 
to major antigenic shift. 

Since the topic of this treatise is viruses, evolution, and cancer , 
perhaps it is worth noting that R N A tumor viruses may also have a seg-
mented genome (Vogt, 1971). A s with influenza virus, high frequency 
recombinat ion with members of this virus group has been demonstra ted. 
Although human R N A tumor viruses (C type) have yet to be uncovered, 
indirect evidence suggests their presence in certain human tumors (e.g., 
Spiegelman et ai, 1973). T h e possibility that recombinat ion be tween a 
putat ive human R N A tumor virus and an avian or animal R N A tumor 
virus might occur , based on the considerat ions for evolution of or tho-
myxoviruses presented in this chapter , should not be considered lightly. 
Experimental design and the resulting data obtained with influenza 
viruses may well be applied one day to the study of the evolution of 
human cancer viruses. 
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I. Introduction 

T h e diplornaviruses are a group of viruses whose genetic material is 

composed of double-s tranded R N A ( d s R N A ) . Membersh ip in this group 

has expanded rapidly in recent years to the point where there are now a 

large number of representat ives that have been isolated from a broad 

spectrum of mammals , insects, plants , and molds (for a comparat ive 

651 
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review of the d s R N A viruses, see Wood, 1973). T h e first d s R N A virus 
from bacteria has been reported recently with the isolation and charac-
terization of the φ6 bacteriophage from Pseudomonas phaseolicola 
(Semancik et ai, 1972; Vidaver et ai, 1973). T h e φ6 bacter iophage is 
unique among this group of viruses in that its single-capsid core is en-
capsidated within a hostlike membrane and therefore can be classified as 
a separate group among the diplornaviruses. The genome of φ6 bac-
teriophage, like that of all the diplornaviruses character ized to date , 
exists in the form of discreet segments of double helical R N A . 

A second group of d s R N A viruses is the single-capsid mycoviruses , 
whose morphology resembles that of the core or inner capsid of the 
d s R N A viruses isolated from higher plants and animals. However , the 
genome segments of the mycoviruses may be packaged in separate par-
ticles (Wood and Bozarth, 1972). 

T h e third and most thoroughly studied group of d s R N A viruses are 
those with a double-capsid morphology. T h e d s R N A segments of these 
viruses are packaged together in an inner capsid structure. Represent-
atives among this group include the reoviruses (serotypes 1, 2, and 3) 
which are extremely widespread among the ver tebra tes ; wound tumor 
virus and cytoplasmic polyhedrosis viruses, which are widespread 
among plants and insects, respectively. Rice dwarf virus, blue tongue 
virus of sheep, African horse-sickness virus, and Colorado tick fever 
virus are other ar thropod-borne viruses that share this double-capsid 
morphology and d s R N A genome. 

T h e host range specificity usually associated with morphologically 
similar viruses is not in evidence among the double-capsid group of 
diplornaviruses. Since insects not only transmit most of these viruses 
but also act as primary and intermediate hosts , the possibility exists that 
these viruses have evolved to their plant and animal hosts from a central 
pool existing among the ar thropods. A central role of the insects as a 
common host through which different evolutionary lines might arise has 
been suggested by Wood (1973). 

T h e ubiquitous nature of the d s R N A viruses makes them a particu-
larly useful model for studying the evolution of v i rus -hos t relationships. 
A case can be made for the hypothesis that once a virus has entered a 
cell, it must meet certain basic requirements of that particular host. F o r 
example, the "ea r ly" messenger R N A ' s ( m R N A ) synthesized in cells in-
fected with reovirus must be compatible with the translational machin-
ery of the host cell to give rise to virus-specific proteins. These "ea r ly" 
viral proteins might modify the host or in some other way aid establish-
ment of the viral infection. However , once established, the " l a t e " events 
rapidly predominate , leading to replication of the viral genome and, in the 
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case of reovirus, to lysis of the host cell. T h e " l a t e " events might be as 
variable as the diversity of nature permits . 

Reovirus is the most thoroughly studied member of the double-capsid 
group of d s R N A viruses. I ts genome is composed of ten segments of 
d s R N A (Shatkin et al, 1968; Watanabe et al., 1968) packaged together 
within the inner capsid or core . When reovirus enters the host cell, the 
virions are sequestered within lysozomes and ultimately migrate to a 
region peripheral to the nucleus (Silverstein and Dales , 1968). T h e out-
ermost capsomeres are removed, presumably by lysozomal hydrolases , 
thus activating the latent, virion-associated R N A polymerase (transcrip-
tase) (Borsa and G r a h a m , 1968; Shatkin and Sipe, 1968; Silverstein et 
al., 1972). T h e d s R N A and protein of these subviral particles are con-
served throughout the course of infection (Silverstein et al., 1970). 

I I . Regulation of Transcription 

A. Size of the Viral Transcript 

It has been known for some time from both in vivo and in vitro studies 
that the virion t ranscriptase transcribes the viral genome as though there 
were discontinuities along the length of the d s R N A . When virus-induced 
m R N A is isolated from infected cells and hybridized with denatured 
genome R N A , the hybrids migrate at the same rates as the native 
d s R N A segments . This is illustrated in Fig. 1, where m R N A isolated 
from infected cells late in the replicative cycle was hybridized with 
genome d s R N A and analyzed by Polyacrylamide gel electrophoresis 
(Millward and N o n o y a m a , 1970). T h e ten m R N A hybrids (open circles) 
and the ten genome hybrids (closed circles) coelectrophorese . F r o m this 
observat ion one can measure the extent of the genome transcribed 
during infection. Since the distance each segment migrates in the gel is 
proport ional to the logarithm of its molecular weight (Shatkin et al., 
1968; Millward and N o n o y a m a , 1970), we can calculate that 0.35 mm 
(one gel fraction) corresponds to 15,000 daltons or approximately 46 
nucleotides per segment. This means that on the average at least 9 9 % of 
the total genome is t ranscribed in infected cells. 

B. Frequency of Transcription 

Using the same technique we can also measure the relative frequency 
of transcription of each segment throughout the course of infection. 
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FIG. 1. Electrophoretic analysis on Polyacrylamide gel of the hybrids formed between 
viral dsRNA and "late" mRNA. Closed circles,

 1 4
C-labeled dsRNA; open circles,

 3
H -

labeled mRNA hybridized with dsRNA. (From Graham and Millward, 1971.) 

Thus , it was shown that some control is exerted over transcription of the 
various genomic segments in infected cells (Watanabe et al.y 1968). T o 
show this, suspension cultures of L cells were infected with reovirus in 
the presence of act inomycin D to suppress the synthesis of cellular 
R N A (Kudo and Graham, 1965; Shatkin, 1965). Infected cells were ex-
posed to [

3
H]uridine at early, intermediate, and late t imes after infection 

and the virus-specific m R N A was isolated. This
 3

H- labe led m R N A was 
hybridized with an excess of

 1 4
C- labeled d s R N A obtained from purified 

virus and the hybrids analyzed by electrophoresis in Polyacrylamide gels 
(Millward and Nonoyama , 1970). U n d e r the condit ions used, the ef-
ficiency of hybridization decreases with increasing length of the d s R N A 
segments and also from one experiment to another . However , since the 
d s R N A is in large excess , the

 1 4
C label provides an internal s tandard by 

means of which the hybridization results can be quanti tated. Thus the 
ratios of

 3
H /

1 4
C for each peak in a given gel are a measure of the relative 

frequency of transcription of the various segments of the genome. 
When infected cells were labeled with [

3
H]uridine between 10 and 11 

hours postinfection and the m R N A isolated hybridized with 
[

1 4
C ] d s R N A and analyzed, the pat tern shown in Fig. 1 was obtained 
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TABLE I 

Ratios of
 3
H/"C in Hybrids Formed between Viral dsRNA and Virus-Induced mRNA 

Labeled under Various Conditions 

3
H /

1 4
C for mRNA labeled between

0 

Component
0 

0-8 hours with cycloheximide 4-5 hours 10-11 hours 

I 2.1 4.2 11 
II — 3.0 10 
III — 2.1 10 
IV — 4.2 14 
V — 3.7 11 
VI 10 10 10 
VII — 6.9 11 
VIII — 8.4 12 
IX 2.2 13 14 
X 2.2 15 12 

a
 Refers to the components separated by gel electrophoresis in Figs 1, 2, and 3. 
b
 Figures within each column normalized to a value of 10 for segment VI. 

(Millward and N o n o y a m a , 1970). T h e
 3

H /
1 4

C ratio calculated for each 
peak is shown in the last column of Table I. The re is no marked dif-
ference in the ratio from one peak to another , and similar results were 
obtained whether the labeling period was 30 minutes or 2 hours . It is 
concluded that late in the infectious cycle all ten segments of the genome 
are t ranscribed at approximately the same frequency. 

Synthesis of progeny d s R N A in this system commences about 4 
hours postinfection and is proceeding at its maximum rate by about 7 
hours postinfection. If one adds an inhibitor of protein synthesis , such as 
puromycin or cycloheximide, the synthesis of d s R N A is blocked while 
synthesis of s s R N A continued (Kudo and G r a h a m , 1965; Watanabe et 
al., 1967). T h u s , cycloheximide added at the time of infection blocks the 
synthesis of protein and of progeny d s R N A , but does not block un-
coating of the virus in the cell (Silverstein et al., 1970) nor does it com-
pletely block transcription of the viral genome. A s shown in Fig. 2, four 
of the ten segments , namely, segments number I, V I , IX , and X , are 
t ranscribed when cycloheximide was present from the beginning of in-
fection. These segments are by definition associated with "ea r ly" viral 
functions. It is still far from clear why segment V I was t ranscribed at a 
frequency 5-fold greater than the other three "ea r ly" segments (Table I). 
T o get around the possibility that these results were due to some un-
known side effect of cycloheximide, the transcript ion pat tern at 4 to 5 
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FIG. 2. Electrophoretic analysis on Polyacrylamide gel of hybrids formed between viral 
dsRNA and "early" mRNA. Cycloheximide was added at the time of infection to inhibit 
protein and progeny dsRNA synthesis. Closed circles,

 1 4
C-labeled dsRNA; open circles, 

3
H-labeled mRNA hybridized with dsRNA. (From Graham and Millward, 1971.) 

hours postinfection was examined without using cycloheximide. T h e 
pat tern obtained is shown in Fig. 3 and the ratios of

 3
H /

1 4
C are sum-

marized in Table I. Between 4 and 5 hours postinfection, all the later 
segments are being transcribed but not yet at their maximum 
frequencies. W e conclude that Fig. 3 represents a transition between 
"ea r ly" and " l a t e " transcription and strengthens the argument that 
"ea r ly" viral functions are associated with genome segments I, V I , I X , 
and X. 

What controls the switch over from "ea r ly" to " l a t e " transcription in 
vivo is still not unders tood. N o one has yet been able to obtain this 
"ea r ly" transcription pat tern in vitro. Vir ions, which have been uncoated 
in vivo in the presence of cycloheximide and reisolated, t ranscribe all ten 
segments in vitro (Silverstein et ai, 1970). In addition, seven of a pos-
sible ten recombinat ion groups of conditional lethal ( temperature sensi-



24. R E O V I R U S : D O U B L E - S T R A N D R N A G E N O M E 657 

DISTANCE (cm) 

FIG. 3. Electrophoretic analysis on Polyacrylamide gel of hybrids formed between viral 
dsRNA and mRNA synthesized 4 to 5 hours postinfection without cycloheximide. Closed 
circles,

 1 4
C-labeled dsRNA; open circles,

 3
H-labeled mRNA hybridized with dsRNA. 

( M . Nonoyama and A. F . Graham, unpublished data.) 

tive) mutants of reovirus t ranscribe all ten segments at the nonpermis-
sive tempera ture in spite of the fact that three of these groups are 
d s R N A - (Ito and Joklik, 1972; Cross and Fields , 1972). T h e simplest 
explanation at the present t ime is that the host cell contains a repressor 
that prevents transcription of the " l a t e " segments . This repressor might 
be inactivated by one of the early viral functions, thus derepressing 
transcription of the six " l a t e " segments . 

In summary, all ten segments of the reovirus genome are t ranscribed 
at approximately equal frequencies at late t imes during the course of in-
fection. A t intermediate t imes, certain of the segments are t ranscribed at 
a greater frequency than others . When cycloheximide is used at the time 
of infection to block protein and progeny d s R N A synthesis only 4 of the 
10 segments are t ranscribed, and these correspond to the presumptive 
"ea r ly" functions that are responsible for establishing the viral infection. 
It is on these "ea r ly" viral functions that we now wish to focus our 
attention. 
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III . " E a r l y " Proteins Synthesized in Infected Cells 

A. Detection of the "Early" Polypeptides 

Since cycloheximide has the effect of locking the system into the 
"ea r ly" transcription pat tern, we can use this observat ion to advantage 
by allowing cells infected with reovirus, in the presence of cyclohex-
imide, to accumulate "ea r ly" m R N A . Following the period of accumula-
tion, cycloheximide can be removed and its inhibitory effect reversed 
(Watanabe et ai, 1967). The experimental design was as follows: Cells 
were treated with act inomycin D for 6 hours prior to infection. This pre-
t reatment was necessary to depress host protein synthesis, since reo-
virus does not inhibit host protein synthesis until later in the infectious 
cycle (Kudo and Graham, 1965; Zweer ink and Joklik, 1970). Cells were 
then infected with reovirus at relatively high multiplicities and incubated 
in the presence of cycloheximide for 18 hours at 31°C. The drug was 
removed and the cells resuspended in fresh medium and incubated at 
31°C. Proteins synthesized after reversal of the cycloheximide block 
were labeled in vivo with [

3
H]leucine, then cytoplasmic extracts of these 

cells were analyzed by electrophoresis in Polyacrylamide gels. Virus-
specific proteins present in the cytoplasm of cells infected in the absence 
of cycloheximide were labeled with [

1 4
C]leucine and analyzed in parallel 

gels to determine the position of the viral specific proteins, which are 
easily identified at late times in infection (Zweerink et al., 1971). Nine 
viral protein bands are normally seen under these conditions and are 
represented by the arrows along the top and bot tom of Fig. 4. T h e λ, μ,, 
and σ proteins correspond to the large, medium, and small size class 
genome segments , respectively. T h e pat tern in the top panel of Fig. 4 
illustrates the polypeptides obtained when cells infected with reovirus 
and incubated in the presence of cycloheximide were labeled with 
[

3
H]leucine for 50 minutes after removal of the drug. Since the host 

background is still rather high, particularly in the σ region, a cell culture 
was similarly treated except no virus was added. This culture was 
labeled with [

1 4
C]leucine and analyzed in a parallel gel as shown in the 

middle panel of Fig. 4. In order to emphasize the viral specific proteins 
over the host background, the

 3
H /

1 4
C ratios throughout the gel were de-

termined. As shown in the bot tom panel of Fig. 4 there are four major 
polypeptides discernible by this technique. T h e largest polypeptide co-
electrophoreses with λ 2, a structural component of the inner capsid. We 
know from data presented earlier that the only large segment transcribed 
under these conditions is L I and therefore λ 2 must be the gene product 
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FIG. 4. Electrophoretic analysis of polypeptides in SDS-polyacrylamide gels. Top panel: 
3
H-labeled polypeptides synthesized during the first 50 minutes after removal of cyclohex-
imide. Middle panel: [

1 4
C]leucine labeled polypeptides from cells treated as for the top 

panel except no virus was added. Bottom panel:
 3

H /
1 4

C ratios calculated from the top and 
middle panels to emphasize virus-specific polypeptides over the host background. The 
arrows indicate the position of the nine viral polypeptides normally found late in infection. 
Direction of migration is from left to right. (D. Van Alstyne and A. F . Graham, un-
published data.) 

of the largest d s R N A segment. T h e second polypeptide band migrates in 
the μ region and coelect rophoreses with the nonstructural polypeptide 
μ0. T h u s it would appear that the smallest of the three medium size 
d s R N A segments gives rise to the largest of the medium-size polypep-
tide class. This apparent anomaly could be due to glycosylation of the 
primary gene product , or it could also happen if the other μ polypeptides 
were cleaved during some type of processing. T h e remaining two 
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"ea r ly" polypeptides migrate in the σ region and coelectrophorese with 
cr2a a nonstructural protein, and with o-3j a component of the outer 
capsid layer. These correspond to segments I X and X, to which we have 
previously assigned "ea r ly" functions. 

Although the correlation between the four "ea r ly" segments and the 
four polypeptides detected by this technique is a good one , it does not 
const i tute proof that these polypeptides were translated from m R N A ' s 
synthesized during the period of incubation with cycloheximide. 

B. Effect of Cordycepin on "Early" Polypeptide Synthesis 

A more direct test was obtained by adding 3 ' -deoxyadenosine (cor-
dycepin) to the infected cell culture to prevent new R N A synthesis after 
removal of the cycloheximide block. Cordycepin has been shown to be 
an effective inhibitor of reovirus-specific m R N A and d s R N A under con-
ditions in which protein synthesis is only slightly affected (R. J. 
Berckmans and A. F . G r a h a m , unpublished data) . T h e bot tom panel 
of Fig. 5 shows the polypeptides synthesized in the presence of cor-
dycepin. These results are qualitatively the same as those obtained over 
the same labeling period (50 minutes) in the absence of cordycepin (Fig. 
4, bot tom panel) and suggests that viral m R N A ' s made in the presence 
of cycloheximide are functional. T h e polypeptides synthesized in the 
presence and absence of cordycepin between 4 and 5 hours after re-
moval of cycloheximide are shown in the middle and upper panels re-
spectively of Fig. 5. It is clear from the middle panel that the poly-
peptides synthesized in the presence of cordycepin be tween 4 to 5 
hours are essentially unchanged from those made during the first 50 
minutes. On the other hand, the pat tern obtained between 4 to 5 
hours in the absence of cordycepin is beginning to show a transition, 
particularly in the μ region, to the pat tern normally found late in in-
fection. Thus it would appear that in the presence of cordycepin, the 
cells are " locked in" to the "ea r ly" pattern. T h e transition from "ear ly" 
to " l a t e " pat tern is more evident in infected cells 8 to 10 hours after 
release from cycloheximide. As shown in Fig. 6, all the polypeptides 
normally found late in infection are present by this t ime. This tran-
sition from "ea r ly" to " l a t e " polypeptide pat tern is reminiscent of the 
transition that occurs be tween "ea r ly" and " l a t e " m R N A synthesis 
(Graham and Millward, 1971; Millward and N o n o y a m a , 1970). 

In summary, four virus specific polypeptides are made from the four 
"ea r ly" m R N A ' s synthesized in the presence of cycloheximide. T w o of 
the "ea r ly" polypeptides (μ 0 and c r 2 a) are nonstructural components , and 
two (λ 2 and σ-3) are structural components . O n e of these "ea r ly" poly-
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FIG. 5. Electrophoretic analysis of polypeptides synthesized in the presence and absence 
of cordycepin. Top panel: polypeptides synthesized between 4 and 5 hours after removal of 
cycloheximide and without cordycepin present. Middle panel: analogous to top panel ex-
cept cordycepin was added to block new RNA synthesis after removal of cycloheximide. 
Bottom panel: viral polypeptides synthesized during first 50 minutes after removal of 
cycloheximide and in the presence of cordycepin. Direction of migration is from left to 
right. (D. Van Alstyne and A. F . Graham, unpublished data.) 

peptides may be involved in derepressing the " l a t e " genomic segments . 
Although their role in establishing the viral infection is presently 
unknown, the fact that they can be synthesized in the absence of the 
" l a t e " polypeptides provides us with the experimental means for isola-
tion and character izat ion of these " ea r ly" functions. T h e s e da ta permit 
the assignment of λ 2 to d s R N A segment I, μ 0 to segment V I , and a2a 

and cr3 to segments I X and X , respectively. In addition, these data also 
show that m R N A made in the presence of cycloheximide is functional. 



662 STEWART MILLWARD AND ANGUS F. GRAHAM 

20 

b 
X 

ε 
8" 10 
χ 
to 

5 

Fraction No. 

FIG. 6. Electrophoretic analysis of the virus-specific polypeptides synthesized between 8 
and 10 hours after removal of cycloheximide. The arrows indicate the position in the gel of 
the nine viral polypeptides normally found late in infection. Direction of migration is from 
left to right. (D. Van Alstyne and A. F . Graham, unpublished data.) 

IV. Structure of the Viral Genome 

A. General Considerations 

A question that naturally arises from these studies is what controls the 
switch over from the "ea r ly" to " l a t e " transcription pat tern? Putting the 
question in another way, are there structural differences between the 
"ea r ly" and " l a t e " genome segments which might account for the selec-
tive binding of a host repressor? W e have approached this problem by 
investigating the conformation of the nucleotides at the ends of the 
duplex segments. Before describing these exper iments it is important to 
realize that the replication of this virus is asynchronous (Schonberg et 
al.y 1971). Tha t is, the first s tep in the replication of reovirus is equiva-
lent to a transcriptional event that gives rise to single-stranded R N A 
( s sRNA) copies of the ten segments . These s s R N A ' s have the same 
polarity as m R N A from polyribosomes and will therefore be referred to 
as plus s trands. Isotope labeling experiments indicate that these plus 
strands accumulate relatively early during infection and then serve as a 
template pool for the synthesis of minus strands during progeny virus 
formation somewhat later in the infectious cycle (Schonberg et ai, 1971 ; 
Acs et ai, 1971; Sakuma and Watanabe , 1971). Because of this 
asynchrony, the precursor plus strands and ultimately the d s R N A seg-
ments themselves must be maintained in a specific alignment. Most 
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likely this occurs at the time of synthesis , and if we assume a viral pro-
tein is involved in linking the s t rands, then a probable candidate would 
be the large "ea r ly" protein λ 2, which we know to be a structural compo-
nent of the inner capsid. 

Whatever is involved in linking the segments in situ must depend on 
the conformation of the nucleotides at the ends of the segments . A "per-
fect dup lex" model has been suggested for the genomic segments of 
reovirus (Banerjee and G rèce , 1971). In this model both strands of the 
duplex segments are hydrogen bonded throughout their length as shown 
here for one end of a segment: 

This model was based on knowledge that (1) all 5 ' termini contain the 
sequence p p G p P y p (Py = pyrimidine) (Banerjee and Shatkin, 1971) and 
(2) the 3 ' termini contain the common sequence — A p A p C (Banerjee 
and Grèce , 1971). However , this model was not consistent with our ear-
lier resul ts , which suggested that the 5 ' ends of the segments consisted 
of single-stranded tails composed of purines (Millward and N o n o y a m a , 
1970). 

B. Release of Nucleotides from dsRNA with 7\ Ribonuclease 

In those experiments we had treated purified d s R N A with T x ribonu-
clease under conditions where this nuclease is highly specific for gua-
nylic acid residues in a non-hydrogen-bonded configuration. U p o n re-
moval of the nuclease, the d s R N A was labeled by incubating with 
polynucleotide Phosphokinase and [ γ -

3 2
Ρ ] Α Τ Ρ (Richardson, 1965). This 

enzyme transfers the γ -phosphate of A T P to the newly exposed 5 ' -OH 
group in the d s R N A (Millward and Nonoyama , 1970). Unt rea ted 
d s R N A or d s R N A treated with pancreat ic r ibonuclease cannot be la-
beled with

 3 2
P under these condit ions. If the reovirus segments were per-

fect duplexes , we could explain our results only if T j r ibonuclease was 
releasing the 5 ' terminal p p G p ' s , simply because they were situated at 
the ends of the duplex segments . This might happen if there was a 
localized destabilization of the hydrogen bonds between the terminal 
G — C residues. T o test this possibility we examined the release of 
nucleotides from virion d s R N A . T o do this, uniformly labeled 
[

3 2
P ] d s R N A was incubated with T ! r ibonuclease in high salt and then 

the mixture was layered on a sucrose density gradient and centrifuged. 
Figure 7 (open circles) illustrates one such separation in which only the 

5 ' p p G p U p U p P u p · · · 

3 ' . . . 3dydvdAd 

(Pu = G or A) 

(Py = C or U) 
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FIG. 7. Separation of nucleotides from dsRNA after release by Τ ! ribonuclease. Uni-
formly labeled [

3 2
P]dsRNA was layered over each of two sucrose density gradients. Just 

prior to centrifugation both preparations were incubated at 37°C for 30 minutes and then 
were made 1% with SDS. One (open circles) was incubated with Tj ribonuclease, while 
the control (closed circles) was treated identically but without enzyme. Fractions were 
removed successively from the top and assayed for radioactivity. Only the upper two-
thirds of each gradient is shown in this figure to emphasize the cpm released by this en-
zyme. Sedimentation is from left to right. (J. E. Shaw and S. Millward, unpublished data.) 

upper two-thirds of the sucrose gradient is shown to emphasize the sepa-
ration between the d s R N A (fractions 15 and greater) and material re-
leased as a result of T! r ibonuclease digestion (fractions 1 to 8). An 
equivalent amount of

 3 2
P- labeled d s R N A treated in an identical manner , 

except no T! r ibonuclease was present , failed to release any detectable 
radioactivity to the upper regions of the gradient (Fig. 7, closed circles). 
This control sample also reflects the purity of the d s R N A . 

Kinetic analysis of the release of these nucleotides showed an initial 
fast reaction at 37°C indicative of a single-stranded region in the duplex 
segments (Fig. 8, open circles). Lowering the temperature to 0°C (Fig. 8, 
hatched circle) or adding M g C l 2 to 10 m M (data not shown) did not alter 
this release. Both these conditions are known to stabilize helix formation 
and limit hydrolysis by T1 r ibonuclease. These results show that T x 

r ibonuclease was releasing a specific number of labeled nucleotides from 
the d s R N A , which means that there must be a region in the genome seg-
ments which is not in a hydrogen-bonded duplex structure. 

C. Analysis of the Nucleotides Released 

When the nucleotides released by T a r ibonuclease were fractionated 
according to chain length, four major peaks of radioactivity were found 
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FIG. 8. Kinetics of release of nucleotides from viral dsRNA. An incubation mixture con-
taining uniformly labeled [

3 2
P]dsRNA was digested with Ti ribonuclease. At the times in-

dicated aliquots were removed (open circles), made 1% with SDS, and chilled to 0°C. A 
control mixture was incubated at 37°C without enzyme (closed circle). Another sample 
was kept at 0°C for 60 minutes in the presence of enzyme (hatched circle) then each mix-
ture was layered on a sucrose gradient and analyzed for radioactivity released as described 
in Fig. 7. (J. E . Shaw and S. Millward, unpublished data.) 

(Fig. 9). These corresponded to the elution position of the absorbance 
markers X p x to X p 4 , and their s t ructures are summarized in Table I I . 
Numerica l analysis of the data presented in Fig. 9 is also summarized in 
Table I I and shows that the twenty 5' terminal p p G p ' s were indeed 
released. However , for every 20 p p G p ' s (equal to one genome equiva-
lent) released there were 39 additional phosphate equivalents released 
during hydrolysis with T ! r ibonuclease. Structural analysis showed they 
existed as 4 G p , 4 X p G p , and 9 ( X p ) 2G p . Radioactivity eluting in posi-
tions of ( X p ) 3G p (the elution position of p p G p , Fig. 9) and greater corre-
sponded to one or less oligonucleotide per genome and were not ana-
lyzed. 

D. Site of Release 

T h e question now arises concerning where along the length of the seg-
ments the nucleotides o ther than p p G p are being derived. Three types of 
exper iments were performed to answer this quest ion. T h e first was 
designed to determine if nucleotides had been released from internal 
regions of the segments ; the second was designed to test for loss of 
nucleotides from the 3 ' termini; and the third was to examine the possi-
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FIG. 9. Sephadex A-25 chromatography of the T! released material. Material released 
by Τ ι ribonuclease such as that shown in Fig. 7 was pooled (fractions 1-8) and the SDS 
removed by four «-butanol extractions. Α Τχ digest of wheat germ RNA was added as op-
tical density marker; the sample was added to a column of Sephadex A-25 in the presence 
of 7 M urea and eluted with a salt gradient. The absorbance profile is not shown, but the 
elution position of the markers are indicated by the arrows. (J. E. Shaw and S. Millward, 
unpublished data.) 

ο 
σ 

TABLE II 

Structural Analysis of Nucleotides Released from dsRNA by T, Ribonuclease 

Mole fraction 
Chain length

0 
cpm** per genome

c 
Structure

0 

Gp 1636 4 Gp 
(Xp) Gp 3079 4 2 ApGp, lCpGp, 1 UpGp 
(Xp)2Gp 11313 9 1 (ApCp) Gp, 2 (CpUp) Gp, 6 ApUpGp 
(Xp)3Gp + ppGp

6 
26,536 < 1 NA 

(XphGp 1736 < 1 NA 
(Xp)5Gp 1121 < 1 NA 
(Xp)eGp 873 < 1 NA 

ppGp
ft 

24,970 20 ppGp 

"Chain lengths and cpm calculated from data presented in Fig. 9. 
b
The tetranucleotide region of Fig. 9 was composed of 24,970 cpm ppGp and 1620 

cpm (Xp)3Gp. 
r
T h e cpm under each isostich was divided by the number of constituent phosphates to 

obtain cpm/P equivalent. Letting cpm/P equivalent ppGp = 20 (since ppGp was released 
quantitatively), the mole fraction per genome for each isostich was determined. 

d
N A , not analyzed. 
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FIG. 10. Sedimentation analysis of denatured dsRNA previously treated with Tt ribonu-
clease. Uniformly labeled [

3 2
P]dsRNA was treated with Ύι ribonuclease, made \% with 

SDS, and then separated from the released materials as described in Fig. 7. The dsRNA 
was precipitated from sucrose, phenol extracted, and then denatured with 9 0 % DMSO 
and reprecipitated with ethanol. The [

3 2
P]ssRNA was then sedimented through a linear 

sucrose density gradient. Just prior to centrifugation the sample was heated to 6 0 ° C for 3 
minutes to disrupt aggregates. Reovirus ssRNA prepared in vitro was included as marker 
(1, m, s represent the large, medium, and small size class of ssRNA). Sedimentation is from 
right to left. (J. E . Shaw and S. Millward, unpublished data.) 

bility that nucleotides other than p p G p were removed from the 5 ' ter-
mini. 

In the first experiment [
3 2

P ] d s R N A which had been treated with 
r ibonuclease was recovered from a sucrose gradient, such as the one 
shown in Fig. 7 (fractions 15 and greater) . T h e d s R N A was denatured, 
mixed with s s R N A synthesized in vitro from reovirus cores , and then 
subjected to a second sucrose gradient analysis. If nucleotides had been 
released from internal regions of the segments , a port ion of the

 3 2
P radio-

activity should sediment heterogeneously. T h e fact that the
 3 2

P radioac-
tivity exactly cosedimented with the s s R N A marker (Fig. 10) means 
that Τχ r ibonuclease must be releasing nucleotides from regions at or 
near to the ends of the d s R N A segments . 

T o determine if nucleotides were released from the 3 ' ends by T! 
r ibonuclease the 3 ' termini were labeled specifically by oxidizing the 
d s R N A with periodate then reducing with tritiated borohydride (Mill-
ward and G r a h a m , 1970). Analysis of the [ 3 ' -

3
H ] d s R N A showed that all 

twenty 3 ' termini were represented. Samples of the [ 3
,
-

3
H ] d s R N A were 

incubated separately with pancreat ic and T x r ibonucleases then ana-
lyzed by velocity sedimentat ion in sucrose. T h e results of these analy-
ses, which are summarized in Table I I I , show that neither enzyme treat-
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TABLE III 

Distribution of [3'-
3
H]Label among the Large (L), Medium (M), 

and Small (S) Classes of Reovirus dsRNA
0 

Nuclease 
treatment L M S 

Control 1.2 1.3 1.0 
Pancreatic 1.1 1.3 1.0 

T i 1.0 1.2 1.0 

a
 [3 ' -

3
H]dsRNA was purified, mixed with A 2 6o quantities of cold dsRNA, and then 

divided into three samples. One was incubated with 100 U/ml T t ribonuclease, another 
with 0.3 μ%Ινη\ pancreatic ribonuclease, and the third was not treated with enzyme. After 
30 minutes at 37° C, SDS was added to \% and each sample was separated into large (L), 
medium (M), and small (S) size classes by velocity sedimentation on sucrose. The ab-
sorbance profile and radioactivity were coincident for each of the three samples. The TCA 
precipitable cpm in each class were summed and divided by the representative number of 
3 ' termini (L = 6, M = 6, S = 8). The cpm was normalized to S in each gradient and the 
ratio of each class determined as shown above. 

ment released tritium from the d s R N A segments . T h e [ 3 ' -
3
H ] d s R N A 

was recovered from these gradients, denatured, and then subjected to a 
second velocity sedimentat ion in sucrose. Still the

 3
H label sedimented 

into the gradient with the bulk of the R N A . Therefore , not only are the 
3 ' termini resistant, but t reatment of d s R N A with either of these nu-
cleases does not introduce nicks or gaps in regions near to the 3 ' termini. 

Since we knew that T j r ibonuclease quantitatively releases the 5 ' ter-
minal p p G p ' s , we had to use a different approach to determine if nucleo-
tides other than p p G p were also released from the 5 ' ends . T h e experi-
mental approach was based on a report that the base penult imate to all 
twenty 5 ' termini is a pyrimidine (Banerjee and Shatkin, 1971). T h u s , if 
p p G p was the only nucleotide released from the 5 ' end, polynucleotide 
kinase should introduce

 3 2
P label on the penult imate pyrimidine. T h e test 

of this prediction involved taking d s R N A that had been treated with T! 
r ibonuclease and labeling the newly exposed 5 ' - O H with

 3 2
P in the 

polynucleotide kinase reaction. When the product was denatured and 
analyzed on a sucrose gradient the

 3 2
P label cosedimented with marker 

s s R N A , indicating that the label had been introduced at the ends of 
covalently intact s t rands. Base analysis of the product showed that es-
sentially all the label chromatographed as the purine

 3 2
p A p (Fig. 11) 

rather than a pyrimidine. This means that Τχ r ibonuclease was releasing 
more than just the terminal nucleotide from the 5 ' ends of the segments 
and supports the content ion that all nucleotides released by this enzyme 
are derived in line to the terminal p p G p ' s . It should be emphasized at 
this point that although nucleotides were released from all twenty 5 ' 
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χ 4 
Ε 

GDP ADP CDPUDP 

4 6 8 10 12 

DISTANCE (cm) 

14 16 

FIG. 11. Identification of the nucleotide exposed following hydrolysis of dsRNA with T1 

ribonuclease. dsRNA was hydrolyzed with T! ribonuclease in high salt, separated from 
the released material as described in Fig. 7, and then labeled with

 3 2
P in the polynucleotide 

kinase reaction. The [5'-
3 2

P]dsRNA was hydrolyzed in alkali, and an aliquot mixed with 
authentic 3'-5'-ribonucleoside diphosphates and chromatographed on PE1 cellulose using 
0.5 M K H 2P 0 4, pH 3.4. The PE1 sheet was cut into 1 cm fractions, and the radioactivity in 
each fraction was determined. (J. E . Shaw and S. Millward, unpublished data.) 

ends , we do not know if the same number of nucleotides were lost from 
each strand of the segments. 

Structural analysis of the nucleotides released (Table II) can be in-
terpreted to mean that the base sequences penult imate to the 5 ' terminal 
p p G p ' s are heterogeneous and are in a form, unlike the 3 ' termini, which 
permits their removal by a nuclease highly specific for s s R N A . Structu-
ral analysis also shows that pyrimidines as well as purines are present in 
the oligonucleotides released by T ! r ibonuclease (Table II) . Ye t , in an 
earlier report we showed that t rea tment of d s R N A with pancreat ic 
r ibonuclease did not expose new 5 ' - O H groups as assayed in the poly-
nucleotide kinase reaction (Millward and N o n o y a m a , 1970). T h e simplest 
explanation for this apparent contradict ion might be that the pyrimidines 
were in a hydrogen-bonded form and therefore resistant to hydrolysis by 
pancreat ic r ibonuclease. This requires that the 5 ' ends of the duplex seg-
ments be looped in a hairpin conformation. Howeve r , such a conforma-
tion seems unlikely because the number of nucleotides released is insuf-
ficient to form stable loops. 
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E. Conformational Inequality between the Ends of the Segments 

It is also possible that the pyrimidines referred to above are suscep-
tible to hydrolysis by pancreat ic r ibonuclease but that the d s R N A is not 
converted by this enzyme to an acceptable substrate for polynucleotide 
kinase. This possibility is supported by the following observat ion; when 
d s R N A was treated first with Τχ r ibonuclease and the new 5 ' -OH 
groups labeled in the polynucleotide kinase reaction, label was incorpo-
rated only on the 5 ' end of the minus strands (S. Millward and J. E. 
Shaw, unpublished data). This conformational inequality could be ex-
plained if one end was a perfect duplex while the other end has a single-
strand tail. Such a s t ructure would result if the replicase enzyme did not 
copy the plus strand template right to the end during synthesis of 
d s R N A . W e are presently exploring this possibility in greater detail. 

F. Possible Significance of the AUG's Released 

Among the oligonucleotides released by Τχ ribonuclease were six 
A p U p G p ' s per genome (Table II) . However , we do not know if these 
were released from six different segments or not. Never the less , it seems 
reasonable to suppose that since the sequence — G A U G — is accessible 
to the active site of T x r ibonuclease, this sequence might also be avail-
able for the formation of an initiation complex. T h e reported inhibitory 
effect on initiation of in vitro protein synthesis by d s R N A from reovirus 
is consistent with this hypothesis (Ehrenfeld and Hun t , 1971). Extending 
this line of speculation even further, let us suppose that the six A U G ' s 
are released from the six " l a t e " segments of the genome. If the ends of 
these segments were exposed in the uncoated subviral particle, they 
might interact with a host initiation factor resulting in repression of their 
transcription. If this was the case , a function of the early proteins would 
be to displace this factor, thereby permitting complete expression of the 
genome. While these remarks are strictly speculative some of the ques-
tions they raise can be answered experimentally. 

G. Organization of the Genome Segments as Revealed 
by Electron Microscopy 

A major problem in trying to design exper iments to answer some of 
the questions raised here results from our almost complete lack of 
knowledge of how the genome is organized in situ. T h e only chemical 
approach reported to date was that of Millward and G r a h a m (1970), 



24. R E O V I R U S : D O U B L E - S T R A N D R N A G E N O M E 671 

who showed that the genome had as many free 3 ' ends in situ as purified 
d s R N A extracted from virions. This result was interpreted to mean that 
the genome existed in a segmented form within the intact virus. Studies 
using the electron microscope to examine the release of R N A from 
reovirus have also been reported (Granboulan and Niveleau, 1967; 
Vasquez and Kleinschmidt, 1968). Preparat ions of reovirus were spread 
on a subphase of 4 M urea at 4°C, and after various periods of t ime the 
protein film was sampled for electron microscopy. U n d e r these condi-
tions there was a gradual decomposi t ion of the virus particles which ul-
timately (in 12 minutes) lead to a complete dispersal of the genome seg-
ments . O n e of the intermediate stages of decomposi t ion was called a 
" sp ide r" form (Plate II of Vasquez and Kleinschmidt, 1968), which con-
sisted of filaments radiating outward from a central , e lectron-dense 
body. We have obtained similar s t ructures by a completely different 
approach (G. Mark and S. Millward, unpublished data). T h e experi-
mental design was based on a report that methylene blue can pho-
tochemically cross-link protein to free guanylic acid residues. Thus , if a 
protein was involved in linking one segment to another , it might be pos-
sible to stabilize such a linkage by cross-linking the single-stranded tails 

FIG. 12. Velocity sedimentation analyses of dsRNA photoreacted in situ with methylene 
blue. Prior to sedimentation the subviral particles were heated at 80°C in SDS. Sedimenta-
tion is from right to left. (G. Mark and S. Millward, unpublished data.) 
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containing guanylic acid with the linker protein. T o test this possibility, 
the outer capsid layer of the virus was removed by incubation with 
chymotrypsin and the core s tructures purified by isopycnic centrifu-
gation in CsCl . T h e purified core particles were photoreacted with 
methylene blue and then dissociated to the maximum extent by heating 
at 80°C in 6 % sodium dodecyl sulfate (SDS) . T h e mixture was layered 
on a sucrose gradient and centrifuged under condit ions in which the 
genome R N A of fully dissociated virus remains near the top of the 
gradient. A s shown in Fig. 12 over 6 0 % of the d s R N A of the virions 
that had been photoreacted with methylene blue sedimented to the cush-
ion at the bot tom of the tube. N o R N A sedimented to this position in 

FIG. 13. Electron micrograph of the rapidly sedimenting RNA from Fig. 12. The sample 
was spread by the aqueous method and rotory shadowed with uranium oxide. (G. Mark 
and S. Millward, unpublished data.) 
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FIG. 14 . Electron micrograph of a filament released during spreading of the rapidly 
sedimenting R N A fraction from Fig. 12. 

the control sample. Examinat ion of the rapidly sedimenting R N A in the 
electron microscope revealed s tructures that were indistinguishable from 
the "sp ider" forms obtained from gently lysed virions (Fig. 13). Fila-
ments radiating out from an electron-dense central body are evident. A 
number of single filaments, such as that shown in Fig. 14, were also 
present . T h e s e presumably broke free from the large spider s tructures 
either during spreading or during storage of the sample. A number of fil-
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aments , such as the one shown in Fig. 14, have an electron-dense spheri-

cal s tructure either at the end or situated along the length of the seg-

ment. T h e contour length of the lower arm measured 0.57 nm, while the 

upper arm measured 1.11 nm. These measurements correspond to the 

contour length of the medium and large size segments classes, respec-

tively. This raises the possibility that the spherical s tructures seen in 

these electron micrographs contain the linker proteins . If this turns out 

to be t rue, analysis of a large number of such micrographs should reveal 

the sequence of the segments in terms of the large, medium, and small 

size classes. It may also be possible by this technique to isolate and 

character ize the protein(s) involved in keeping the segments in correct 

alignment. 
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C H A P T E R 2 5 

Physiological Properties of Vesicular 

Stomatitis Virus and Some 

Related Rhabdoviruses 

LUDVIK PREVEC 

I. Introduction 

T h e mammalian rhabdoviruses , by virtue of their structural and physi-
ological character is t ics , provide an extremely interesting and experi-
mentally amenable group for biological investigation. Members of this 
virus group are notable for their wide host range in animals and man, for 
their t ransmission and apparent growth in ar thropod vectors , for their 
sensitivity to inhibition by interferon, and for the product ion of charac-
teristic defective-interfering particles. A t the molecular and biochemical 
level this virus group provides a laboratory system in which many of the 
fundamental quest ions concerning the biosynthesis , regulation, and func-
tion of nucleic acids, proteins , and lipid membranes may be experi-
mentally approached. 
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Many of the physical and immunological characterist ics of this group 
of bullet-shaped viruses and a large number of other similar ver tebrate 
and nonver tebrate viruses have been described in a review of Howa t son 
(1970). In this chapter we shall consider only the particular character-
istics of those viruses that may be loosely defined as comprising the 
vesicular stomatitis (VSV) group. These include the virus strains In-
diana, Brazil, Argentina, Cocal , N e w Jersey , Piry, and Chandipura . 
Exper iments by Cartwright and Brown (1972), which compare the com-
plement-fixing activity and the neutralization of infectivity of both whole 
virus particles and internal r ibonucleoprotein, suggest that the strains 
Cocal and Argent ina are most closely related, these in turn showing 
common antigens with the Brazil and Indiana strains. T h e N e w Jersey 
strain shared some complement-fixing antigens with these four virus 
strains, while the strains Piry and Chandipura appeared to be an-
tigenically unrelated to each other or to any of the other members of the 
vesicular stomatitis group. 

II. Structural Features of the VSV Group 

A. Infectious Particles 

T h e infectious particles of the V S V group, including Piry and Chan-
dipura, are virtually indistinguishable on electron microscopic observa-
tion (Cartwright and Brown, 1972). These bullet-shaped, or Β particles, 
are cylinders that are rounded at one end and flat at the other, approxi-
mately 170 nm long and 70 nm in diameter. Each particle consists of a 
r ibonucleoprotein core helically wound around a central axial hollow 
and enclosed in an envelope consisting of a lipid bilayer and associated 
structural proteins. Spike-like structures projecting from the lipid surface 
can easily be seen in negatively stained preparat ions (Fig. 1). 

Comple te dissociation of purified infectious particles using sodium 
dodecyl sulfate (SDS) , 6 M urea, and mercaptoethanol followed by anal-
ysis on neutral SDS-polyacrylamide gels distinguishes five protein 
species within the virion. Following the nomenclature of Wagner et ai 
(1972b) the proteins of the Indiana serotype designated L, G , N , N S , 
and M have molecular weights of 190,000, 69,000, 50,000, 45,000 and 
29,000, respectively (Kang, 1971). 

Proteins G and M are solubilized after t reatment of the virions with 
the ionic detergent sodium deoxycholate (Kang and Prevec , 1969). Pro-
tein G, a glycoprotein (Bürge and Huang , 1970; Wagner et al., 1970), 
can be removed from the virion by t reatment with trypsin, a procedure 



FIG. 1. Electron photomicrographs of infectious " Β " (upper half), defective LT (lower 
left), and ST (lower right) particles of the Indiana serotype. Particles were grown in L cells 
in suspension culture and purified by rate zonal centrifugation on sucrose gradients as 
described by Prevec and Kang ( 1 9 7 0 ) . The particles were negatively stained with 1 % 
phosphotungstic acid. 
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which removes the surface projections of the virus (Cartwright et ai, 
1969). This protein const i tutes the antigen against which whole virus 
neutralizing antibody is directed (Kelley et al., 1972). 

Since the protein M is unaffected by trypsin t reatment of the virion 
and remains associated with the nucleoprotein core after t reatment of 
the virus with nonionic detergents , such as N P 4 0 (Cartwright et al., 
1970), it is concluded that M underlies the lipid membrane . 

T h e r ibonucleoprotein component released from the virion by deoxy-
cholate is a ribbonlike, helically coiled structure consisting of repeated 
units of Ν protein arranged along a single-stranded R N A molecule with 
a molecular weight of approximately 4 x 10

6
 (Nakai and Howatson , 

1968). Isolation of the nucleoprotein free of proteins G and M, using 
either nonionic detergents together with high ionic strength or two phase 
polyethylene glycol-dextran , both t rea tments preserving the inherent po-
lymerase activity present in the virion (Baltimore et al., 1970), shows 
that proteins L and N S are also associated with this component (Bishop 
and Roy, 1972; Emerson and Wagner , 1972; Szilâgyi and Uryvayev , 
1973). Bishop and Roy (1972) further observed two new protein species, 
called A and B, in this fraction, but it remains to be shown whether 
these are novel proteins or structural modifications of one of the five 
major virus proteins . Trea tment of virions with T w e e n - e t h e r yields an 
infective r ibonucleoprotein core still having associated M protein 
(Cartwright et al., 1970). 

T h e protein N S is the only phosphoprote in normally present in V S V 
of the Indiana serotype (Sokol and Clark, 1973), although all of the virus 
proteins are capable of being phosphorylated in vitro by a virion-as-
sociated Phosphokinase (Strand and August , 1971). 

Analysis of the proteins of other V S V strains shows a similar assem-
blage of proteins in the virions. Compara t ive studies of the elec-
trophoret ic mobility of these proteins on cont inuous neutral S D S Poly-
acrylamide gels show some differences in the corresponding proteins 
(Wagner et al., 1969; Wunner and Pringle, 1972). A recent thorough 
comparison of proteins from V S V of the Indiana, N e w Jersey, Piry, and 
Chandipura strains on both cont inuous and discontinuous buffer S D S -
polyacrylamide gels reveals a number of minor differences in the smaller 
structural proteins of these strains, but does not allow any simple corre-
lation of protein pat tern and strain relatedness (Obijeski et al., 1973). 

Β. Defective Particles 

In addition to infectious Β particles, replication of V S V virus in 
appropriate cells can produce defective particles (for review, see Huang 
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and Baltimore, 1970). Repeated clonal isolation of infectious virus by 
plaque picking followed by repeated high multiplicity infection of the 
appropriate cell line will generally lead to a virus stock containing both 
defective and infectious particles (Stampfer et al., 1971). Except for 
their overall length and hence their molecular weight and sedimentat ion 
coefficient, the defective particles are morphologically and structurally 
similar to the infectious Β particle. T h e designation " T par t ic les" (Coo-
per and Bellett, 1959) is in common use for the defective particles of 
V S V . 

A number of Τ particles of distinct lengths have been derived from 
virus of the Indiana serotype of V S V . T h e most common particle pro-
duced by laboratory strains has a length approximately one-third that of 
the Β particle and an R N A genome with a molecular weight of approxi-
mately 1 x 10

6
 (Huang et al., 1966). Recent exper iments by Lesnaw et 

al. (1973) show that there are significant differences in the elec-
trophoret ic mobilities of R N A genomes extracted from these s tandard Τ 
particles derived from different laboratories. This result suggests the 
need for caution in generalizations concerning the biochemical nature of 
Τ particles. 

In 1970, Petric and Prevec described a larger or L T defective particle 
produced by an isolate of the Indiana serotype selected for increased 
temperature stability. This L T particle is approximately one-half the 
length of the Β particle and contains an R N A genome with a molecular 
weight of approximately 2 x 10

6
. A s seen in Fig. 2 the structural pro-

teins present in the L T particles as well as those in the s tandard or S T 
particles are qualitatively and quantitatively similar to those of the 
parental Indiana Β particles. 

In our laboratory we have examined Τ particles produced by five in-
dependent plaque isolates of both heat-resistant and wild-type virus of 
the Indiana serotype. In all cases the heat-resistant strain gave LT-like 
particles, while the wild-type gave ST-like particles as determined by 
electron microscopic examination. This result suggests that to some ex-
tent the size of defective particle produced is genetically determined by 
the parental virus. In this regard Reichmann et α/. (1971) isolated Τ par-
ticles of different sizes by repeated passage of virus s tocks originally 
selected after mutagenesis for conditional lethality at 38.5°C. As there 
was no apparent correlation be tween the size of the defective particle 
produced and the complementat ion group of the mutant giving rise to it, 
it is possible that the range of particles produced by these lines is a 
reflection of mutagenic action on the site(s) governing defective particle 
formation. 

Defective particles arising from V S V of the N e w Jersey serotype ap-
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FIG. 2. Polyacrylamide gel analysis of the proteins obtained from purified Β and Τ par-
ticles. LT and ST particles together with the corresponding parental strain of Indiana Β 
particles (HR-LT and IND-ST, respectively) grown in L cells in the presence of r e -
labeled amino acids were purified on sucrose gradients; disrupted with urea, SDS, and 
mercaptoethanol; and analyzed on Polyacrylamide gels as described by Kang and Prevec 
(1971). The proteins are lettered following the convention of Wagner et al. (1972b). Figure 
from Kang (1971). 

pear to be somewhat less homogeneous in size than those described 
above (Hacket t et ai, 1967; Perrault and Holland, 1972a). Whether this 
is an inherent feature of a genetically identical virus population of this 
strain or an indication of difficulty in maintaining a genetically homoge-
neous population of Β particles remains to be determined. 

Crick and Brown (1973) have isolated Τ particles of Cocal , Piry, and 
Chandipura viruses. 

III. Some Intracellular Events in the Replication of VSV 

The synthesis of virus-specific R N A following infection of cells with 
V S V has been examined in a number of laboratories (Stampfer et al., 
1969; Mudd and Summers , 1970b; Schincariol and Howatson , 1970, 
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1972; Huang et aL, 1970; Wild, 1971). While complete interpretation of 
many of the studies still remains difficult, particularly due to the compli-
cation of coincident defective particle replication, a number of very sig-
nificant facts have emerged. Associa ted with polyr ibosomes of infected 
cells via an EDTA-lab i le linkage (Huang et aL, 1970) is a class of single-
stranded R N A molecules that are complementary in base sequence to 
the infectious virus genome (Schaffer et aL, 1968; Schincariol and H o -
watson, 1972) and have associated polyadenylic acid segments (Ehren-
feld and Summers , 1972; Soria and Huang , 1973). This group of R N A 
molecules can be separated by rate zonal centrifugation on sucrose into 
two major size classes —a homogeneous 30 S class with a molecular 
weight of approximately 2 x 10

6
 and a more heterogeneous class sedi-

menting from 10 S to 16 S (Stampfer et aL, 1969; Petric and Prevec , 
1970; Wild, 1971; Schincariol and Howatson , 1970). This latter R N A 
class can be further fractionated on Polyacrylamide gels into three gen-
eral size classes corresponding to molecular weights of approximately 
7.5 X 10

5
, 6 X 10

5
, and 3.5 x 10

5
 (Mudd and Summers , 1970b; Wild, 

1971; Schincariol and Howatson , 1972). While some unexplained heter-
ogeneity of electrophoret ic mobilities still exists within each of these 
R N A species, they are of the proper size to contain the genetic informa-
tion for the proteins G , Ν or N S , and M, respectively. Evidence that the 
28 S R N A may serve as a messenger for the synthesis of L protein 
comes from the results of Stampfer and Baltimore (1973). Work by 
Huang and Manders (1972) shows that the complete set of m R N A 
species is synthesized by the virion-associated t ranscriptase after entry 
of the viral r ibonucleoprotein within the infected cell. 

Intracellular virus-specific protein synthesis following infection has 
also been examined by a number of laboratories (Mudd and Summers , 
1970a; Wagner et aL, 1970; Kang and Prevec , 1971). While there is gen-
eral agreement that the five proteins found associated with the virion 
form the bulk of the intracellular virus-specific protein synthesis , the 
possibility of o ther minor species is raised by Mudd and Summers 
(1970a). 

T h e combined molecular weights of the five major virus proteins 
require a coding capacity equivalent to R N A with a molecular weight of 
approximately 3.8 X 10

6
, which is in agreement with the value obtained 

by Naka i and Howa t son (1968) from length measurements of the Β par-
ticle r ibonucleoprotein. T h u s even allowing for reasonable error in es-
t imates of the Β particle genome size, it is doubtful if more than one ad-
ditional protein of some 30,000 molecular weight could be specified by 
the viral genome. Aside from the obvious difficulty in totally suppressing 
nonviral , cellular protein synthesis , the minor species might represent 
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viral proteins that have yet to undergo minor structural modifications 
that may alter their e lectrophoret ic mobility. Nonphosphory la ted pre-
cursors to protein N S and nonglycosylated or partially glycosylated 
precursors to protein G (Kang and Prevec , 1971) are potential can-
didates. 

Protein N S , which is present in low molar amount in the virion 
(Bishop and Roy, 1972), is found in the soluble fraction of the cell cy-
toplasm (Wagner et al., 1972a) and const i tutes a large proport ion of the 
total intracellular virus-specific protein. Kang and Prevec (1971) showed 
that the rate of N S synthesis relative to other virus-specific proteins was 
higher at early stages of infection, suggesting that N S may have an im-
portant intracellular role in virus development . 

T h e proteins G and M rapidly associate with large membrane struc-
tures of the cell, presumably the sites of eventual viral maturat ion and 
release (Cohen et al., 1971; David , 1973). Kinetics of protein synthesis 
and release in Indiana virus infection suggest that one of these mem-
brane proteins may be rate limiting in virus development (Wagner et al., 
1970; Kang and Prevec , 1971). Whether it is this or some other step in 
maturat ion that is responsible, there is an accumulat ion of r ibonucleo-
protein s tructures within the infected cell. These s t ructures , which con-
tain viral R N A as well as proteins N , L, and some N S , resemble by 
electron microscopic examination the r ibonucleoprotein cores isolated 
from virions. It has been shown in the author ' s laboratory that these in-
tracellular r ibonucleoprotein structures can utilize r ibonucleoside tri-
phosphates in vitro to synthesize virus-specific R N A (Galet et al., 1973) 
that may have associated polyadenylic acid residues (Galet and Prevec, 
1973). While it seems likely that the intracellular r ibonucleoproteins rep-
resent precursors to mature virus, there is still no evidence to indicate 
the biochemical mechanism by which this process occurs . T h e occur-
rence of two or more complexes in cells infected under conditions in 
which little or no defective particles are being produced (Kiley and 
Wagner , 1972; Gale t et al., 1973) remains to be explained. It is also 
clear from unpublished work done in the author ' s laboratory that L cells 
infected with V S V of the Indiana serotype accumulate , within their cy-
toplasm, r ibonucleoprotein well in excess of that required to produce the 
maximal yield of infectious virus. W e shall discuss below a similar situa-
tion in cells coinfected with defective particles. 

As well as the single-stranded R N A species within the infected cell, a 
number of double-stranded or partially double-stranded R N A species 
have been identified (Stampfer et ai, 1969; Schincariol and Howatson , 
1970; Mudd and Summers , 1970b). Whether these represent replicative 
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complexes or intermediates in transcriptive complexes remains to be de-
termined. T h e mechanism by which replication of viral R N A occurs in 
V S V infection is not known. 

IV. Replication of Τ Particles 

Exper iments employing relatively pure populat ions of Τ particles 
isolated by rate zonal centrifugation suggest that little or no virus-
specific biosynthetic activity occurs in cells infected with these particles 
(Stampfer et aL, 1969; Schaffer et aL, 1969; C. Y. Kang, unpublished 
studies). Huang and Manders (1972) have shown that pr imary transcrip-
tion (i.e., intracellular synthesis of m R N A by the infecting virus in the 
presence of inhibitors of protein synthesis) does not occur in cells in-
fected with s tandard Indiana Τ particles nor do the Τ particles have any 
effect on primary transcription by coinfecting Β particles. This result is 
in agreement with observat ions that suggest that the s tandard Τ particles 
of Indiana or N e w Jersey virus do not have in vitro t ranscr iptase activity 
(Bishop and Roy, 1971 ; Perraul t and Holland, 1972b). T h e diversity of 
Τ particles that can be isolated after mutagenesis of a common parental 
virus together with the fact that Τ particles arise in a virus stock origi-
nally obtained by plaquing is very strong evidence that they are pro-
duced during Β particle replication and are not merely contaminating 
satellite viruses. Considering what is known regarding the genome of 
V S V Β particles and assuming that all of the virus specific proteins are 
essential to virus replication, a Τ particle s tock could be infectious only 
if different particles contained different part of the Β particle genome in 
such a way that the total information could be presented to a cell in high 
multiplicity infection. This is the situation in some of the multipartite 
virus systems of plants (Lane and Kaesberg , 1971; Bancroft, 1972). T h e 
absence of significant Τ particle replication even at high multiplicity in-
fection together with ra ther specific hybridization with particular virus-
specific complementary R N A species (Schaffer et aL, 1969; Schincariol 
and Howatson , 1972) suggest that the Τ particles carry a specific port ion 
of the Β particle genome. W e (Prevec and Kang, 1970) have previously 
speculated on the genome composi t ion of L T and S T particles. This 
speculation, presented in modified form in Fig. 6 and discussed later, is 
in general agreement with the hybridization data of Schincariol and 
Howat son (1972). These workers showed that messenger species puri-
fied from Polyacrylamide gel and of the size to code for G , M, and Ν or 



686 LUDVIK PREVEC 

N S , respectively, hybridized well with R N A from the L T particle, while 
the latter messenger species hybridized to a far lesser extent with R N A 
from S T particles. Τ particles then are essentially deletion mutants of Β 
particles and require helper Β particles for replication. 

Τ particle genomes can serve as templates for their own replication. 
This was shown by Prevec and Kang (1970) who infected cells with L T 
or S T particles in the presence of the nonhomologous parental Indiana Β 
particles and showed that the Τ particles produced were the same size as 
those added. This result was greatly s t rengthened by the work of Wild 
(1972), who showed, using a Τ particle derived from the Brazil strain 
and having a characterist ic genome of 23 S R N A , that defective par-
ticles produced in cells coinfected with this Τ particle and helper Β par-
ticles of the Indiana strain contained the 23 S R N A genome in particles 
that were antigenically of Indiana virus origin. 

Cells coinfected with and replicating Τ particles along with Β particles 
show some characterist ic changes. In particular, r ibonucleoprotein com-
plexes containing R N A species characterist ic of the defective particle 
being replicated are found in the cell cytoplasm (Petric and Prevec , 
1970; Wild, 1971; Kiley and Wagner, 1972). 

Coincident with defective particle replication in infected cells there is 
a decrease in the yield of infectious particles by that cell. This process is 
called " interference." When Τ particles of one virus strain interfere with 
Β particles of the same serotype the interference is "homotyp ic , " when 
the Β and Τ particles are of different serotype the interference is "het-
erotypic ." 

Huang and Wagner (1966) showed that the s tandard Τ particles of the 
Indiana serotype of V S V were much less effective in interfering with the 
N e w Jersey serotype than in the homotypic situation. Crick and Brown 
(1973) suggested that the degree of "heterotypic interference" could be 
used as a measure of the relatedness of the mammalian rhabdoviruses . 
Using the defective particles produced by the strains of viruses present 
in their laboratory, they showed that the Τ particle of the Indiana sero-
type could interfere with infectious particles of the Brazil, Argentina, 
and Cocal serotypes but not with N e w Jersey , Piry, or Chandipura . Τ 
particles of these latter three types exhibited only "homotypic interfer-
ence . " These authors suggested on the basis of their results together 
with a consideration of the immunological data that the viruses Indiana, 
Cocal /Argent ina, and Brazil form a group distantly related to the N e w 
Jersey virus and completely distinct from the viruses Piry and Chan-
dipura. 

As we have previously reported (Prevec and Kang, 1970) in contrast 
to the result described above for the S T particle, the L T defective par-
ticle of the Indiana serotype is as effective in "heterotypic interference" 
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with the N e w Jersey serotype as it is in "homotypic interference." This 
result is unlikely to be due to any gross difference in the mechanism by 
which L T particles produce interference, since, as for S T homotypic 
interference (Huang and Wagner , 1966), we have shown that L T particle 
interference occurs only if L T particles are added in the first 2 hours of 
infection, is prevented if L T particles are U V irradiated, and is not 
inhibited by act inomycin D (H. Gale t , unpublished results). 

Figure 3 shows an extension of this comparison to the viruses Cocal , 
Piry, and Chandipura . A s described previously, interference results 
plotted in this manner show a region of Τ particle concentrat ions in 
which the logarithm of the yield of infectious virus is inversely related to 
the Τ particle concentrat ion. T h e slope of this experimental curve can be 
used as a measure of interference. At very high Τ particle concentra-
tions a plateau value is reached. T h e significance of this plateau value or 
the reason for its existence is not known, although it would seem to rep-
resent a lower limit of interference for that particular defective-helper 
combination. 

In agreement with the results of Crick and Brown (1973) S T particles 
of the Indiana serotype show heterotypic interference only with Cocal 
virus and not at all with N e w Jersey , Piry, or Chandipura strains. T h e 
L T particles, on the other hand, show heterotypic interference with 
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FIG. 3. Reduction in infectious virus yield of different viruses as a result of coinfection 
with LT and ST particles of the Indiana serotype. L cell monolayers were infected at a 
multiplicity of 1 P F U / c e l l in the absence or presence of appropriately diluted ST or LT 
particles as described by Prevec and Kang (1970). The yield of infectious virus was deter-
mined after 18 hours. The reduction in infectious virus yield (in log10 units) is plotted 
against the relative concentration of Τ particles for ST (O) and LT ( · ) particles. 
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Cocal and N e w Jersey strains but not with Piry and Chandipura . It is 
interesting that the L T particle interference with Cocal virus seems to be 
somewhat less effective, as measured by initial slope, than the N e w 
Jersey virus. If the extent of interference by L T particles was used as a 
measure of similarity, we might conclude that the N e w Jersey serotype 
is more closely related to the Indiana serotype in some characterist ics 
than is Cocal virus. In order to gain some feeling for the possible signifi-
cance of this result , it is necessary to examine very briefly the possible 
mechanisms of interference. N o a t tempt will be made to cover all as-
pects of the interference phenomena since very current reviews are 
available on this topic (see, for example, Huang , 1973). 

V. Intracellular Events during Interference 

At least two plausible hypotheses have been advanced to explain 
interference by defective particles. O n e of these , which I shall refer to as 
" the inhibition hypothes is , " suggests that a product of the Τ particle 
genome serves as an inhibitor of some function essential to the produc-
tion of infectious virions. T h e inhibitor could, for example, be an R N A 
transcript of the Τ particle genome or a protein coded by such a tran-
script. Interact ion of this inhibitor with the Β particle genome or product 
of the Β particle genome in such a way as to interfere with the synthesis 
or function of some gene absent from the defective particle could inhibit 
the viral replicative process within the cell. 

T h e inhibitor hypothesis fails to explain the apparent selective advan-
tage for replication of Τ particles over Β particles during homologous 
interference. Fur the rmore this hypothesis requires that the information 
in the Τ particle genome be translated either into an R N A transcript or 
even further into specific proteins. While evidence for replication of the 
Τ particle genome was presented previously, there is no evidence to sup-
port transcription or translation of the genome even in the presence of 
helper virus. T h e absence of in vitro t ranscriptase activity in s tandard Τ 
particles and the inability of these particles to complement temperature-
sensitive mutant Β particles (Reichmann et al.y 1971) are evidence 
against a possible involvement of the Τ particle genomes in transcrip-
tion or translation. Recent , unpublished reports from a number of labora-
tories, including our own, that some R N A synthesis may be directed 
by the r ibonucleoprotein component of defective particles may cause a 
reexamination of this hypothesis . On the basis of the inhibitor hypoth-
esis, heterotypic interference would necessi tate sufficient complemen-
tarity of nucleic acid or structural similarity of protein of the two strains 
to allow interaction and inhibition to occur. 
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T h e second hypothesis of interference, " the competi t ive hypothes is , " 
suggests that interference is a consequence of the natural selective ad-
vantage of the Τ particle genome in competi t ion with the Β particle 
genome for replicase molecules. T h e selective advantage of the Τ par-
ticle genome could simply be the consequence of its shorter length, 
which for a constant rate of synthesis allows more defective than infec-
tious particles to be replicated in unit t ime. If replicase itself is coded in 
whole or in part from information present only in the Β particle genome 
then as the number of these genomes is kept low by effective competi-
tion of Τ particles, the total amount of available replicase is also low. In 
this way the total yield of part icles, infectious and defective, is reduced. 

T h e "compet i t ive hypothes i s" would predict that the extent of inter-
ference is a function of the number of defective particles added to a cell, 
that under condit ions of low to modera te interference the replication of 
defective particle genomes would take place at the expense of Β particle 
genomes , and that under condit ions of high interference the synthesis of 
both infectious and defective particles would be greatly reduced. T h e s e 
predictions seem to be borne out in studies of homotypic interference. 

T h e one apparent exception to these postulates occurs in the hetero-
typic interference of N e w Jersey virus by L T particles of the Indiana 
serotype. As reported by Prevec and Kang (1970) little or no product ion 
of complete L T particles occurs under any condition of interference with 
N e w Jersey Β particle product ion. This result could be due to the lack of 
maturat ion or release of L T particles under these condit ions ra ther than 
to the absence of competi t ive type of interference. If so it should be pos-
sible to determine whether there is intracellular evidence of L T genome 
replication. A s mentioned previously the replication of defective particle 
genomes within the infected cell can be readily detected by the presence 
in the cytoplasm of r ibonucleoprotein particles characterist ic of the 
defective particles. This is seen in the left panels of Fig. 4 during homo-
typic interference of Indiana V S V by L T particles. T h e large ribonu-
cleoprotein complexes observed in cells infected with infectious virus 
alone are replaced during interference by a low molecular weight com-
plex characterist ic of the L T particle (Petric and Prevec , 1970). In con-
trast to the Indiana V S V , cells infected with the N e w Jersey serotype 
alone do not accumulate large amounts of viral r ibonucleoprotein. 
Despi te this, however , when L T particles are present together with N e w 
Jersey Β particles, there is accumulat ion within the cell of r ibonucleo-
protein characterist ic of L T particles. T h u s replication of the L T 
genome does indeed occur in this case and could therefore be responsi-
ble for interference. 

T h e absence of significant L T particle maturat ion even though 
genome replication occurs is of some interest . Whether this is due to the 
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FIG. 4 . Sucrose gradient analysis of the ribonucleoprotein components within the cy-
toplasm of VSV infected cells. L cells in suspension culture were infected with Indiana Β 
particles alone (IND) or together with LT particles ( IND + LT), with New Jersey Β par-
ticles alone (NJ) or together with LT particles (NJ + LT), and with LT particles alone 
(LT). Actinomycin D ( 2 /Ag/ml) was added to all cultures at 1 hour postinfection (PI), and 
[

3
H]uridine (2 μΟΊ/πύ) was added at 2 hours PL All cultures were harvested at 5 hours 

PI, the cells homogenized gently, the nuclei removed by centrifugation, and the cy-
toplasmic fraction analyzed on 1 5 to 3 0 % sucrose gradients all as described by Petric and 
Prevec ( 1 9 7 0 ) . Each successive gradient fraction after monitoring for optical density 
(dashed line) was treated at 3 7 ° C for 3 0 minutes with 2 0 μg/ml of pancreatic ribonuclease 
and then acid precipitated and the resistant radioactivity plotted. The direction of sedimen-
tation was from left to right, and the position of the 8 0 S ribosome is indicated. 

specific absence of membrane-associated proteins and hence potential 
maturat ion sites as a result of interference or to some other pecularity of 
this system remains to be determined. 

T h e presence or absence of interference in heterotypic combinat ions 
should, on the basis of the competi t ion hypothesis , be determined by the 
ability of the infectious virus replicase to recognize and use as template 
the genome of the interfering defective particle. 

VI. Nucleic Acid Homology to Indiana VSV 

In addition to antigenicity, protein size, electrophoret ic mobility, and 
interference, the extent of biochemical homology in the viral genome as 
measured by R N A - R N A hybridization should be an indication of the 
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genetic relatedness of two strains. T h e availability of reasonably well 
character ized m R N A molecules complementary in base-pairing 
sequence to the viral genome allows comparisons of the extent of homol-
ogy in different genomes . F o r the exper iments to be reported here we 
fractionated radioactively labeled m R N A purified from Indiana VSV-in-
fected cells into the 28 S species and the 10 S to 16 S species. T h e first 
of these should provide an indication of the homology of the genome 
coding for L protein in each of the strains, while the latter class presum-
ably contains messengers for proteins G , N , N S , and M. Ye t another 
class of R N A complementary in base sequence to the viral genome is 
the in vitro t ranscription product synthesized by the complexes isolated 
from infected cells (Galet et al., 1973). While the exact port ion of the 
viral genome transcribed by this enzyme at 37°C still remains to be iden-
tified, it is known that the product is totally complementary to a base 
sequence present in the L T particle genome but shares no complemen-
tarity with the S T particle genome (Fig. 5). 

T h e two size classes of m R N A and the in vitro t ranscript , all specified 
by Indiana V S V , were incubated with the indicated viral R N A under 
condit ions that allowed virtually total hybrid formation, as measured by 
resis tance to digestion by pancreat ic r ibonuclease, with the homologous 
Indiana R N A . As seen in Table I, no hybrid formation in excess of 
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FIG. 5. Hybridization of R N A synthesized in vitro by a polymerase complex from In-
diana virus infected cells. The [

3
H]GTP labeled product synthesized at 37°C as described 

by Galet et al. (1973) was purified by phenol extraction. Unlabeled R N A was similarly ex-
tracted from sucrose gradient purified B, LT, and ST particles of the Indiana serotype. The 
labeled product together with the appropriate concentration of virion R N A was allowed to 
anneal at 65°C for 2.5 hours, and the amount of R N A resistant to pancreatic nuclease was 
then determined and plotted, all as described by Galet et al. (1973). 
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TABLE I 

RNA source In vitro product'' 28 S messenger'' 10 S-16 S messenger
0 

Indiana 93 89 76 
Cocal 23 27 16 
New Jersey 32 32 17 
Piry 7 27 9 
Chandipura 8 26 10 
No viral RNA 9 20 7 

a
 Messenger RNA labeled with [

3
H]uridine was purified from L cells infected with 

Indiana VSV by dissociation from polyribosomes with EDTA, followed by phenol ex-
traction and reisolation of the 28 S fraction and the 10 S-16 S fraction from sucrose gra-
dients. The in vitro product was phenol-extracted RNA synthesized by the intracellular 
transcriptive complex with [

3
H]GTP as one precursor (Galet et al., 1973). Hybridization 

was as described in Fig. 5 with 5 μg/ml of unlabeled RNA extracted from gradient purified 
virions of the named virus strain. 

b
 Percent of ribonuclease-resistant material after hybridization. 

background (i.e., no viral R N A added) was observed with either Piry or 
Chandipura viruses with the in vitro product or the 28 S m R N A class. 
In contrast however both the Cocal and N e w Jersey strains showed sig-
nificant hybrid formation with both of these classes. It is perhaps signifi-
cant that the in vitro product R N A , which has complete homology with 
L T particles, appears to show somewhat greater homology with R N A 
from N e w Jersey virus than with Cocal virus. 

Because of the high background after hybridization of 28 S R N A , it is 
not possible to assess the significance of the hybridization result with 
this R N A class. It can be said that all four heterologous strains showed 
roughly the same homology or lack of homology with this class. 

VII. Conclusions and Speculations 

T h e results and discussion presented in this chapter serve to highlight 
some features of the relationship be tween members of the V S V group of 
rhabdoviruses . Interference by S T particles suggests that Indiana and 
Cocal virus are closely related, while the viruses N e w Jersey, Piry, and 
Chandipura are very distantly if at all related to the first two. In con-
trast, interference by Indiana L T particles suggests that the N e w Jersey 
strain is as closely related to the Indiana strain as is Cocal . 

Immunological studies, while by no means unanimous , suggest that 

Hybridization of Indiana Complementary RNA to RNA from Purified 
Virus of Different Strains

0 
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the Indiana, Cocal and N e w Jersey strains share a cross-reacting com-
plement-fixing antigen, while Cocal and Indiana viruses also share a 
common determinant for neutralizing antibody. T h e work of Kang and 
Prevec (1970), Cartwright and Brown (1972), and Kelley et al. (1972) 
shows that the cross-reacting complement-fixing determinant is carried 
by the nucleoprotein N , whereas neutralizing antibody is directed to the 
glycoprotein G . On this basis it might be expected that the R N A 
sequence coding for protein Ν may have some similarity in the strains 
Indiana, Cocal , and N e w Jersey , and the sequence coding for protein G 
may be somewhat similar in Indiana and Cocal viruses. 

T h e possibility that the proteins L, N S , or M also share common an-
tigenic and structural features in different strains has not yet been 
excluded, since these proteins may not elicit significant ant ibody in 
inoculated animals. This could be due to the relatively small amount of 
L and N S present in the virion and to the masked structural location or 
association with lipid of protein M in the virion. 

If 28 S R N A is indeed the messenger for L protein, then the hybrid-
ization data presented in Table I would suggest that the L proteins of the 
four strains examined have very little in common with the L protein of 
the Indiana serotype. If it should turn out , as seems entirely possible 
from the results of Emerson and Wagner (1972), that protein L serves as 
part of the transcriptive complex of the virion, it might be expected that 
the enzyme active site would be structurally similar in the different virus 
strains. T h e above result would suggest then that the bulk of this large 
protein is strain-specific. Since R N A transcription and perhaps replica-
tion in the V S viruses could involve interaction be tween proteins L, N S 
and the R N A - N protein complex (Emerson and Wagner , 1972; Bishop 
and Roy, 1972), it would seem reasonable that strain differences in pro-
tein L may prevent interstrain complementat ion by this protein. T h e 
same reasoning might be applied regarding interstrain differences in pro-
teins N S and Ν . 

Examinat ion of the hybridization and interference data presented in 
this chapter , in the light of a speculative model of the genomic constitu-
tion of L T and S T particles, points out some interesting possibilities for 
further research. T h e original model proposed by Prevec and Kang 
(1970) from a considerat ion of the size of the then known viral proteins 
is presented again in slightly updated fashion in Fig. 6. N o polarity or 
order of genes is implied; only the nature of the coding potential in each 
particle is suggested. Port ions of the genomes of heterologous serotypes 
that may have some homology with Indiana virus are shown as solid 
segments , while regions of unknown or little homology are presented as 
broken lines. Examinat ion of this model shows that interference by ST 



LUDVIK PREVEC 694 

νΛΛΛ/V \ / \ / W » v A / W W W v / W 

NS Ν G M 

28 S messenger 

10 S -16 S messenger 

in vitro product 

INDIANA Β 

INDIANA LT 

INDIANA S T 

COCAL 

N E W J E R S E Y 

P IRY 

CHANDIPURA 

Molecular Weight Scale (χ 10
6
) 

3 8 3 1.93 1 4 8 0 -98 0 . 2 9 0 

FIG. 6. A speculative model of the coding potential and nucleic acid homology of dif-
ferent virions of the VS group. The genomes of Indiana virus and RNA sequences with 
potential homology to the Indiana genome are shown as solid lines. The broken line in-
dicates regions of no or unknown homology. The wavy lines represent RNA species that 
show complementarity to the designated regions of the Indiana virus genome. 

or L T particles was effective only against virus strains that had a ho-
mologous genome segment with the defective particle. This concept of 
genetic homology is strengthened by the hybridization exper iments em-
ploying in vitro synthesized complementary R N A , which as shown in 
the figure must be a transcript of that portion of the Indiana Β particle 
genome present in the L T particle but absent from ST. This complemen-
tary R N A hybridizes to a good extent with both Cocal and N e w Jersey 
virus but not with Piry and Chandipura . While the model suggests that 
this R N A species is a transcript of R N A sequences coding for Ν pro-
tein, this remains to be proved. 

H o w does this necessity for genetic homology tie in with the models 
of interference presented earlier? T h e inhibitor hypothesis fits this model 
very easily, since we need only assume that t ranscripts or translation 
products of Τ particle genomes can be inhibitory to the helper virus only 
if they have some identity with the proteins or R N A of the helper virus. 

It is much more difficult to explain the results of heterotypic interfer-
ence using the competi t ive hypothesis . If we look at the primary events 
associated with L T and S T particle infection, both particles contain the 
same Indiana proteins and can function as templates for Indiana Β par-
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t i d e replicase. Since the L T particle can also be recognized as a tem-
plate for the N e w Jersey replicase, it is difficult to envisage why the S T 
particle would fail to function similarly in this initial step. Let us sup-
pose that the first round of replication is successfully carried out in this 
heterotypic infection. T h e newly synthesized Τ particle R N A must now 
presumably associate with nucleocapsid proteins of the N e w Jersey 
serotype (Wild, 1972) before it too can replicate and continue the com-
petitive process . Since L T particles appear to successfully complete this 
process in heterotypic interference, if S T particles fail to do so we must 
postulate that some homology of R N A sequence be tween the defective 
particle and the helper is essential for proper nucleic ac id-prote in combi-
nation. While it is possible to postulate a number of schemes whereby 
such a possibility could arise, it is evident that no simple answer to this 
problem is available. 

In summary it would seem that while a competi t ive interference model 
best explains the results of homotypic interference, it is much easier to 
unders tand heterotypic interference on the basis of an inhibitor type 
model. This conclusion, while it leaves unanswered any specific postu-
lates concerning the mechanism of inhibition, suggests that a search for 
such controls may be in order. 

Finally it is hoped that the exper iments and discussion presented in 
this chapter will serve in part to show why this unique group of viruses, 
with relative biochemical simplicity yet diverse biological interaction, 
should cont inue to provide a very fruitful research area for the molecular 
biologists and biochemists being at t racted to this field. 
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I. Introduction 

Rhabdoviruses spread among susceptible ver tebrate populat ions in na-
ture by two known pat terns . One pat tern, typified by vesicular stomatitis 
viruses (VSV) , consists of epizootic infection sweeping through a popu-
lation at risk and then disappearing. A second pat tern, typified by rabies 
virus, is also epizootic, but the spread may be so slow that it appears 
enzootic . Undoubted ly , many viral growth characterist ics and écologie 
factors contr ibute to these pat terns , but variance in tissue tropism and in 
target cell cytopathology also seem to have had central roles in the 
evolution of rhabdovirus diseases. 

In considering those events of virus infection in an individual animal 
which relate to invasion, replication, in vivo spread, and shedding, the 
most primeval cycle hypothetically would involve an epitheliotropic, cy-
topathic infection wherein virus is rapidly shed from the site initially in-
vaded. T h e next more sophisticated infection cycle would require sys-
temic invasion and viremia en route to infection of sites necessary for 
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transmission. Both of these infection cycles must successfully challenge 
the rate of initiation of the host immune response to allow transmission 
before termination of infection. They must also depend upon a con-
tinuing availability and turnover of a susceptible host population. If such 
primeval, tenuous viral infection cycles survived despite continually 
challenging the host immune mechanism (with its ultimate threat of 
producing an effectively immune population), then evolutionary selective 
influences might have favored any series of variances toward circum-
vention of the recognition-triggering mechanism of the humoral and/or 
cellular immune systems. T h e neural pa thway from the site of viral 
invasion [through the central nervous system (CNS)] to the organs 
involved with transmission represents a most sophisticated means of 
avoidance of viral contact with elements of the reticuloendothelial 
system and consequent immune triggering. Because neurotropism and 
intraneural spread of virus are associated with the completion of slower 
infection cycles in individual hosts , they offer the survival advantage of 
s lower spread through host populat ions. 

If rhabdoviruses have evolved from a single biologic archetype , it is 
intriguing to interpret the pathogenetic pat terns of presently known 
animal viruses in terms of their probable sequential positions along an 
evolutionary path, or alternatively, their varying divergence from the 
common ancestor . F r o m this s tandpoint V S V infection (in a rodent 
model) has been chosen as representing the simple primeval pat tern, and 
rabies virus infection, the sophisticated descendent . 

II. Vesicular Stomatitis Virus Tropism in Experimental Animals 

Many aspects of the pathogenesis of V S V (VSV-Indiana ; Cocal ; 
Alagoas; V S V - N e w Jersey; Piry; and Chandipura) in species primarily 
involved in nature are still unknown. In ruminants and horses the direct 
relationship between site of experimental or natural entry and site of 
lesion development , the rapidity of development of epithelial lesions, the 
release of virus from the epithelial lesions, the absence of viremia, and 
the explosive spread of infection among contact animals (Jonkers, 1967; 
Hanson , 1968) all suggest the most primitive epitheliotropic infection 
cycle completing itself near the site of invasion. This has never been 
proved, and the premise does not lend itself easily to the techniques of 
experimental pathology. Even when the importance of spread by direct 
contact is conceded, the participation of ar thropods and wild animals is 
presumed to explain the spread of V S V over long distances (an "ar-
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bov i rus" cycle: Mussgay and Suarez, 1962; Bergold et aL, 1968). This 
further complicates a t tempts to predict pathogenetic characterist ics in 
individuals from epizootiologic observat ions of populat ions (Tesh et aL, 
1970, 1972; Donaldson , 1970). Tesh et aL (1972) concluded that very 
young wild animals could not be important in completing an ar thropod 
transmission cycle despite their susceptibility to infection and viremia. 
They considered that the high mortality and the effective protect ion con-
ferred via maternal ant ibody would rapidly abort the cycle. Never the -
less, o ther "a rbov i ruses" flourish through similar cycles, and character-
ization of V S V infections and tropisms in very susceptible hosts is of 
interest otherwise because it exemplifies the primitive infection pat tern 
that requires systemic infection before viral t ransmission. 

Pathogenet ic studies of V S V infections in young hamsters and mice 
have shown (by organ titration and immunofluorescence) that viral repli-
cation, in particular in thoracic and abdominal organs (liver, kidney, 
spleen-thymus-reticuloendothelial e lements , and lung), precedes and 
contr ibutes to a viremia, which then results in C N S invasion and en-
cephalitis (Cox and Olitsky, 1933; Sabin and Olitsky, 1937; Falke and 
Rowe, 1965a,b; Bruno-Lobo et aL, 1968a,b). Typically, target organs of 
young rodents undergo severe necrotic changes ; when older rodents are 
infected, the limitation of necrosis to C N S tissues coincides with very 
low titers in extraneural organs and high titers in brain and spinal cord 
(Miyoshi et aL, 1971). 

Experimental Observations 

In our laboratory, we have used light, immunofluorescent, and elec-
tron microscopy to compare the extraneural and neural phases of in-
fection in young mice and hamsters inoculated intramuscularly or 
intracerebrally with low-passage isolates of V S V - N e w Jersey and V S V -
Indiana viruses [strain designations: V S V - N J , G M O - 1 1 0 , suckling 
mouse (SM) passage 4 ; VSV-Ind . , N M 5 - 7 M , S M 4 ] (Sudia et aL, 1967). 
T h e particular t ropism of these viruses for liver and kidney after periph-
eral inoculation was clearly defined by frozen-section immunofluores-
cence. These organs , as well as (1) reticuloendothelial e lements (macro-
phages) of the peritoneal and pleural cavities, (2) muscle (striated and 
cardiac), (3) b rown fat, and (4) fibroblastic cells of connect ive tissue in 
subcutaneous , intermuscular , and perivascular spaces , all fluoresced 
specifically despite the progression to a moribund state by 24 hours . In 
many of these animals, viral antigen was absent or extremely sparse in 
brain and spinal cord at the t ime of death. When older animals (mice, 
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4 - 2 1 days of age) were inoculated, extraneural immunofluorescence was 
restricted to t race levels in kidney, liver, and macrophages , and, in con-
trast , neural fluorescence was intensified especially in the thalamus, 
pons , and cerebellum. These observat ions are consistent with those 
reported by Bruno-Lobo et al. (1968a,b). 

Electron microscopic observat ions of liver and kidney of these mori-
bund mice and hamsters confirmed the fulminating, lethal, necrotic hepa-
titis and nephritis observed by light microscopy. Hepa tocy tes were 
focally destroyed through stages of vacuolation, cytoplasmic rarifaction, 
and lysis (Fig. 1). Kupffer cells were even more susceptible, being com-
pletely destroyed throughout the liver (Fig. 2). Both of these cell types 
were very product ive of virus particles, with almost all budding occur-
ring upon plasma membranes and the remainder upon endoplasmic 
reticulum membranes . Kidney tubule infection was also focal, very 
product ive, and necrotizing (Fig. 3). In both organs, virus particles ap-
peared very homogeneous in length and s tructure —characteristics which 
we have associated with high infectivity/particle ratios. In contrast , 
brains of animals inoculated intramuscularly showed minimal infection 
at t ime of death, and the ultrastructural character of C N S infection after 
intracerebral inoculation was marked by maintenance of neuronal cell 
body and axon-dendri te architecture until very late (relative to virus par-
ticle production). Typically, the exuberant budding upon plasma mem-
branes of these neuronal cell bodies and processes resulted in packing of 
the normally collapsed intercellular spaces with virus particles (Fig. 4). 
Other cell types (glia and endothelium) were infected but yielded few 
particles. Interstitial edema and degenerat ive changes of neuronal cy-
toplasmic organelles were very focal. In these foci the progression of in-
fection was also marked by formation of anomalously long virus par-
ticles and viral inclusions (Fig. 5). At the same locations a few neurons 
budded large numbers of virus particles only upon intracytoplasmic 
membranes , a phenomenon never seen in liver or kidney; this budding 
was associated with cytopathic changes (Fig. 6). T h e relative resis tance 
of neurons to the necrotizing effects of V S V infection (with concomitant 
high virus yield) was observed with both serotypes ; similar findings were 
made previously with Piry and Chandipura virus infections of newborn 
mice (F . A. Murphy and R. E. Shope, unpublished study). 

Although parallel ultrastructural studies of the effects upon V S V 

FIG. 1. Vesicular stomatitis virus (New Jersey serotype; VSV-NJ) in pericapillary space 
adjoining a sinusoid in the liver of a moribund suckling mouse 24 hours after intramuscular 
inoculation. Budding from plasma membranes of hepatocytes (H) resulted in high con-
centrations of extracellular virus particles preceding the vicious parenchymal necrosis, 
x 27,000. 
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FIG. 2. V S V - N J particles budding into a liver sinusoid from a littoral cell ( L ) which is 
undergoing necrotic changes. Hepatic necrosis seemed to be the cause of the peracute 
death in peripherally inoculated young hamsters and mice. H, hepatocytes. x 18,600. 



FIG. 3 . V S V - N J infection of kidney tubule cells ( T ) of a suckling mouse. When animals 
were moribund tubular necrosis was severe but focal, and most virus was associated with 
cells which were still intact, x 3 5 , 0 0 0 . 
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tropism of variations in (1) virus passage level, (2) age, and (3) species of 
animal still need to be under taken, it seems clear that the potential for 
modification of the infection pat tern, primarily by restriction of viscero-
tropism and epitheliotropism and maintenance of neurotropism, is an 
inherent characterist ic of the V S V genome. Such modification is in the 
direction of the rabies infection pat tern. 

III. Rabies and Rabies-Like Virus Tropism in Experimental Animals 

Street rabies virus strains in the species of most importance in Nor th 
Amer ica (fox, skunk, and dog) are extremely neurotropic and lethal; the 
extraneural phase of infection is primarily epitheliotropic, with infection 
of salivary gland secretory epithelium being a requirement for t ransmis-
sion. Although a neural route from the site of viral entry to the C N S and 
a neural route centrifugally to the salivary gland and other organs in-
volved terminally has been considered for many years (reviewed by 
Johnson , 1971), experimental proof has required use of more susceptible 
species (mice, ra ts , and hamsters) which support higher infectivity titers 
and exhibit less individual variation than feral animals (Dean et al., 
1963; Baer et al., 1965). In the absence of any early cytopathology or 
inflammatory infiltration and an insensitivity of organ titration tech-
niques, unders tanding of the sequential t ropism of rabies virus has 
depended entirely upon immunofluorescence and electron microscopy 
(Fischman, 1969; Schneider, 1969; Matsumoto , 1970). 

Experimental Observations 

In our laboratory, we have studied the pathogenesis of three rabies 
virus strains (strain designations: vampire bat isolate, passage history 
uncer ta in; CVS-Pas teu r , more than 2000 laboratory passages ; Arct ic 
fox isolate, mouse passage 2) and two African rabies-like viruses (Mo-
kola, mouse passage 4 ; Lagos bat, mouse passage 12) (Shope et al., 
1970; Tignor and Shope, 1972; Murphy et al., 1973a,b). After in-
t ramuscular inoculation of these viruses into hindlimbs of newborn 
hamsters , the first immunofluorescent evidence of viral proliferation was 
found at 36 to 40 hours in striated muscle cells near the site of inocula-

FIG. 4. VSV-NJ particles budding from the plasma membranes of neuronal processes 
into the normally collapsed intercellular spaces of the brain of a suckling mouse 24 hours 
after intracerebral inoculation. The absence of interstitial edema and of normal cy-
toplasmic architecture indicate some neuronal resistance to the typical cytopathic effects 
of VSV infection, x 26,000. 
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tion (Fig. 7). (Arct ic fox rabies infection progressed much slower at all 
stages.) Infection progressed to involve individual and focal groups of 
muscle cells at many distant sites. By electron microscopy, typical rhab-
dovirus morphogenesis was observed upon sarcoplasmic reticulum (Fig. 
8) and plasma membranes , and inclusion body (massed viral r ibonucleo-
capsid strands) formation occurred within the cytoplasm of myocytes 
(Fig. 9). 

N e x t infected were neuromuscular spindles within the inoculated limb 
muscle (Fig. 10). By 48 hours these neuromuscular sensory stretch 
receptors contained viral antigen in their modified muscle cells and as-
sociated nerves . Peripheral nerve fluorescence started at 60 hours , at the 
same time as in ipsilateral spinal ganglia. Involved cells in nerves were 
not identifiable (Fig. 11) except by electron microscopy. This clearly 
showed viral maturat ion only in axons of nerve cells —never in suppor-
tive t issues (Fig. 12) (Jenson et ai, 1969). Virus particle budding was 
prominent upon internal membranes where axons contained organelles 
(near nodes of Ranvier) and in o ther areas only upon plasma membranes 
(Fig. 13). Inclusion bodies were small in axon cylinders. 

Dorsa l root spinal ganglia, from 6 0 - 7 2 hours onward, exhibited large 
accumulat ions of viral antigen in fine and aggregate form (Fig. 14). Ul-
tras tructurally, these antigen masses were resolved as varyingly sized 
viral nucleocapsid inclusions with relatively few associated virus par-
ticles. Viral antigen was detected in lumbar spinal cord neurons at 6 0 - 7 2 
hours and in the brainstem only a few hours later. T h e ascending infec-
tion of brain appeared to involve all parenchymal cells as the animals 
became sick (Fig. 15), but as in ganglia, electron microscopy indicated 
that only neurons and not glia contained viral products . T h e nucleo-
capsid masses and associated virus particles were found in all par ts of 
the per ikaryon and processes of neurons without any associated cy-
topathic changes (Fig. 16). With rare except ions , virus particle budding 
in the C N S took place upon intracytoplasmic membranes . Likewise, the 
compact brain archi tecture was intact, and only in very few instances in 
terminal specimens were inflammatory cells found by light microscopy. 

T h e strict neurotropism of rabies and rabies-like viruses in the C N S 
changed with the centrifugal spread of virus via the peripheral nervous 

FIG. 5. VSV-NJ infection in suckling mouse brain at 24 hours. Neuronal infection, in 
few instances, was marked by formation of anomalously long virus particles (arrowhead), 
intracytoplasmic inclusion bodies ( I B ) , interstitial edema (intercellular space), and cy-
topathic changes, x 42,000. 

FIG. 6. VSV-NJ infection of a mouse brain neuron at 24 hours. This exceptional occur-
rence of viral particle maturation upon intracytoplasmic membranes was associated with 
cell destruction, x 20,000. 
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system to terminally involved target organs. Immunofluorescent antigen 
was contained in the retina, autonomic nerves of the intestine, adrenal 
gland, brown fat, pancreas , and heart . Of those t issues with a potential 
for yielding infectious oral secret ions, salivary gland epithelium was 
found to be only occasionally infected (Fig. 17), but many sensory nerve 
endings in the oronasal cavities contained massive amounts of antigen. 
These included tas te buds (Fig. 18), the neuroepithel ium of the olfactory 
end organ, and the wide range of other sensory end organs of the 
mucosal and skin surfaces. This distribution of rabies antigen was 
extremely precise —other organs never contained antigen. With the ex-
ception of the relative sparing of hamste r salivary gland tissue and prob-
able dependence upon sensory end organ infection for viral t ransmis-
sion, rabies t ropism in experimental animals is the same as that in feral 
animals (Debbie and Trimarchi , 1970). The re is no doubt that salivary 
gland is the primary source of virus for t ransmission by bite in the 
species of importance in nature (Dierks et al., 1969); in the absence of 
cytopathic changes in infected mucous acinar cells, viral budding upon 
luminal p lasma membranes leads to efficient shedding. This predilection 
for plasma membranes as the site for rabies virus maturat ion is so simi-
lar to that of V S V in all target organs that it is the internal budding of 
rabies virus in neurons that must be considered exceptional . 

Sites of viral maturat ion and kinetics of viral synthesis at each site 
determine, in part , the exposure of antigens to the reticuloendothelial 
sys tem and, therefore, must be considered in any a t tempt to explain 
the pat terns of rabies disease. Early phase neurotropism, noncytopathic 
infection, and minimal plasma membrane budding (except in salivary 
gland), would effectively delay triggering of an effective immune re-
sponse. Fur the rmore , clinical evidence of a delayed, often mild inflam-
matory response (Johnson, 1965) and a typically insufficient antibody 
response is consistent with this point. T h e similar difficulty animals and 
man exhibit in terminating other viral infections that spread by the 
neural route (e.g., herpes simplex, varicella-zoster) (Dillard et al., 1972; 
Cook and Stevens , 1973) also support the hypothesis that c ircumvention 

FIG. 7. Rabies-like virus (Mokola) in striated muscle of a hamster at 6 days after inocu-
lation. Immunofluorescent antigen is located between myofibrillar bundles in the sar-
coplasm. This was the initial site of antigen localization in animals infected peripherally 
with each of five rabies and rabies-like viruses. X600. 

FIG. 8. Rabies-like virus (Mokola) in leg muscle of hamster at 6 days. The single virus 
particle is budding from the sarcoplasmic reticulum; virus also budded from plasma 
membranes of muscle cells, x 77,000. 

FIG. 9. Rabies-like virus (Mokola) in a striated muscle cell at 6 days. The cytoplasm ad-
joining myofibrils is displaced by a viral inclusion body (IB) which is actually massed 
nucleocapsid material and associated virus particles (arrowheads), x45,000. 
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of immune triggering by early sequestrat ion and avoidance of the im-
mune environment by late sequestrat ion are evolutionarily sophisticated 
infection pat terns that favor virus over hosts . 

IV. Tropism of Other Rhabdoviruses of Animals 

A subgrouping of the rhabdoviruses of animals based upon serologic 
cross-reactivity and on a composi te of morphologic characterist ics as de-
termined from studies in our laboratory is presented as Table I. All 
animal rhabdoviruses known at this t ime are included (Knudson, 1973; 
Karabatsos et al., 1973). Superimposit ion of the preferential site of 
virion maturat ion in experimentally infected animals (mice, hamsters) 
and known pat terns of organ tropisms emphasize in only few instances 
precise similarities be tween the less studied rhabdoviruses and rabies or 
vesicular stomatitis viruses. Serologically related viruses do have similar 
sites of virion maturat ion and similar organ t ropisms in experimental 
animals, but disease in nature has , in too many instances, not been stud-
ied well enough to make predictions of disease pat terns in populat ions. 
Moreover , the pathogenetic pat terns in individuals are in many instances 
moot. F o r example , with several viruses a neurotropism in mice is the 
only pathogenetic characterist ic known (e.g., Kern Canyon or Klamath 
virus); in some cases this is because only high passage neuroadapted 
virus has been studied (e.g., bovine ephemeral fever virus: Murphy et 
al., 1972). Except ional differences between rabies and Kotonkan or 
Obodhiang viruses (despite a serologic relation through Mokola virus) 
are presently under investigation in several laboratories (Kemp et al., 
1973). All in all, much more comparat ive pathogenetic investigation of 
rhabdoviruses needs to be done to determine pat terns and predict dis-
ease potential of obscure isolates. T h e recent emergence of rabies-like 
viruses from Africa (Shope et al., 1970; Meredi th , 1971) confirms the 
need for such investigations. 

V. Evolutionary Significance of Varying Tropisms 

Evolution of diverse rhabdovirus infections of animals may be pro-
ceeding toward particular hos t -paras i te relationships in which strict 

FIG. 10. Rabies virus (vampire bat isolate) in a neuromuscular spindle within an inocu-
lated leg muscle of a hamster at 4 days. These deep sensory end organs in inoculated limbs 
were infected after nearby muscle cells, but before evidence of neural spread toward the 
CNS. X1000 . 

FIG. 11. Rabies virus (CVS strain) in a peripheral nerve of a hamster at 4 days. It was 
not possible to identify the tropism of rabies in nerves by immunofluorescence. X600 . 



FREDERICK A. MURPHY 

TABLE I 
Rhabdoviruses of Animals"(Infection Patterns) 

In vivo 
Serologic Particle site of Organ Disease 
grouping' Virus length budding'' tropism" pattern'

7 

A 1 Vesicular stomatitis-Indiana 178 PM E/V/N Ex 
(prototype) 

2 Cocal (VSV-Argentina) 188 PM E/V/N Ex 
3 Alagoas (VSV-Brazil) - — - Ex 
4 Vesicular stomatitis-New Jersey 188 PM E/V/N Ex 
5 Piry 188 PM V/N — 

6 Chandipura (and IbAn 9978) 180 PM E/V/N Ex 

Β 1 Rabies 180 ER/PM N/E s 
2 Lagos bat 180 ER/PM N/E -
3 Mokola (IbAn 27377) 180 ER/PM N/E — 

4 Nigerian horse (H 28) — - - — 

5 Duvenhage 180 - - -

6 Kotonkan (IbAr 23380) 180 PM Ν 
7 Obodhiang (SudAr 1154-64) 180 PM Ν -

C Bovine ephemeral fever 185 PM Ε/Ν Ex 

D Kern canyon 132 PM Ν -

Ε Klamath (M 1056) 167 ER Ν -

F I 6235 149 PM Ν -

G 1 Flanders 218 PM Ν 
2 Hart Park 218 PM Ν — 

H Mount Elgon bat 230 PM Ν — 

I Joinjakaka (MK 7937) 197 PM Ν — 

J Navarro (Col. Cali 874) 220 ER/PM Ν — 

Κ Kwatta (Tr 58603) 230 ER/PM Ν — 

L Mossuril - - - -

?M Marburg 665n PM V -

" Horizontal lines distinguish morphological subgroupings based upon virus particle 
length, shape, and morphogenetic characteristics. 

b
 Mention of previously undescribed viruses in this table is not intended to constitute 

priority publication. 
c
 Letters distinguish independent serologic subgroups and numbers the individual mem-

ber viruses of these subgroups. 
d
 PM, plasma membrane; ER, endoplasmic reticulum; E, epitheliotropic; V, viscero-

tropic; N, neurotropic; Ex, explosive epizootic; S, slowly epizootic —appearing enzootic. 
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FIG. 12. Rabies virus (vampire bat isolate) in a myelinated nerve of a hamster at 6 days. 
Viral inclusion bodies (IB) were contained in nerve cell axoplasm, and virus particles 
(arrowheads) budded upon axonal membranes only; Schwann cells were never infected, 
x 32,000. 
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neurotropism favors the virus at the expense of the host. In considering 
this matter , however , a bias in the point of view of medical and veteri-
nary sciences must be recognized. W e focus on the pathogenetic charac-
teristics of those viruses that still cause serious disease problems —the 
examples of failures of professional intervention in individuals (vaccines, 
chemotherapeut ics , etc.) or populat ions (quarantine, eradication pro-
grams, etc.). Pursuing this bias, we conclude that , ra ther than failure of 
research effort, it is the sophistication of infection pat terns which is 
responsible for the refractoriness of these viral diseases. Infections that 
c i rcumvent immune responsiveness are , in this sense , good examples of 
such sophistication. It is tempting—and the basis of this chapter—to 
continue this bias and argue that the observed spectrum of rhabdovirus 
viscerotropism-neurotropism may be taken as evidence of an evolu-
tionary progression based upon selection of variant viruses that induce 
insufficient immune response . Rapid immune response is the key to 
much disease "con t ro l " in nature and, of course , the key to most control 
instigated by man. 

T h e fatal ou tcome of most rabies infections (and V S V infections of 
newborns of many species) may be a factor in viral survival and spread. 
By removing individuals from a niche, which is then quickly refilled 
by susceptibles, lethality might be considered to be of evolutionary sur-
vival advantage. In contrast , virus survival after a nonlethal epidemic-
epizootic (with its consequent immunization of the population) might be 
more difficult. T h e relative merits of lethality versus nonlethality of in-
fection might also vary with the turnover rate of animal host popula-
tions. If rabies has evolved into a highly lethal infection from a more 
temperate one , then the survival advantage of this evolutionary direction 
needs to be considered in predicting the pathogenic potential of other 
viruses. 

Participation of an ar thropod vector in the transmission of some rhab-
doviruses (Tesh et ai, 1972) may be most significant in long distance 
movement of virus and only complementary to rapid, direct spread 
among contact animals (Jonkers , 1967). Persis tence of infection for the 
life span of the ar thropod and multiple transmissions to animals would 

FIG. 13. Rabies-like virus (Mokola) particles lying within the intercellular space between 
an axon and its myelin sheath. Along most of the length of nerves, where axons have few 
membranous organelles, virus budded primarily from plasma membranes into this space, 
x 66,000. 

FIG. 14. Rabies-like virus (Lagos bat) in a lumbar dorsal root ganglion of a hamster at 6 
days. The cell bodies of the large ganglionic neurons, but not their satellite cells, ac-
cumulated massive amounts of viral antigen after the centripetal neural movement of virus 
to the spinal cord. X400. 
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be clearly advantageous to the survival of the virus (Bergold et al., 
1968); transovarial t ransmission of virus to new generat ions of ar-
thropods would further this advantage (Tesh et al., 1972). An arbo-
virus must cause viremia in its ver tebra te host in order to provide its 
ar thropod host with an infected blood meal; the neural pa thway of rabies 
virus in its ver tebrate host precludes any possibility of ar thropod 
involvement. T h u s , V S V and rabies viruses seem to have evolved very 
different means of "survival insurance" —an arbovirus cycle and the po-
tential for a prot rac ted incubation in mammalian hosts , respectively. 
Unifying evolutionary concepts on this point seem moot —both seem to 
be sophisticated evolutionary derivatives and little may be added from 
knowledge of viremia levels or ar thropod susceptibility of o ther rhab-
doviruses. 

All variations associated with improved capacity for t ransmission 
from one host to another must have had central roles in viral evolution. 
T h e capacity for transmission of rabies by bite depends on the interac-
tion of the infection in two organs, the brain and the salivary gland. 
Referring to the brain, Johnson has reflected: " T h e greater localization 
to limbic system with relative sparing of neocor tex provides a fas-
cinating clinicopathologic correlate with the aler tness, loss of natural 
timidity, aberrant sexual behavior and aggressiveness that may occur in 
clinical rabies. N o other virus is so diabolically adapted to selective 
neuronal populat ions that it can drive the host in fury to transmit the 
virus to another host animal" (Johnson, 1971). This precise neuronal 
predilection occurs in species involved in rabies transmission in nature , 
but not in laboratory species where neurons in all par ts of the brain 
become infected and there is no furious phase of clinical disease. In the 
salivary gland, large amounts of virus are shed freely into saliva because 
rabies virus buds from the plasma membranes of infected mucogenic 
acinar cells (Dierks et al., 1969). T h e exclusive orientation of this bud-
ding upon luminal p lasma membranes may represent another evolu-
tionary sophistication with the purpose of protecting virus from an-
tibody. La te in rabies infection when antibody is often formed in high 
titer, the intact basement membrane and salivary acinar s t ructure would 

FIG. 15. Rabies-like virus (Lagos bat) in the midbrain of a hamster at 6 days. The 
progressive accumulation of antigen of each of the five rabies and rabies-like viruses in 
hamster brain was striking, but the strict neurotropism of brain infection was not evident 
by immunofluorescence. x400. 

FIG. 16. Rabies-like virus (Lagos bat) in hippocampus of a hamster at 6 days. Despite 
the nearby ubiquitous occurrence of multiple viral inclusion bodies (IB) with associated 
virus particles (arrowhead) in brain neurons, cell architecture remained essentially normal, 
even in dying animals. X 22,000. 
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serve to sequester virus in saliva. Salivary secret ions could thereby 
remain more highly infectious for a longer t ime; this sequestrat ion is not 
complete as evidenced by the usual terminal decline in saliva titer in 
moribund animals and man (G. Baer, personal communicat ion) . Because 
the transmission efficiency of rabies virus is favored by (1) the neuro-
tropism resulting in furious clinical disease and (2) the shedding of virus 
in saliva throughout the course of this clinical disease, the development 
of both characterist ics may be considered as evolutionary derivatives. 
Since neither would offer clear survival advantage without the other , the 
two characterist ics might be considered as parallel, interacting or in-
tegrated derivatives —as such their coincident evolutionary development 
is all the more remarkable . 

Particular viral t ropisms por tend varying severity of disease and ul-
timate outcome. Neuro t rop ism, with its capacity for critical functional 
loss of nondividing cells, is generally a most serious viral characterist ic 
and associated with fatality in many instances (Johnson and Mims, 
1968). If the central premise of this chapter is correct , that evolution 
toward neurotropism offers survival advantages to viruses by minimizing 
the efficacy of early immune responsiveness , then an intriguing quest ion 
may be asked. Is rabies virus (like herpes simplex, varicella-zoster, and 
Meas les -SSPE) an evolutionary forerunner of neurotropic variants , 
which may emerge from other pathogenic viruses? 
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FIG. 17. Rabies virus (vampire bat isolate) in several contiguous mucous cells of a single 
acinus in the salivary gland of a hamster at 6 days. Typically, salivary glands were not in-
fected or contained very few infected cells in hamsters and mice infected with rabies or 
rabies-like viruses; this contrasts with the massive salivary gland infection of foxes, 
skunks, and dogs. X600. 

FIG. 18. Rabies-like virus (Mokola) in a taste bud on the tongue of a hamster at 7 days. 
In hamsters and mice the source of virus in the infectious oral secretions necessary for 
transmission via bite is most likely the diverse sensory nervous end organs of the oronasal 
cavity; many types of these were infected with the rabies and rabies-like viruses studied. 
Cornified epithelium is autofluorescent. X600. 
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T h e desire to obtain homogenei ty in purified preparat ions of plant 

viruses originated from the need to associate infectivity with a specific 

kind of particle. Heterogenei ty , fortunately, was recognized as possible 

in purified preparat ions . Rice et αϊ. (1955) and Steere (1959) pointed out 

723 
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the possibility that more than one kind of particle may be involved in 
virus infection. 

T h e type of heterogeneity in plant viruses that is of particular interest 
is that which results in particles differing in sedimentat ion rate , or in 
buoyant density. This is associated in most instances with differences in 
nucleic acid content . Electrophoret ic heterogeneity is known for a 
number of plant viruses (Bancroft, 1962, 1968b), but this apparently 
reflects differences in coat protein or its assembly. 

It is the differences in genetic complement that make viruses with het-
erogeneous particles of particular interest . Mos t such viruses that have 
been adequately tested require, for replication, genetic material from two 
or more complementary particles. Obviously this will permit reassort-
ment of genetic material and greatly increase the probability of variation. 
T h e complexity of the infection process is thus greater than with viruses 
existing as homogeneous groups of particles. T h e present review at-
tempts to describe recent work on the nature of differences among par-
ticles of certain viruses and their effect on biological propert ies of the 
viruses. Recent reviews of work with multiparticulate viruses, or with 
specific viruses, have been made by Bancroft (1968a), Hull (1969), Kas-
sanis (1968), Lister (1969), Sänger (1968b), and V a n K ä m m e n (1972). 

I. Terminology 

Var ious terms have been used to describe viruses existing as a group 
of heterogeneous particles. T h e term "defect ive" was used by Bancroft 
(1968a) in the sense that one kind of particle was unable to infect alone, 
but depended on another kind of particle for a complete set of factors for 
replication. " D e p e n d e n c e " also is a characterist ic of satellite viruses, 
which multiply only in conjunction with a specific virus. These will not 
be considered in this chapter . T h e term "defec t ive" does not seem par-
ticularly appropriate now that it has become apparent that heterogeneity 
may well confer an advantage on a virus, ra ther than constituting a 
defect. 

"Mul t i componen t" is the term most commonly used to refer to viruses 
with heterogeneous particle populat ions. This seems somewhat less 
desirable than the term "mult ipar t icula te" because of prior usage of the 
word " c o m p o n e n t " in relation to the protein and nucleic acid parts of 
viruses. 

V a n Kämmen (1972) has used the term "divided g e n o m e " to refer to 
multiparticulate viruses. This emphasizes a fundamental difference 
among particles of such viruses. T h e term should not be assumed to 
imply, however , that no duplication of genetic material exists among or 
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between differing particle types . Although evidence for cowpea mosaic 
virus suggests that there is little or no redundance (Van Gr iensven et ai, 
1973), evidence for some other viruses suggests that there may be 
redundance among particle types . 

Van der Want (1969) quest ioned the suitability of the term "v i r ion" in 
relation to multiparticulate viruses because a single particle does not 
represent the total potentiality of these viruses. T h e definition of Luria 
and Darnel l (1967), however , does not seem to exclude viruses with 
more than one kind of particle, each of which contains only a part of the 
viral genome. 

T h e differing particles are most often referred to as " t o p " (T), 
"midd le" (M), and " b o t t o m " (B) in reference to their position after cen-
trifugation in density gradient columns. T h e terms are not completely 
satisfactory, but no bet ter are at hand. T o p particles of some multipar-
ticulate viruses contain no nucleic acid and thus differ functionally from 
top particles which do contain nucleic acid. Another disadvantage of the 
terms is that it becomes awkward to designate more than three particle 
types . Additional types occur , and these have been referred to by letter 
subdivisions of one or o ther term. 

Particle types of tobacco streak virus were referred to originally as Τ 
(top), a (middle), and b (bottom) (Ful ton, 1970) because minor particle 
types were apparent , some of which sedimented less rapidly than top 
and some more rapidly than bot tom particles. N o biological activity 
could be demonst ra ted for these , however , and uniformity in terminol-
ogy with other multiparticulate viruses seemed desirable, so the terms 
top, middle, and bot tom have been used recently. 

When two nucleoprotein particle types exist for a virus these are com-
monly designated middle and bot tom, the assumption being made that 
the virus lacks a top particle type, which often contain no nucleic acid. 
T h e two particle types of tobacco rattle virus have been designated L 
(long) and S (short), based on apparent size differences. 

T h e word " c r o s s " has come to be used to designate the technique of 
mixing different particle types to produce "hybr id" clones of virus 
presumed or proven to result from the cooperat ion and replication of 
particle types from two or more parental virus clones. This has usually 
involved inoculating mixtures diluted appropriately so that any lesion 
resulting has a high probability of having originated from the cooperat ion 
of heterologous particles. Transfers from single lesions perpetuate the 
virus clones. Hybr id clones have also been originated by inoculating 
dilute mixtures to a host which becomes systemically infected. This 
method suffers a disadvantage in that the virus clone found may be the 
dominant one in a host systemically infected by more than one kind of 
hybrid virus clone. 
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II . The Basis of Heterogeneity 

Heterogenei ty in sedimentation characterist ics occurs in several tax-
onomically distinct groups of viruses (Table I). It is a characterist ic of 
the tobravirus group (tobacco rattle and pea early browning viruses), 
which exist as thick (22-25 nm), straight rods predominantly of two 
lengths (Harr ison and Woods , 1966; Harr i son , 1970). A third, very 
short particle occurs with some isolates, but appears to have no biologi-
cal significance and occurs only in small amounts (Lister, 1969). Three 
zones thus may appear upon density gradient centrifugation, the rate of 
sedimentation being related to particle length. T h e functional particles 
are referred to as long (L) and short (S), corresponding functionally to 
bot tom and middle particles of viruses not exhibiting apparent morpho-
logical differences. 

T h e lengths of L particles of tobravirus isolates are all close to 190 
nm. T h e shorter particles range, with different isolates, from 45 nm for 
the nonfunctional top particle to 5 5 - 1 1 4 nm for S (short) particles. 
While the length of S particles may differ among strains, biologically dif-
ferent isolates may have S particles of the same length. Isolates may 
occur appearing to have two kinds of S part icles, but such isolates are 
separable, by local lesion isolation, into two strains, each with an S par-
ticle of a different length (Semancik, 1966). 

Alfalfa mosaic virus also exists as a group of morphologically different 
particles. Particle width is uniformly about 18 nm; lengths of the round 
ended rods are 58 nm for bot tom (B); 49 nm for middle (M); 38 nm for top 
b (Tb); 29 nm for top a (Ta); and 19 nm for top ζ (Tz). Another top com-
ponent , T o , has been described (Hull, 1969); it and T z appear to have no 
function. Hull (1969) also describes two additional components , present 
in old infections, which sediment more rapidly than B. They are present in 
only small amounts , and their significance is not known. Although there 
are conflicting reports (Kelley and Kaesberg, 1962; Bancroft and Kaes-
berg, 1960), evidence indicates that the major particle types each contain 
about 1 8 % R N A (Hull et al., 1969b). A s with tobacco rattle virus, dif-
ferences in sedimentation rates reflect differences in size of the major par-
ticles. 

Another multiparticulate group of viruses is the comovirus group 
(cowpea mosaic, bean pod mottle, broad bean stain, radish mosaic, red 
clover mottle, and squash mosaic viruses) (Van Kämmen , 1972). These 
are small, isometric viruses, particles of which sediment at different rates 
but do not differ in size. T o p particles characteristically contain no nucleic 
acid and have a sedimentation coefficient about 0.8 that of the corre-
sponding bot tom particles. 
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T w o viruses in the group, radish mosaic (Campbell , 1964) and true 
broadbean mosaic (Paul, 1963) have been reported to produce no top par-
ticles. Certain strains of some of the other viruses in the group also 
produce no top particles (Bruening, 1969; V a l e n t a a n d Marcinka, 1968). 

T h e nucleic acid content of the particle types of the comovirus group is 
significantly different. M particles contain only about 2 5 % R N A , while Β 
particles contain about 3 5 % . T h u s in this group of multiparticulate 
viruses differences in sedimentat ion rates occur because of differences in 
weights of the particles rather than differences in size. 

Ν Ε Ρ Ο viruses are another group of isometric multiparticulate viruses 
of uniform diameter ( 28 -30 nm) with two or three particle types. Mos t 
members of the group produce a top particle lacking nucleic acid and a 
bot tom particle containing, as far as investigated, 3 8 - 4 0 % nucleic acid. M 
particles have been described for most of the viruses, and these have , 
where measured, 2 8 - 3 1 % nucleic acid. T o m a t o ringspot virus apparently 
produces no M particles, while grapevine chrome mosaic virus produces 
only M and Β particles. Heterogenei ty among the Ν Ε Ρ Ο viruses is due to 
different amounts of nucleic acid in various particles, which are not 
reflected in differences in size. 

T h e bromovirus group (brome mosaic , broadbean mott le, and cowpea 
chlorotic mottle viruses) do not show appreciable heterogeneity upon 
analytical or sucrose density gradient centrifugation under ionic and p H 
conditions in which they are stable. Brome mosaic virus, however , when 
subjected to buoyant density centrifugation in CsCl solutions was hetero-
geneous (Lane and Kaesberg, 1971), and the heterogeneity was as-
sociated with differences in nucleic acid content . Similar heterogeneity 
has been demonst ra ted for cowpea chlorotic mottle (Bancroft, 1971 ; 
Bancroft and Flack, 1972) and broadbean mottle viruses (Aronson and 
Bancroft, 1962). Fowlks and Young (1970) reported that broadbean 
mottle virus contained R N A strands of three sizes, 1.1,1.0, and 0.3 x 10

6 

daltons. 
A number of viruses, not at present taxonomically grouped, also are 

multiparticulate (Table I). Tobacco streak virus exists as three main 
kinds of nucleoprotein part icles; the nucleic acid content of each particle 
is near 14%. Differences in sedimentat ion rates result from differences in 
size according to Lister et ai (1972), who found modal values of 28 , 30, 
and 35 nm for Τ , M, and Β particles. Presumably these differences reflect 
structural alterations condit ioned by relatively small differences in nucleic 
acid content . Similar size differences have been reported for the two par-
ticle types of the isometric pea enation mosaic virus (Hull and Lane , 
1973). 

Size differences have been reported also for apple mosaic virus par-



TABLE I
'-J

Viruses Reported as Being Multiparticulate N
00

Sedimentation
Particle types coefficients of Infectivity

Virus (No.) particles (S) enhancement References

Alfalfa mosaic 5 53, 68, 76, 88, 99 Yes Van Vloten-Doting et aI., 1970
Apple mosaic 3 88, (103), 117 ? De Sequeira, 1967; Fulton, 1967b
Arabis mosaic 3 53u , 93, 126 ? Mayo et a/., 1971
Barley stripe mosaic 3 180, 189, 199 Yes b Jackson et a/., 1972
Bean pod mottle 3 54u , 91, 112 Yes Bancroft, 1962
Belladonna mottle 2 53, 113c No Paul, 1969
Black raspberry latent 3 81,89,98 ? Converse and Lister, 1969
Broadbean mottle 2C d Yes Fowlks and Young, 1970; Hull, 1972
Broadbean stain 3 60u , 100, 127 ? Gibbs et a/., 1968
Broadbean wilt 3 63u , 100, 126 ? Taylor et a/., 1968
Brome mosaic 3C d Yes Lane and Kaesberg, 1971
Cacao yellow mosaic 2 49u , 108 ? Brunt, 1970
Carnation mottle 2 Waterworth and Kaper, 1972
Cherry leafroll 3 52u , 114, 132 Yes Jones and Mayo, 1972b;

Walkey et a/., 1973
Chichory yellow mottle 3 ? Voulas and Martelli, 1971
Cocoa necrosis 2 101,129 ? Kenten, 1972

~

Cowpea chlorotic mottle 3 d Yes" Fowlks and Young, 1970 0
t=

Cowpea mosaic 3 58u , 95, 115 Yes Van Kammen, 1968 ttl

Cucumber necrosis 2 50,136 No Tremaine, 1972 ~
Cucumber mosaic 2 d Yes b Lot and Kaper, 1973; Peden and

~
Symons, 1973; Kaper et a/., 1965

Elderberry latent 2 48,112 ? Jones, 1972a ~

~
Echtes Ackerbohnemosaik 2 98,119 ? Paul, 1963 ~

Elm mottle 2 ? Jones, 1972b ~
0

Grapevine chrome mosaic 2 92,117 ? Martelli and Quacquarelli, 1972 Z



Pea early browning 2 (87.5 nm, 225 nm) e Lister, 1968; Huttinga, 1969 N

Pea enation mosaic 2 99,112 Yes Bozarth and Chow, 1966; Gonsalves and ~

Shepherd, 1972; Hull and Lane, 1973 ~

Plum line pattern 2 ? Paulsen and Fulton, 1969 ~
t'"'"

Prune dwarf 2 ? R. W. Fulton (unpublished) ~

Prunus necrotic ringspot 3 72,95, 117 Yes Tolin, 1965; L. S. Loesch (unpublished) :;
>

Quailpea mosaic 3 57,93, 112 ? Moore, 1973 ~
Radish mosaic 3 57 u , 97, 116 Yes Campbell, 1973 n
Raspberry bushy dwarf 2 111,116 ? Barnett and Murant, 1970 ~

Raspberry ringspot 3 52 u , 92, 130 Yes Murant et a/., 1972
r-
>

Red clover mottle 3 60, 101, 127 Yes Valenta and Marcinka, 1968; ~
ttl

Mahmood et a/., 1972
~

S crophu/aria mottle 2 54,116 Bercks et a/., 1971 t'"'"
>

Squash mosaic 3 57,95, 118 ? Mazzone et al., 1962; Lastra and Z
Munz, 1969 ~

Strawberry latent ringspot 2 49, 130 ? Richter and Proll, 1970 -e
~

Tobacco rattle 2 155-243, 300 Lister, 1966; Frost et al., 1967; ~e c
Sanger, 1968a (IJ

ttl
Tobacco ringspot 3 53 u , 91, 126 (Yes) Stace-Smith, 1970 (IJ

Tobacco streak 3 90, 100, 113 Yes Lister and Bancroft, 1970
Tomato black ring 3 55 u , 97, 121 ? Murant, 1970
Tomato ringspot 2 55 u , 128 ? Stace-Smith, 1966
Tomato top necrosis 3 52u , 102, 126 Yes Bancroft, 1968b
Tulare apple mosaic 3 Yes R. W. Fulton (unpublished)
Turnip yellow mosaic 5 54 u , 1171 No Faed et a/., 1972; Matthews, 1959, 1960
Wild cucumber mosaic 3 53 u , 62.5, 119 ? Yamazaki and Kaesberg, 1960

U Protein only.
b By mixing RNA's.
c Density heterogeneity.
d RN A is heterogeneous.

.......,J
e Cooperate to produce complete virus. N

1 Minor particles separable by buoyant density differences. \0
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t i d e s with different sedimentation rates (De Sequeira, 1967). Such dif-
ferences may well exist among particles of other viruses with heter-
ogeneous sedimentat ion rates , but these have not been thoroughly 
investigated. 

F o r a number of other viruses not yet taxonomically grouped (Table I), 
two or three particle types have been reported. It may be suspected that 
some reports of two particle types will eventually be corrected to three or 
more with longer t imes of centrifugation and bet ter methods for detecting 
and collecting zones in gradient tubes. 

O n the other hand, it may be that the multiparticulate viruses inves-
tigated so far are merely those with differences sufficiently large that par-
ticles sediment at different ra tes , or have different buoyant densities. 
There would seem to be no reason why particle heterogeneity could not 
involve qualitative differences in nucleic acid content without quanti tat ive 
differences detectable by present techniques. 

III. Techniques of Particle Separation 

T h e conventional method of separating heterogeneous particles has 
been by rate density gradient centrifugation in sucrose columns. Visible 
zones can be removed from swing-out tubes by the somewhat inefficient 
technique of inserting a needle into or slightly below the zone and 
withdrawing material. Collection may involve puncturing the side or 
bot tom of the tube, or it may be done by lowering a needle with a U-
shaped tip from the top of the tube. T h e use of a fractionating apparatus 
which moves the entire contents of the tube slowly up through a U V 
scanner permits collecting zones not visible otherwise and is considerably 
more efficient than collecting through a needle. 

T h e differences in sedimentation rates of different particle types may 
be rather small, which results in zones which overlap, so that complete 
separation is not possible in one centrifugation run. Virus collected from 
gradient tubes must be concentra ted by high speed centrifugation and 
the density gradient centrifugation repeated. T w o to four successive 
cycles of density gradient centrifugation have been used to obtain rea-
sonably pure preparat ions of particle types of a number of viruses (Bol 
et ai, 1971; Ful ton, 1970; Van Kämmen, 1968). 

T h e relatively low capacity of swinging bucket tubes has led to the use 
of zonal rotors capable of handling much more material. Van Kämmen 
(1968) and others have used such rotors for preliminary separation of 
particles, which were then further purified by centrifugation in rate zonal 
tubes or by equilibrium zonal centrifugation. Van Kämmen and Van 
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Gr iensven (1970) reported that M particles of cowpea mosaic virus 
were obtained free of infectivity after two runs in a zonal rotor. Β par-
ticles, however , required equilibrium density gradient centrifugation in 
4 0 % CsCl to eliminate M particles. 

Centrifugation to equilibrium in salt solutions, such as CsCl , separates 
particles on the basis of differences in buoyant densities ra ther than dif-
ferences in sedimentat ion velocities. Particles with sedimentat ion rates 
too close for separation by rate zonal centrifugation can be separated in 
this way (Bruening, 1969; Hull , 1972). Heterogenei ty in b rome mosaic 
virus was demonst ra ted in this way (Lane and Kaesberg, 1971); the 
virus sediments as a single particle type in analytical centrifugation. It 
should be noted, however , that particles of different sizes may have the 
same buoyant density, as shown by Semancik (1966) and Cooper and 
Mayo (1972) for tobacco rattle virus. 

Desjardins and Steere (1969) recommended combined density gra-
dient and differential centrifugation as being more efficient in separating 
particles of alfalfa mosaic virus than density gradient centrifugation 
alone. 

Other differences in propert ies of virus particles have been exploited 
in separating them. T h e larger particles of alfalfa mosaic virus (Β, M, 
and T b , but not Ta) precipitate in the presence of M g

2 +
 (0.05 M) (Kelley 

and Kaesberg, 1962), and this has been used as a preliminary step to 
remove T a particles from a preparat ion (Gillaspie and Bancroft, 1965a; 
Moed and Veldstra , 1968; Van Vloten-Dot ing and Jaspars , 1967; Hull 
et al.y 1969b; Majorana, 1968). Other divalent cations ( S r

2 +
, C a

2 +
) also 

precipitate the larger alfalfa mosaic virus particles (Hull , 1969). 

Polyethylene glycol ( P E G 6000) has been used as a precipitant, in the 
presence of N a C l , for many viruses. Clark (1968) used the differential 
response to P E G of different size particles of alfalfa mosaic virus to sep-
arate them. Precipitated virus was incorporated in a Kieselguhr column 
which was washed with decreasing concentrat ions of P E G . Smallest 
particles were eluted first, largest last. 

A somewhat different application involved gradients of P E G concen-
trations decreasing from top to bot tom of centrifuge tubes (Clark, 1970; 
Clark and Lister, 1971a). T h e P E G gradients were stabilized by gra-
dients of sucrose increasing in concentrat ion from the top to the bot tom 
of the tubes . Precipitated virus, layered on the tubes , sedimented upon 
low speed centrifugation until reaching a P E G concentrat ion at which a 
specific particle type was soluble. It then remained at that position in a 
discrete zone. 

Inverse P E G gradients have given zones with tobacco streak virus in 
our laboratory that appeared sufficiently well separated so that there was 
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no overlapping. When material from single zones was centrifugea on 
conventional sucrose gradients, however , it contained a higher propor-
tion of heterologous particles than zones derived from sucrose gradients. 
Hull and Lane (1973) could not separate the two particle types of pea 
enation mosaic virus with this technique. 

Differential precipitation by P E G was used by Hut t inga (1973) to sep-
arate L and S particles of tobacco rattle virus. T h e L particles precipita-
ted at 3 % P E G and 0.1 M N a C l , leaving S particles in suspension. 

A chromatographic purification method was described by Rialdi and 
Zunino (1969) in which virus was retained by a column of magnesium 
pyrophosphate and Kieselguhr and then eluted by an increasing concen-
tration of phosphate buffer. Sequential elution of short and long particles 
of T M V suggests that the method could be adapted to virus particle sep-
aration where size differences exist. 

IV. Variation in Proportion of Particle Types 

It has been a common observat ion that the proport ion of Τ , M, and Β 
particles varied among different virus isolates (Bruening, 1969; Debro t , 
1964; de Jager and V a n Kämmen, 1970; Ful ton, 1967a,b; Harr i son and 
Woods , 1966; Matsumoto and Murayama, 1971; Paul , 1963; Schneider 
and Diener , 1966; Schwenck et al., 1971; Wood, 1972). T h e proport ion 
of particle types was reported not to vary with time with bean pod 
mottle virus (Gillaspie and Bancroft, 1965b), cherry leafroll virus (Jones 
and Mayo , 1972a), or tobacco streak virus (Ful ton, 1967a). It was also 
shown with tobacco streak virus that host , tempera ture during virus 
increase, or symptom pat tern did not affect the proport ion of particle 
types. Differences in proport ion of top particles of different strains of 
cowpea mosaic virus are genetically controlled characterist ics (Bruen-
ing, 1969; D e Jager and Van Kämmen , 1970). 

Despi te the consistent association of characterist ic particle ratios with 
specific strains of many multiparticulate viruses, variations in ratios as-
sociated with a variety of factors have been described. Schneider and 
Diener (1966) found that the proport ion of M particles of tobacco 
ringspot virus decreased between 2.5 and 7 days after infection. Ladipo 
and D e Zoeten (1972) found that particle type ratios of this virus varied 
with host and with season of the year. A similar decrease in proport ion 
of M particles of alfalfa mosaic virus was reported by Matsumoto and 
Murayama (1971). A decrease in proport ion of S particles of tobacco 
rattle virus with time was reported by Semancik and Kajiyama (1967). A 
decrease in the proport ion of Τ particles of tobacco streak virus was 
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described by Ful ton and Pot ter (1971) for a t ime period of 24 to 60 
hours after inoculation. 

F o r a number of viruses the host of propagation seems not to affect 
the ratio of particle types . O n e strain of tobacco streak virus, however , 
produced less Τ particles in Nicotiana affinis and N. glutinosa than in a 
number of other hosts (Ful ton and Potter , 1971). An alteration in par-
ticle type ratio of Prunus necrotic ringspot virus with cont inuous culture 
in cucumber was described by Tolin (1965). 

A somewhat different host effect was described by Lister and Ban-
croft (1970) for tobacco streak virus. T h e proport ion of Τ particles was 
higher when infected Chenopodium quinoa was extracted at p H 5 than 
at p H 7. With infected Phaseolus vulgaris the reverse was t rue. Evi-
dently host factors affected the selective loss or destruct ion of some par-
ticle types . 

The re are a number of other reports of differences in stability among 
particle types . Semancik and Bancroft (1965) found that M particles of 
bean pod mottle virus were less stable at p H 9.5 than Β particles. 
Verhoyen (1972) reported that Β and M particles of alfalfa mosaic virus 
were degraded more rapidly by sonication than T b particles. A partially 
selective, p H dependent destruct ion of M particles of cowpea mosaic 
virus by heat was described by D u n c a n and Bruening (1971). Freezing 
increased the proport ion of Τ particles of chicory yellow mottle virus 
(Quacquarell i et ai, 1972). 

T h e observat ions of differential stability of virus particle types in-
dicate the need for caution in using proport ion of types as a genetic 
marker . F o r most viruses no evidence has been presented to show 
whether different purification procedures affect the proport ion of particle 
types. 

V. Role of Particle Types in Initiating Infection 

A fundamental characterist ic of multiparticulate viruses is that a single 
particle type is either noninfectious or weakly infectious by itself, or, in 
the case of tobacco rattle virus, results in a different type of infection 
than a mixture of particle types . T h e possibility that more than one par-
ticle may be required to initiate infection was considered by Lauffer and 
Price (1945), and was suggested by Rice et al. (1955) when they demon-
strated the multiparticulate nature of squash mosaic virus. 

A requirement for two or more particles to initiate infection can be 
demonst ra ted by mixing different kinds of particles and comparing the 
infectivity of the mixture with the infectivity of each particle type alone 
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at the same concentrat ion as the mixture. T h e increase in infectivity on 
mixing has been referred to as enhancement , and has been reported for 
only about a third of the multiparticulate viruses listed in Table I. Fo r 
most of the remaining viruses, infectivity tests have either not been 
reported for mixtures of particle types or infectivity was found for one 
or both of two types of nucleoprotein particles. F o r a number of well-in-
vestigated viruses the number of particles known to be biologically 
active has increased as separation methods have improved. It seems 
probable that many of the viruses listed in Table I will be found to have 
more particle types than are indicated and that enhancement will be 
found for mixtures of certain types. 

T h e degree of increase in infectivity on mixing particle types 
depends , in part , on how complete the separation of types has been. It 
also depends on whether intrinsic infectivity is associated with one or 
more of the particle types . T h e relation of an excess of one particle type 
to total infectivity is poorly unders tood. V a n K ä m m e n (1968) found 
with cowpea mosaic virus that the concentrat ion of the particle type 
present in lowest concentrat ion determined the infectivity of the mix-
ture. H e also showed, however , that infectivity increased with excesses 
of one particle type up to four t imes the concentrat ion of the other par-
ticle type. A somewhat similar behavior was found for tobacco streak 
virus (Fulton, 1970). Adding Τ particles (nucleoprotein) to a mixture of 
M and Β particles resulted in infectivity increases proport ional to the 
amount of added Τ particles over a range of up to five t imes as much Τ 
as the total of M and B. 

When infection requires more than one particle type infectivity is a 
more sensitive indicator of unsepara ted mixtures than physical tests . 
Van Kämmen (1968) reported that the particle types of cowpea mosaic 
virus were noninfectious when completely separated. In a subsequent 
paper Van Kämmen and Van Gr iensven (1970) pointed out that while 
M particles can be obtained free of infectivity after two runs in a zonal 
rotor, it required equilibrium centrifugation in CsCl to eliminate M from 
Β particles and to obtain noninfectious preparat ions of B. Similarly 
V a n Vloten-Dot ing et ai (1970) reported that repeated cycles of density 
gradient centrifugation yielded particle types of alfalfa mosaic virus that 
were noninfectious until mixed. 

A low level of infectivity, on the other hand, has been reported for the 
separated M and Β particles of tobacco streak virus (Fulton, 1970). 
Because repeated density gradient centrifugation cycles did not elimi-
nate infectivity, an effort was made to determine if it was intrinsic to the 
particle types or was due to residual complementary particles. Particle 
types of two strains were separated. O n e strain caused large red lesions 
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on Vigna cylindrica, and the other caused small red lesions. In mixtures 
of particle types , the lesion size was determined by the source of M par-
ticles. When M particles of the large lesion strain were mixed with Β 
particles from the small lesion strain, 9 0 % of the lesions produced were 
large. W h e n the mixture was separated by two cycles of density gradient 
centrifugation, the Β particles alone, when sufficiently concentra ted, 
produced about 9 0 % small lesions. If infectivity were due to incomplete 
separation, lesions should have been mainly large, reflecting the lesion 
type of the isolate supplying the M particles with which Β had been 
mixed. Since this result was not obtained, it seemed likely that a low 
level of infectivity was intrinsic to the particle types of T S V . 

T h e infectivity of separated particle types of T S V is low; to obtain 
significant numbers of lesions requires inoculum concentrat ions higher 
than that of mixed particle types . Infectivity might be due to the pres-
ence of a few " c o m p l e t e " virus particles containing all factors necessary 
for replication. It seems unlikely, however , that such particles would 
sediment with particles lacking some essential factors. On the other 
hand, there may be heterogeneity within single particle types that is not 
reflected in differences in sedimentat ion rates . T h e possibility of intrinsic 
infectivity of a single particle type needs to be considered in interpreting 
results of genetic experiments . 

VI. Multiple-Hit Dilution Curves 

One result of a requirement for two or more particles to initiate infec-
tion is a "mult iple-hit" dilution-infectivity curve, which shows a dispro-
portionately large decrease in infectivity with dilution. D a t a analyzed by 
Lauffer and Price (1945) showed such a dilution curve for alfalfa mosaic 
virus, which was eventually shown to be multiparticulate. 

T h e s teep, multiple-hit dilution curves are best explained on the basis 
that they fit Poisson distribution. T h e probability of two particles occur-
ring in a small volume, assumed to represent the required contact with 
an infection site, decreases more rapidly with dilution than the probabil-
ity of finding one particle in such a volume. Multiple-hit dilution curves 
have been reported for a number of viruses shown to be multiparticulate 
(Prunus necrotic ringspot and prune dwarf viruses, Ful ton, 1962; alfalfa 
mosaic virus, Havrânek and Zavada , 1967; tobacco streak virus, Ful ton , 
1967a; radish mosaic virus, Kassanis et ai, 1973; tobacco rattle virus 
unstable form, Sänger, 1968a). 

A peculiar behavior of tobacco rattle virus, related to multiple-hit ef-
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fects is that the proport ion of "unstable form" lesions, i.e., those con-
taining only nucleic acid, increases with dilution (Brandenburg et al., 
1959). This results , as pointed out by Sänger (1968a), from the de-
creased probability of finding both a long and a short particle at an in-
fection site, which would produce "s table form" lesions containing 
complete virus. 

Fai lure to exhibit multiple-hit infectivity dilution curves has been 
reported for cucumber mosaic virus (Peden and Symons , 1973), brome 
mosaic virus (Bockstahler and Kaesberg, 1965), tobacco streak virus in 
Chenopodium quinoa (Clark and Lister, 1971b), and others , where they 
might be expected. It cannot , therefore, be assumed that all multipar-
ticulate viruses will show multiple-hit dilution infectivity curves . Lane 
and Kaesberg (1971) suggest that variations in susceptibility of some in-
fection sites may alter the shape of the dilution curve, but it is difficult to 
see how the presence of sites requiring more than one particle for the 
initiation of infection would alter a curve in a direction to resemble a 
single-hit curve. Never the less , the Poisson formula may not be appro-
priately applied to some systems. It assumes that all pairs (or larger 
groups) of particles at an infection site are equally likely to initiate infec-
tion. With multiparticulate viruses, however , only groups containing 
complementary particles are able to initiate infection. While pairs or 
groups of identical particles might be nonfunctional and thus without ef-
fect on the rest of the system, they also might block infection sites or 
otherwise interfere with infection (Morris and Semancik, 1973). 

Dispari ty in amount of each of two or more essential particle types 
might affect the infectivity of the system in unknown ways . Presumably 
a marked excess of one particle type would condition a single-hit curve 
for a certain range of concentrat ions in which infection sites would be 
nearly saturated with one particle type. 

VII. Genetic Aspects of the Multiparticulate State 

An intriguing aspect of the partition of nucleic acid among two or 
more particles is that determinants for different virus characterist ics may 
be carried in different particles. Thus infection originating from a het-
erologous combination of particles might result in a combinat ion of 
virus characterist ics that are different from the parent strains. Associ-
ating specific viral characters with specific particle types can be done 
relatively easily experimental ly; finding and identifying characters suit-
able for experimental manipulation is often more laborious. Because indi-
vidual viruses vary in the manner of inheri tance of various characters , 
they will be discussed individually or by related groups. 
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A. Tobacco Rattle Virus (TRV) 

1. Essential Particles 

This and the related pea early browning virus are unique in that infec-
tion may be initiated by one particle type alone (L particles), but such in-
fection results in the product ion of only nucleic acid, not complete virus. 
Inoculation with unfractionated virus results in product ion of nucleopro-
tein virus particles of the two characterist ic lengths. Lesions containing 
only nucleic acid differ in appearance from those containing complete 
virus. Köhler (1956) applied the terms " s u m m e r t y p e " and "winter 
t ype , " and Cadman and Harr i son (1959) used the terms "mult iplying" 
(M) and "nonmult iplying" ( N M ) to refer to the different types of lesions 
because transfers from Ν M lesions were difficult. 

Harr ison and Nixon (1959) found, after separating the particle types , 
that only the long particles were infective. They also pointed out that the 
nucleic acid, prepared by phenol disruption of T R V , was more infective 
than nucleic acid preparat ions of o ther viruses. Sänger and Brandenburg 
(1961) found that phenol extract ion of plants with "winter t y p e " 
symptoms ( N M ) resulted in more infectious preparat ions than conven-
tional techniques. They suggested that this type of infection might be 
due to nucleic acid alone. 

T h e relationship be tween particle type of T R V and function was first 
clearly described by Lister (1966), w h o found that subcultures of lesions 
produced by L particles were almost entirely of the "winter t y p e " (NM) . 
Any lesions formed from inoculations with S particles were " summer 
t y p e " (M). Such lesions apparently resulted from the presence of a few 
long particles in preparat ions of short particles. T h e results indicated 
that product ion of stable type T R V occurred only when both long and 
short particles were present in the inoculum. T h e R N A of the long par-
ticles, while able to replicate itself, is deficient in information to code for 
coat protein. This information is evidently contained in the short particle 
R N A which, alone, is unable to replicate itself. 

T h e division of functions of T R V be tween L and S particles has been 
repeatedly confirmed. F ros t et al. (1967) separated long and short par-
ticles of T R V and showed that only long particles were infective, and 
that the lesions they produced contained nucleic acid, but not virus par-
ticles. When short particles were mixed with long particles of the same 
isolate and inoculated, the number of lesions was not altered, but some 
of them now contained tubular particles of the two characterist ic 
lengths. Infectivity associated with such lesions was stable to freezing 
and thawing, whereas infectivity of lesions containing only nucleic acid 
was not. T h e proport ion of lesions with stable infective material in-
creased as the proport ion of short particles in the inoculum increased. 
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Similar results were obtained with the R N A ' s of long and short par-
ticles. Interact ion of long and short particles to produce stable infections 
was not obtained with heterologous mixtures of two strains which were 
only distantly related serologically, or their R N A ' s . Similar results were 
obtained by Lister (1968) with other isolates of T R V and by Lister 
(1968) and Hut t inga (1969) with pea early browning virus. 

Semancik and Kajiyama (1968) found that short particles of two 
Nor th American strains enhanced stable form infection when mixed 
with long particles of Lister 's P R N isolate as well as when mixed with 
each other. T h e sedimentation profiles of the stable type infections 
showed a short particle type characterist ic of the strain supplying the 
short particles to the heterologous mixture. 

2. Association of Viral Characters with Specific Particles 

Evidence that short particle R N A coded for protein product ion was 
strengthened by Sanger 's (1968a) demonstra t ion that heterologous mix-
tures of long and short particles of a G e r m a n and an American isolate 
resulted in stable form infections with the serological specificity of the 
strain supplying the short particles. T w o other characters , length of 
short particles and lesion type were also contr ibuted by the short par-
ticles. Lister and Bracker (1969) also found that particle-length hetero-
geneity and symptomatology were characters determined by the short 
particles. Semancik (1970) showed that the short particles of two dif-
ferent isolates, although they differed in length, coded for the same pro-
tein. Ghabr ia l and Lister (1973) found that the amino acid composit ion 
of protein derived from a hybrid T R V strain was essentially identical 
with protein of the strain supplying the short particles. 

T h e long particles of T R V presumably code for replicase necessary 
for both their own and for short particle R N A replication. T h e capacity 
for producing necrotic (instead of yellow) lesions in petunia is also con-
ditioned by the long particles (Ghabrial and Lister, 1973). Differences in 
size, buoyant density, and protein have been described for isolates of 
T R V and pea early browning virus, but their association with specific 
particle types is not yet known (Cooper and Mayo , 1972). 

The re are fairly numerous instances of the failure of short particles of 
one isolate to promote product ion of complete virus when mixed with 
long particles of a serologically distinct strain. Both Ghabrial and Lister 
(1973) and Sänger (1968a), however , have obtained this interaction with 
serologically different isolates. Ghabr ia l and Lister (1973) speculate that 
a "recognit ion factor" is involved, so that long particles mediate repli-
case activity appropriate for themselves , but effective for only a limited 
range of short particle R N A ' s . 
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T h e existence of a range of sizes of short particles of T R V indicates 
that some must contain genetic information not carried by others . It is 
not certain that each factor involved in R N A replication and protein 
synthesis is invariably carried in its specific particle type . T h u s the fail-
ure of heterologous long and short particles to interact might result, in 
heterologous mixtures , from a deficiency of an essential factor not car-
ried by either particle. 

B. Alfalfa Mosaic Virus (AMV) 

1. Essential Particles 

A s is the case with many of the other multiparticulate viruses, the 
apparent complexity of interrelationships of the various particles of 
A M V has increased with improvements in techniques of particle separa-
tion. T h e early repor ts of infectivity associated with one (Bancroft, 
1961) or each of several particle types (Gibbs et al., 1963) were sup-
planted by data showing that two (Van Vloten-Dot ing and Jaspars , 
1967; Wood and Bancroft, 1965) or three (Van Vloten-Dot ing et al., 
1970) particle types or their nucleic acids were involved in infection. 

T h e number of particle types of A M V has been revised upward from 
three (Bancroft and Kaesberg, 1960) to four major types and a number 
of minor ones . Hull (1969) lists bot tom (B), middle (M), top b (Tb), and 
top a (Ta) as major particle types . T o p ο and T o p ζ occur as minor par-
ticle types ; o ther minor types sedimenting more rapidly than Β occur 
only in old infections. 

Improved separation methods revealed a somewhat complicated 
system involving cooperat ion among Β, M, and T b particle types 
(Van Vloten-Dot ing and Jaspars , 1967; V a n Vloten-Dot ing et al., 1968, 
1970). Bol et al. (1971) found that , al though mixtures of Β, M, and T b 
particles were required for infectivity, mixtures of the three corre-
sponding R N A ' s were not infectious. These R N A mixtures did become 
infective when T a R N A was added. Infectivity also occurred upon the 
addition of small amounts of A M V protein to mixtures of Β, M, and T b 
R N A ' s . T h u s infection can be started with three different kinds of mix-
tures (Bol et al., 1971): (1) Β, M, and T b nucleoprotein part icles, (2) Β, 
M, and T b nucleic acid plus coat protein, and (3) B, M, T b , and T a 
nucleic acid. 

Bol et al. (1971) found that activation of mixture (2) by coat protein 
required only 4 - 8 subunits per R N A molecule, suggesting that the func-
tion of the protein might be enzymatic . Van Vloten-Dot ing and Jaspars 
(1972) found that adding A M V R N A to virus resulted in the uncoating 
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of the virus particles. T h e reaction was specific for the virus R N A and 
the protein. T h e authors postulated that there must be sites on the R N A 
with a high affinity for coat protein and that the sites might be related to 
the biological role of the coat protein. 

2. RNA Content of AMV Particle Types 

T h e nucleic acid of A M V consists of four pieces, each associated with 
a specific particle type (Hull et al., 1969a; Bos and Jaspars , 1971; Pinck 
and Hir th , 1972). T h e S values and molecular weights of the R N A ' s are 
the following: B, 24.3 S, 1.3 X 10

6
 dal tons; M, 20.0 S, 0.86 x 10

6 

dal tons; T b , 17.3 S, 0.63 X 10
6
 dal tons; Ta , 12.7 S, 0.33 X 10

6
 daltons. 

T a particles probably contain two 12.7 S pieces of R N A . Pinck and 
Hir th (1972) presented evidence indicating the presence in infected 
plants of double-stranded replicative R N A corresponding to each of the 
four pieces of A M V R N A . 

3. Association of Viral Characters with Specific Particles 

When it was thought that mixtures of Β R N A and T a R N A were in-
fectious, heterologous mixtures from two strains gave rise to a hybrid 
strain which produced symptoms on tobacco, had the particle type 
proport ion, and reacted serologically like the parent strain from which 
the T a R N A had been obtained (Van Vloten-Dot ing et aL, 1968). T h e 
sedimentation rate of Β R N A and the symptoms on bean were charac-
teristic of the strain supplying the Β R N A . Majorana and Paul (1969) 
described the product ion of hybrid strains of virus by mixtures of par-
ticle types of two A M V strains, the symptoms caused being different 
from those of either parent . Evidence derived from a study of the 
translation of T a R N A in an Escherichia coli cell-free system (Van Ra-
venswaaij Claasen et aL, 1967) also indicated that the code for coat pro-
tein was carried by the T a R N A . 

Subsequent to these investigations, however , Bol and Van Vloten-
Dot ing (1973) found that what they had previously referred to as 27 S 
R N A (Β R N A ) was actually a mixture of Β R N A , M R N A , and T b 
R N A . At tempts to determine whether T a R N A contr ibuted genetically 
when added to a mixture of T b , M, and Β R N A ' s from serologically and 
biologically distinct strains failed to show any hybrid character typical of 
the strain supplying the T a - R N A . Since T a particles are produced from 
inoculum of T b , M, and B, the genetic information in T a must be carried 
in another particle, probably T b . 

In a study of two strains of A M V , Dingjan-Versteegh et al. (1972) 
confirmed that coat protein (serotype) was coded for by T b nucleic acid. 
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T h e type of symptom on tobacco (chlorotic or necrotic) , relative propor-
tion of particle types , and sensitivity to cycloheximide were also deter-
mined by factors carried in T b particles. T h e type of symptom in 
bean (local necrotic or chlorotic, becoming systemic) was determined 
by factors carried in M particles. N o genetic markers were found in Β 
particles. 

Dingjan-Versteegh et al. (1972) point out that the genetic information 
carried in T a is redundant . T a R N A could be formed either by degrada-
tion or partial transcription of T b R N A . They suggest the possibility 
that there may be redundant information in M and Β particles. They also 
point out that the location of the coat protein code in the smallest R N A 
(Tb) of A M V corresponds with the location of the coat protein code in 
the smallest particles of tobacco rattle virus (Sänger, 1968a; Lister, 
1966), bean pod mottle virus (Moore and Scott , 1971), and cowpea 
chlorotic mottle virus (Bancroft, 1972). A s will be seen, however , this is 
not t rue of certain other viruses. 

C. Cowpea Mosaic Virus (CPMV) 

1. Essential Particles 

This virus is isometric (28 nm) and consis ts of two kinds of nucleopro-
tein part icles, often with a top particle devoid of nucleic acid. Wood and 
Bancroft (1965) and Bruening and Agrawal (1967) showed that mixtures 
of M and Β part icles, separated by zonal sucrose gradient centrifugation, 
were more infectious than equal amounts of M or Β alone. Repeated 
zonal density gradient centrifugation or equilibrium density centrifu-
gation in CsCl resulted in bet ter separat ion (Van Kämmen , 1968). T h e s e 
completely separated particle types were noninfectious alone, but were 
infectious when mixed. 

T h e infectivity of mixtures of M and Β particles of C P M V depended 
on the concentra t ion of the particle type present in the lowest amount 
(Van Kämmen , 1968). Infectivity increased, however , when the concen-
tration of either particle type was increased beyond an amount equal to 
that of the o ther particle type. 

Wood and Bancroft (1965), w h o were evidently working with Β par-
ticle preparat ions of cowpea yellow mosaic virus that contained some M 
particles, found that the infection-activating proper ty of M particles was 
sensitive to U V irradiation. They also found that the proport ion of Β 
particles that could be activated by M particles was increased by a heat 
t reatment . V a n K ä m m e n (1968) could not confirm this, but found that a 
proport ion of Β or M particles were damaged by heat . When heated 
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preparat ions were used in mixtures, fewer lesions resulted than with 
unheated preparat ions. 

2. RNA Content ofCPMV Particle Types 

Middle particles contain 2 3 % R N A ; bot tom contain 3 2 % R N A (Van 
Kämmen, 1967). V a n Kämmen (1968) found that the R N A of C P M V 
functioned similarly in enhancing infection as did the particle types. 
There was , however , a strain specificity; infectivity increases were not 
obtained except with homologous mixtures (Wood and Bancroft, 1965; 
V a n Kämmen , 1968). As will be seen this is not t rue of all strains. 

Van Kämmen and V a n Gr iensven (1970) found that M particles had 
26 S R N A (1.45 x 10

6
 daltons) and that Β particles had 34 S R N A 

(2.58 X 10
6
 daltons). T h e base composit ion of the two R N A ' s differed, 

Β particle R N A having more guanylic acid and less cytidylic acid than 
M particle R N A . 

T h e presence in CPMV-infec ted cowpeas of double-stranded, replica-
tive R N A of two sizes (2.8 x 10

6
 and 5.0 X 10

6
 daltons) corresponding 

to the M and Β particle R N A was described by Van Gr iensven and 
V a n Kämmen (1969). In an extension of this work Van Gr iensven et ai 
(1973) and V a n Kämmen (1971) found that labeled C P M V R N A hybri-
dized specifically with the minus s trands of the corresponding double-
stranded R N A . The re appeared to be no overlapping of base sequences . 
They concluded that M R N A and Β R N A do not have genes in common 
and that the total genome is divided among the two pieces of R N A . It is 
not certain, however , that this technique is adequate to detect duplica-
tion of base sequences involved in a single gene. 

3. Association of Viral Characters with Specific Particles 

Genet ic analysis of C P M V has been hampered by the inability to ob-
tain enhancement between M and Β particles of a number of strains dif-
fering in biological characterist ics. This may reflect a lack of redundance 
in genetic information, coupled with some differences, however slight, in 
the division of genetic information between particles of different strains. 

Bruening (1969), by subculturing single lesions of a strain of C P M V 
which did not produce a top particle type, obtained several strains which 
did produce top particles. Heterologous mixtures of particles of one 
such strain and its parent strain were highly infectious. Whether or not a 
top particle type was formed was determined by the characterist ics of 
the strain supplying the M particles. 

D e Jager and Van Kämmen (1970), by nitrous acid t reatment , ob-
tained mutants of the Sb strain of C P M V that, unlike the parent , failed 
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to infect bean systemically at 22°-24°C. This mutant also produced a 
much higher proport ion of Τ particles than the parent strain. When het-
erologous mixtures of particle types were inoculated, specific propert ies 
of the mutants were found only in combinat ions containing M particles 
of the mutant . A t 30°C the mutant became systemic in bean as readily as 
did the parent strain, and the formation of Τ particles was reduced at 
30°C to nearly the same proport ion formed by the parent strain. T h e 
authors suggested that the formation of excess top particles and the fail-
ure to become systemic in bean may have a basic mechanism in 
common. 

Wood (1972), also by nitrous acid t reatment , obtained mutants of 
C P M V differing in type of lesion in bean and in proport ion of nucleopro-
tein particles. Strains of heterologous, mixed particle origin exhibited the 
mutant lesion type and mutant nucleoprotein particle proport ion if the Β 
particles were derived from a mutant strain. Backcrosses of hybrid 
strains to the parent strains showed that the Β and M particles of the 
hybrid strains had the same genetic consti tution as the original mutants . 
In these crosses , lesion type and particle proport ion never segregated, 
suggesting that these characters were specified by closely linked (or the 
same) genetic determinant(s) . 

D. Bean Pod Mottle Virus (BPMV) 

This virus, a member of the cowpea mosaic virus group, is similar to 
C P M V in having three particle types , two of which are nucleoprotein 
(Bancroft, 1962). M and Β particle types differ in base composi t ion; Β 
particles have a higher proport ion of guanylic and uridylic acids than Β 
particles (Semancik and Bancroft, 1964). T h e virus is unusual in 
showing two particle types upon electrophoresis (Bancroft, 1962). Each 
electrophoret ic type contained at least both M and Β particles and was 
infectious. Each of the centrifugal particle types contained both elec-
trophoret ic types . 

A strain of B P M V was described by Moore and Scott (1971) that dif-
fered serologically from the type strain. T h e serological reaction of cul-
tures arising from heterologous mixtures of particle types was the same 
as the strain providing the M particles, indicating that genetic informa-
tion specifying coat protein type is carried in the M particles. 

E. Radish Mosaic Virus (RdMV) 

This virus, also a member of the comovirus group, has particle types 
resembling those of cowpea mosaic virus (Kassanis et al., 1973). Com-
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plementat ion occurred be tween M and Β particles of the same strain and 
in heterologous combinat ions with one , but not another strain. Kassanis 
et al. (1973) made crosses between two strains which differed in that one 
contained an antigen lacking in the other and also formed aggregates 
which the other strain did not. Regardless of the source of M or Β par-
ticles, all offspring virus clones lacked the specific antigen and failed to 
form aggregates. T h e authors conclude that the coat protein is deter-
mined by both M and Β particle types . In this respect the virus differs 
from bean pod mottle virus (Moore and Scott , 1971) in which the coat 
protein determinant is carried in the M particles, and from tobacco 
streak virus (Ful ton, 1972), in which the coat protein determinant is 
carried in three particle types. It is not easy to unders tand, however , 
why the strain-specific antigen of one parent failed to appear in any of 
the R d M V progeny clones. T h e fact that there are two coat proteins in-
volved for members of the comovirus group (Wu and Bruening, 1971) 
indicates that genetic factors for each need to be accounted for. 

F. Raspberry Ringspot (RRV) and Tobacco Ringspot (TRSV) Viruses 

T h e genetics of these viruses has been investigated more extensively 
than other Ν Ε Ρ Ο viruses. T h e number of particle types of R R V is 
known to vary from two to three with different isolates (Debrot , 1964). 
T h e three types contain 0, 30, and about 4 4 % R N A (Harr ison et al., 
1972a). T h e Β particles are infective alone, but infectivity is increased 
by adding M particles. 

Polyacrylamide gel analysis of R N A preparat ions showed two pre-
dominant R N A species with molecular weights of 2.4 X 10

6
 (RNA-1) 

and 1.4 x 10
6
 (RNA-2) (Murant et al., 1972). M particles of R R V con-

tained one molecule of R N A - 2 , while Β particles contained either one 
molecule of R N A - 1 or two molecules of R N A - 2 . Confirmation of the 
latter condition was obtained by U V irradiation of intact Β particles, 
which produced an R N A slightly greater in size than R N A - 1 . This was 
considered to be a dimer of R N A - 2 , and it was not formed by irradiating 
the free R N A or M particles (Mayo et al., 1973). 

Preparat ions of R N A - 1 were infective, but preparat ions of R N A - 2 
were not. T h e addition of R N A - 2 to R N A - 1 greatly increased infec-
tivity, however (Harr ison et al., 1972a). R N A - 1 and R N A - 2 of T R S V 
behaved like the corresponding R N A ' s of R R V in infectivity tests , but 
there was no heterologous complementat ion with R R V nucleic acids. 

Genet ic determinants carried by R N A - 2 were demonstra ted with 
strains of R R V that differed serologically and in symptoms on petunia 
(Harr ison et al., 1972b). Single lesion isolates from heterologous mix-
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tures of R N A - 1 and R N A - 2 were serologically like the isolate supplying 
the R N A - 2 , and produced symptoms on petunia typical of the isolate 
supplying the R N A - 2 . 

T h e relationship be tween nucleic acid, particle types , and infectivity 
of T R S V is apparent ly similar to that of R R V . Stace-Smith et al. (1965) 
found three particles types , two of which contained nucleic acid. Only Β 
particles were infectious. Diener and Schneider (1966) found that nu-
cleic acid from the noninfectious M particles was noninfectious, while 
nucleic acid from Β particles consisted of one infectious and one nonin-
fectious species. T h e noninfectious nucleic acid from Β particles ap-
peared to be the same size as the nucleic acid from M particles. 

Muran t et al. (1972) also found two kinds of nucleic acid in T R S V . 
T h e R N A - 2 was the same size as the R N A - 2 of R R V , but the R N A - 1 
was smaller. T h e Β particles of T R S V formed two buoyant density 
classes, indicating a heterogeneity in R N A content . Infectivity of R N A 
of T R S V paralleled that of R R V , ie., R N A - 1 was infectious and the ad-
dition of R N A - 2 enhanced infectivity. 

G. Tobacco Streak Virus (TSV) 

1. Essential Particles 

Tobacco streak virus exists as three main particle types . Additional 
particle types have been described (Mink et al., 1966; Ful ton, 1970), but 
only Τ , M, and Β particles have shown biological activity. Τ particles 
are nucleoprotein, but are not infectious. M and Β particles are weakly 
infectious alone, but highly infectious when mixed (Ful ton, 1970). Addi-
tion of Τ particles to mixtures of M and Β particles further increases in-
fectivity, the increase being about proport ional to the amount of Τ 
added. 

2. RNA Content of Particle Types 

Clark and Lister (1971b) point out that T S V R N A seems unusually 
prone to degradation, which makes difficult the precise determination of 
molecular sizes of the R N A and the association of specific sizes with 
specific nucleoprotein particles. They described, from a grapevine iso-
late of T S V , R N A of five sizes: 1.3, 1.06, 0.78, 0.72, and 0.36 Χ 10

6 

dal tons. Β particles contained the largest piece of R N A . M particles 
contained the next largest piece and, in addition, a smaller piece of R N A 
which was also carried in Τ particles. Τ particles contained the smallest 
pieces of R N A and more than one of these per particle. Results in our 
laboratory, however , with other strains of T S V , have shown only three 
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different pieces of R N A , one associated with each particle type (L. S. 
Loesch, unpublished). 

3. Association of Viral Characters with Particle Types 

T S V has a very wide natural host range and occurs in many strains 
causing different symptoms. One useful character has been the type of 
lesion induced in Vigna cylindricay which may be reddish and either 1 
mm or less in diameter or 3 -4 mm in diameter 3 to 4 days after inocula-
tion. Ring-like lesions are also produced by some isolates on this host 
(Fulton, 1970), but these tend to intergrade with the large reddish 
lesions and cannot always be reliably differentiated. An isolate from 
Brazil causes chlorotic lesions on V. cylindrica. 

Another type of symptom markedly varying with different isolates 
occurs on leaves of Turkish tobacco produced after systemic necrosis 
occurs . These leaves may be markedly toothed or, with another strain, 
they may appear healthy. With another strain the upper leaves of 
Turkish tobacco are markedly stunted and thickened. With still 
o ther strains, infected plants never produce leaves without necrosis. 

Serological differences also occur among isolates of T S V . A n isolate 
from Brazil contains antigenic group(s) not present in Nor th American 
isolates and lacks some antigenic group(s) present in N o r t h Amer ican 
isolates. By heterologous cross-absorption of antisera it was possible to 
prepare antisera reacting specifically with each strain (Fulton, 1972). 

Character is t ics of hybrid clones of virus were determined by first 
inoculating mixtures of particle types to Vigna cylindrica at such dilu-
tions that 2 - 1 0 well-separated lesions were produced per half-leaf. Le-
sions were then punched out and inoculated individually to Xanthi-nc 
(Turkish) tobacco. 

Determinants for lesion type occur in Τ and M particles of T S V , but 
not in Β particles (Ful ton, 1970). Some evidence was obtained (Fulton, 
1972) that lesion size was determined by a different factor than lesion 
color. 

T h e toothed symptom on Turkish tobacco was inherited through any 
of the three particle types (Fulton, 1972). In crosses between strains in-
ducing toothed leaves and those inducing normal or " en t i r e " leaves, 
progeny were about equally divided among those causing toothed leaves 
and those causing entire leaves. Single lesion subcultures from such 
hybrid clones always resembled the clone from which they were derived, 
and in backcrosses there was no evidence for the occurrence of any of 
these determinants except that typical for the symptoms expressed. 

T h e dwarfing symptom on tobacco depended on the presence of two 
determinants , one from M and one from Β particles. Hybr id clones car-
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rying only one such determinant induced toothed leaves, indicating that 
the dwarfing strain carried a toothing determinant which was masked. 
When hybrid clones carrying one dwarfing determinant were back-
crossed to the dwarfing parent , all offspring virus clones were dwarfing if 
the combinat ion of M and Β particles provided two dwarfing deter-
minants . Hybr id clones with one dwarfing determinant usually carried it 
in the particle type that had provided it in the original cross . In some 
hybrids, however , the single dwarfing determinant appeared to be car-
ried in part of the M particles and in part of the Β particles. These 
strains could be detected only by backcrossing to the dwarfing parent ; 
dwarfing offspring did not appear among selfed progeny. 

T h e determinant for "nonrecover ing" leaves was carried only in the Τ 
particles, and evidently only in part of them. T h e symptom type was 
never produced by virus clones originating from only M and Β particles. 
This determinant was unstable and progressively disappeared in vitro 
from particle preparat ions stored at 2°C. 

T h e determinant for serological type (coat protein) was carried in each 
of the three particle types . In crosses involving serological markers , off-
spring clones were of one serological type or the other. The re was no 
evidence in backcrosses for the presence of any serological determinant 
except that typical for the coat protein of the hybrid strain. The re ap-
peared to be a linkage be tween the dwarfing phenotype and the Nor th 
American antigenic type, although some recombinat ions did occur . 

Recombinat ions of other characterist ics occurred about as frequently 
as would be expected on the basis of randomly assorting factors. Some 
recombinat ions represented new combinat ions of M and Β particles; 
others occurred within particle types . F o r example, from a parent whose 
M particles carried factors for toothed (masked), dwarfing, and Nor th 
American antigen, offspring virus was obtained whose M particles car-
ried the toothed determinant , lacked the dwarfing factor, and carried the 
factor for Brazilian antigen. 

H. Pea Enation Mosaic Virus (PEMV) 

This virus resembles tobacco streak virus in having isometric particles 
of different sizes (Hull and Lane , 1973). Three different pieces of nucleic 
acid have been found in preparat ions from unfractionated virus (Gon-
salves and Shepherd, 1972; Hull and Lane , 1973). Infectivity enhance-
ment by mixing particle types was reported by Hull and Lane (1973) but 
was not found by Gonsa lves and Shepherd (1972). Hull and Lane (1973) 
described Β particles as containing R N A - 1 , but not R N A - 2 , thus disa-
greeing with Gonsa lves and Shepherd (1972). Evidence that coat protein 
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determinants were carried in Β particles was presented by Hull and 
Lane (1973). 

/. Barley Stripe Mosaic Virus (BSMV) 

McKinney and Greely (1965) have pointed out the great variability of 
this virus. It is composed of short , straight rods of varying lengths. Har-
rison et al. (1965) found that the most frequent length was 128 nm; other 
distribution peaks occurred at 148 and 111 nm. Particles shorter than 
111 nm were not infective, but the infectivity of the other individual 
length classes could not be determined because they could not be sepa-
rated. 

RNA Heterogeneity 

Jackson et al. (1972) found more than one R N A species in all B S M V 
isolates examined. Certain strains contained R N A species which were 
not represented in other strains, although a number of strains seemed to 
have the same R N A species. More than one species of R N A was neces-
sary for infectivity, although the role of individual R N A species was not 
determined. Replicative R N A ' s corresponding to two of the R N A 
species were described by Pring (1972). 

Jackson and Brakke (1973) found that all strains of B S M V tested had 
a prominent 21.3 S R N A , which separated into two kinds upon gel elec-
trophoresis . Certain strains had an additional 19.5 S R N A and some 
preparat ions had variable amounts of minor components sedimenting at 
about 30 S. Homologous or heterologous mixtures of the separated 
R N A components were more infectious than single components , in-
dicating that more than one particle type was involved in infection. 

J. Brome Mosaic Virus (BMV) 

1. RNA Heterogeneity 

T h e multiparticulate nature of brome mosaic virus is not apparent 
upon density gradient centrifugation. There are , however , R N A species 
of different sizes (Bockstahler and Kaesberg , 1965; Lane and Kaesberg, 
1971). Lane and Kaesberg (1971) differentiated three types of structur-
ally similar virions by their buoyant density differences in CsCl . T h e 
most dense particle contained an R N A of 1.09 x 10

6
 daltons (RNA-1) ; 

the next most dense particle contained two R N A molecules, 0.75 x 10
6 

daltons (RNA-3) and 0.28 x 10
6
 daltons (RNA-4) . T h e least dense par-
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ticle type contained one R N A molecule of molecular weight 0.99 x 10
6 

daltons (RNA-2) . 
Separat ion of particle types by buoyant density differences was not 

sufficiently complete to make it possible to determine the contribution of 
each particle type to infectivity. Mixtures of partially separated particle 
types , however , were more infectious than each type alone. 

When the different nucleic acids were separated it was found that each 
of the three larger kinds ( R N A - 1 , -2, -3) was required for infectivity. 
Delet ion of any of these (but not the smallest nucleic acid) reduced in-
fectivity to very low levels. 

2. Association of Viral Characters with RNA Species 

Lane and Kaesberg (1971) investigated a number of isolates of B M V 
some of which differed in electrophoret ic mobility. Isolates derived from 
heterologous mixtures of nucleic acid species exhibited the same elec-
trophoret ic mobility as the isolate supplying the third largest nucleic acid 
(RNA-3) . 

A series of lesion type mutants of B M V , produced by nitrous acid 
t reatment , were found to carry the mutant gene on R N A - 3 (Bancroft 
and Lane , 1973). A naturally occurring mutant of the electrophoret ic 
variant described by Lane and Kaesberg (1971), migrating even more 
slowly, was also found to carry the mutated gene on R N A - 3 . Both these 
mutants had decreased amounts of R N A - 3 and R N A - 4 , and the altered 
ratios were also determined by R N A - 3 . Ano the r naturally occurring mu-
tant described by Bancroft and Lane (1973) differed from the wild type 
in lesion appearance and in having 1 5 % of its particles smaller than 
normal. Fac to r s conditioning both these characters appeared to be car-
ried on R N A - 2 . 

K. Cowpea Chlorotic Mottle Virus (CCMV) 

7. RNA Heterogeneity 

Like brome mosaic virus, C C M V sediments as a single kind of par-
ticle. T h e R N A extracted from it, however , is he terogeneous , with four 
sizes detectable when subjected to electrophoresis on Polyacrylamide 
gels (Fowlks and Young, 1970). Infectivity depended on a mixture of at 
least R N A - 1 and R N A - 2 (Bancroft, 1971). Inclusion of R N A - 3 in the 
mixture further increased lesion numbers . Subsequent work by Bancroft 
and Flack (1972) indicated that when the R N A ' s were completely sepa-
rated, R N A - 1 , -2 , and -3 were all essential to infectivity. R N A - 4 had no 
effect on infectivity. 
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T h e association of specific R N A ' s with nucleoprotein particles dif-
fering in buoyant density in CsCl was shown by Bancroft and Flack 
(1972). T h e heaviest particles contained R N A - 1 (1.15 x 10

6
 daltons), 

the lightest particles contained R N A - 2 (1.00 x 10
6
 daltons), and the 

medium density particles apparently contained R N A - 3 (0.85 x 10
6 

daltons), and R N A - 4 (0.32 x 10
6
 daltons). 

2. Association of Viral Characters with RNA Species 

C C M V and B M V are grouped together taxonomically (Harr ison et 
ai, 1971) and resemble one another in having a genome divided among 
four sizes of R N A . Bancroft (1972) constructed a hybrid virus from 
R N A - 1 and R N A - 2 of B M V and R N A - 3 of C C M V . This hybrid did 
not infect barley or cowpea, but did infect hosts common to both parent 
viruses. It reacted with C C M V antiserum, indicating, as had work with 
C C M V , that the coat protein cistron is carried by R N A - 3 . In the den-
sity distribution of nucleoprotein particles the hybrid resembled B B M V . 
Peculiarly, R N A - 3 could not be detected in the hybrid. Backcrosses to 
the parent types showed that R N A - 1 and R N A - 2 were not changed 
from the parental types . 

Bancroft and Lane (1973) selected several temperature-sensi t ive mu-
tants of C C M V , induced by nitrous acid. One of these (ts) differed from 
the wild type in having milder symptoms and decreased yield at high 
temperature , lower specific infectivity, decreased thermal stability of 
coat protein, and altered nucleoprotein particle ratio in CsCl . Progeny 
from a cross involving R N A - 1 and R N A - 2 from the wild type and 
R N A - 3 from the mutant showed all of the characters of the mutant 
parent , indicating that the genetic factor or factors involved are carried 
on R N A - 3 . 

Another temperature sensitive mutant differed from the wild type in 
having thermally unstable protein and in causing mild symptoms in 
cowpea. These characters were also inherited through R N A - 3 , as they 
were for the first temperature sensitive mutant . T h e second mutant also 
differed from the wild type in causing smaller and less necrotic lesions in 
Chenopodium hybridum. This character was inherited through R N A - 2 . 

Another isolate was described by Bancroft and Lane (1973) as having 
the genetic determinant for small lesions on R N A - 2 , but at least one ad-
ditional mutation was involved which prevented lesion production in 
cowpea. Another small lesion mutant was also temperature sensitive, 
producing only 10% as many lesions on C. hybridum at 32°C as the wild 
type. T h e lesion type determinant was carried in R N A - 2 , and tempera-
ture sensitivity in R N A - 1 . 
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V I I I . Comments 

It is clear that for a number of plant viruses the genetic material is 
divided among two or more types of particles. T h e separat ion of the par-
ticle types , or the nucleic acid molecules , permits experimental manipu-
lation of genetic characters of a group of isolates. F o r this it is essential 
to have available specific characters by which one isolate can be readily 
differentiated from another . T h e possible number of these characters is 
not known, but is probably small. Perhaps the most obvious character is 
the type of primary lesion. T h e type of systemic symptom is also a char-
acteristic that varies among isolates. T h e kind of coat protein is a useful 
character and, as pointed out by Bancroft and Lane (1973), is one 
related directly to genotype. 

In assessing virus characters as genetic markers it is important to 
know which phenotypic characters are expressions of the same genetic 
determinant . D o e s an alteration in coat protein, for example , always 
result also in an alteration of symptoms? Where two different characters 
separate in hybrids, and can be recombined in crosses of hybrids , it is 
obvious that different genetic determinants are involved. A consistent 
association of apparently unrelated characters may represent different 
effects of the same gene. This may provide a useful insight into the 
mechanisms of pathogenesis . On the other hand, two genes may be in-
volved that are closely linked on the same R N A strand and do not read-
ily separate . 

It may be expected that some of these quest ions will be resolved as 
more virus characters are investigated. And it is probable that the 
genetic sys tems will be found to differ considerably among the various 
viruses. Evidence for tobacco streak virus, for example, suggests that 
there is a good deal of redundance in the genetic information carried by 
the three particle types . This is not apparent for a number of other 
viruses. Demons t ra t ion that a specific viral character is always as-
sociated only with one specific particle or specific R N A molecule 
requires an investigation of a significant number of hybrid clones to de-
tect redundance . 

T h e great inefficiency of mechanical inoculation of plant viruses has 
long been recognized. Whether this results entirely from host insuscep-
tibility or entirely from functional inadequacy of most of the virus par-
ticles inoculated is not known. Some evidence suggests, however , that a 
significant part of a population of virus particles is nonfunctional (Furu-
moto and Wildman, 1963). If this is so, it is not difficult to see how 
monopart iculate viruses might evolve into multiparticulate viruses. A 
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selection pressure favoring particular variants produced by a fortuitous 
association of complementing particles would result in a multiparticulate 
virus. If this sort of evolution occurs , it might be supposed that the most 
highly evolved viruses would be those with little or no redundance of 
genetic material in different particle types . Converse ly the least highly 
evolved viruses would be those most similar to the monopart iculate 
state, that is, with much redundance in genetic determinants carried in 
the different particle types . 

T h e manner in which the differing s t rands of R N A are replicated is of 
significance in relation to genetic pat terns . If, as some data indicates, 
replication occurs essentially independently, then any linkage groups 
should correspond to the specific R N A molecules. Recombinat ion of 
viral characters in hybrid clones would only reflect reassor tment of spe-
cific R N A from dissimilar parents . On the other hand, there is evidence 
for recombinat ions of determinants (Ful ton, 1972) which are carried in a 
single R N A molecule of tobacco streak virus (L. S. Loesch , un-
published). T h e mechanism involved in this type of recombinat ion is not 
apparent . 

Bancroft and Lane (1973) pointed out that the ult imate aim of inves-
tigating the genetics of virus mutants is to establish a relationship of bio-
logical propert ies to specific proteins. It would seem that this would best 
be done with as wide a range of mutants and as many viruses as pos-
sible. Mutant types of many dissimilar viruses show many of the same 
sorts of variants: yellow mosaics , slow moving types , and host range 
variants, for example. It may be that the basic viral alteration condi-
tioning these host reactions is similar for different viruses. 
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I. Introduction 

T h e term viroid has been introduced to designate a newly recognized 

class of pathogens. Viroids differ from viruses by the absence of a dor-

mant phase (virions) and by genomes that are much smaller than those 

of known viruses (Diener , 1971b). 

757 
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These distinguishing propert ies were first elucidated for the agent of 
the potato spindle tuber disease, a disease which, for many years , was 
believed to be virus-caused. Diener and Raymer (1967) reported that the 
infectious agent of the disease is a free R N A and that conventional virus 
particles are, apparently, not present in infected t issue; whereas Singh 
and Bagnall (1968) reported on some propert ies of infectious nucleic 
acid extracted from infected tissue. 

Subsequent studies clarified a number of propert ies of the infectious 
R N A and showed that, in vivo, it is associated with the nuclei of in-
fected cells (Diener and Raymer , 1969; Diener , 1971a). These earlier 
studies have been reviewed (Diener , 1971c). Later , a combination of 
sedimentation and gel electrophoretic analyses conclusively showed that 
the R N A has a very low molecular weight and that the agent, therefore, 
basically differs from conventional viruses (Diener , 1971b). 

T h e recognition of viroids as a novel class of pathogens raises the 
question as to their evolutionary position and relationship, if any, with 
viruses. Unfortunately, present knowledge of viroids is far too incom-
plete to answer these quest ions; and all one can do, at this t ime, is to 
list the several possibilities, as they appear in light of present knowledge. 

In this chapter , I wish first to summarize recent advances made with 
the potato spindle tuber viroid, then to discuss work done with other 
viroids, and finally to speculate on the evolutionary position of viroids 
with emphasis on their possible relationship with viruses. 

II. Recent Progress with the Potato Spindle Tuber Viroid (PSTV) 

A. Recognition of Low Molecular Weight 

Until very recently, a t tempts to determine physical and chemical 
propert ies of P S T V were hampered by the fact that the R N A could be 
recognized only by virtue of its biological activity, and not as a physical 
entity. This handicap was particularly severe in efforts to determine the 
molecular weight of the R N A . 

Although it had been known for some t ime that P S T V sediments at a 
lower rate than single-stranded viral R N A molecules (Diener and 
Raymer , 1969), no conclusions as to its molecular weight could be 
drawn from this observat ion, since the conformation of the R N A was 
unknown and since it was not known whether the R N A is single-, 
double-, or multistranded. 

A principle elaborated by Loening (1967), however , made it possible 
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to obtain a molecular weight est imate based on biological activity alone. 
Loening reasoned that the effects of secondary s tructure of an R N A on 
its sedimentat ion propert ies are opposi te to the effects of secondary 
structure on its e lectrophoret ic mobility in Polyacrylamide gels. Thus , a 
combination of the two analytical methods should be useful to distin-
guish differences in s tructure from differences in weights of R N A ' s . 
With either method, biological activity is the only parameter necessary 
for evaluation of the results. 

Application of this principle to P S T V led to the unexpected conclu-
sion that the R N A has a very low molecular weight (Diener , 1971b). A n 
est imate of about 5 x 10

4
 daltons was in accord with the experimental 

results . Fur the r evidence for the very low molecular weight of P S T V 
came from the observat ion that the R N A was able to enter gels of high 
Polyacrylamide concentrat ion (i.e., small pore size), from which high 
molecular weight R N A ' s are excluded. In such gels, P S T V moves as a 
well-defined, homogeneous band (Fig. 1) with a rate of migration that 
is compatible with the above molecular weight est imate (Diener and 
Smith, 1971). 

Fraction No. 

FIG. 1 . Electrophoretic mobilities of 5 S ribosomal RNA (5 S) and of PSTV (P) in a 
20% Polyacrylamide gel. Ultraviolet absorption (····) and infectivity ( ) profiles deter-
mined after electrophoresis for 4.5 hours at 4 ° C (5 mA per tube, constant current). / 4 2 6 0, 
absorbance at 260 nm. Electrophoretic movement from right to left. (From Diener and 
Smith, 1 9 7 1 . ) 
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Β. Identification as a Physical Entity 

Although these experiments clearly demonst ra ted that P S T V is a low 
molecular weight R N A , further characterizat ion of the molecule was not 
possible without isolation of the R N A as a physically recognizable en-
tity. A s a first s tep toward purification of P S T V , the R N A was extracted 
and purified from relatively large quantities of infected tomato leaves 
(Diener , 1972a). Identically extracted and purified preparat ions from 
healthy plants served as controls. Figure 2A shows the ultraviolet ( U V ) 
absorption profile of an R N A preparat ion from healthy leaves after elec-
trophoresis in a 2 0 % Polyacrylamide gel. In addition to 5 S R N A , at 

FIG. 2. (A) UV-absorption profile of RNA preparation from healthy tomato leaves after 
electrophoresis in a 20% Polyacrylamide gel for 7.5 hours at 4°C (5 mA per tube, constant 
current). (B) UV-absorption (—) and infectivity distribution (---) of RNA preparation from 
PSTV-infected tomato leaves after electrophoresis in a 20% Polyacrylamide gel [same 
conditions as in (A)]. 5 S, 5 S ribosomal RNA; I, III, IV, unidentified minor components 
of cellular RNA; II, PSTV; A2m, absorbance at 260 nm. Electrophoretic movement from 
right to left. (From Diener, 1972a.) 
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least three additional UV-absorbing components are discernible in the 
gel (I, I I I , and IV) . Evidently, these components are minor low molecu-
lar weight const i tuents of cellular R N A . 

Figure 2B shows the U V absorption and infectivity distribution pro-
files of an identically obtained R N A preparat ion from PSTV-infected 
leaves after electrophoresis in a 2 0 % Polyacrylamide gel. In addition to 
5 S R N A , four UV-absorb ing components are discernible. T h e positions 
in the gel of three of these (I, I I I , and I V ) coincide with those of compo-
nents found in the preparat ion from healthy leaves. In addition, another 
prominent component is discernible ( I I ) . Bioassay of individual gel 
slices demonst ra ted that infectivity coincides with this component (Fig. 
2B). This coincidence, the high level of infectivity, and the fact that 
component II does not occur in preparat ions from healthy leaves consti-
tutes strong evidence that component II is P S T V . 

These results therefore confirmed —by physical means — earlier con-
clusions that were based entirely on infectivity assays (Diener , 1971b; 
Diener and Smith, 1971). Isolation of P S T V as a r ibonuclease-sensit ive, 
UV-absorbing component demonst ra tes that the infectious agent is, 
indeed, an R N A and, since this R N A is able to penetra te into 2 0 % 
Polyacrylamide gels and to move through such gels as a monodisperse , 
UV-absorbing band, the low molecular weight of the R N A was con-
firmed. 

C. Purification 

These observat ions made it possible to isolate and purify P S T V in 
amounts sufficient for biophysical and biochemical analyses. T o purify 
P S T V , preparat ions from which D N A , ribosomal R N A ' s , t R N A , and 
polysaccharides had previously been removed (Diener , 1971b) were 
subjected to electrophoresis for 16 hours in 2 0 % Polyacrylamide gels. 
U n d e r these condit ions, P S T V migrates close to the bot tom of the gel 
and is more completely separated from component I I I (Fig. 2). T h e gel 
portion containing P S T V was excised from each gel. PSTV-conta ining 
port ions from many gels were combined, and the R N A was eluted by 
homogenization of the gel slices in buffer. P S T V was then separated 
from the gel particles (and reconcentra ted) by centrifugation, followed 
by hydroxyapat i te chromatography of the supernatant solution. An im-
purity that elutes from the gels together with P S T V was removed by a 
procedure that involved shaking of the preparat ions with methoxyeth-
anol (Diener , 1973a). 

Analysis of the final preparat ions by Polyacrylamide gel electropho-
resis revealed that , except for an occasional slight contamination with 
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0.6 ι 115 

SAMPLE NO. 

FIG. 3. UV-absorption (—) and infectivity distribution ( # - - # ) profiles of purified PSTV 
after electrophoresis in a 20% Polyacrylamide gel for 7.5 hours at 4°C (5 mA per tube, 
constant current). A260, absorbance at 260 nm. Electrophoretic movement from right to 
left. (From Diener and Smith, 1973.) 

what appears to be 5 S R N A (fractions 9-12), only one UV-absorbing 
component is consistently discernible in the gels (Fig. 3). Compar ison 
of this component with P S T V in less highly purified preparat ions 
(Diener, 1972a) disclosed that both have identical electrophoret ic 
mobilities. Fur thermore , infectivity distribution in the gels coincides 
with the UV-absorbing component (Fig. 3). These observat ions indicate 
that the UV-absorbing component is P S T V and that the preparat ions 
are essentially free of contaminating nucleic acids. 

D. Determination of Physical Properties 

Although purification of P S T V is now feasible, the separation proce-
dure is laborious and yields only microgram quantit ies of purified P S T V . 
With supplies so far available, the following physical propert ies of P S T V 
have been studied. 

/. Molecular Weight 

With the availability of purified P S T V , a redeterminat ion of its mo-
lecular weight based, not on its biological activity, but on its absorption 
of U V light, became possible. F o r this purpose , a method described by 
Boedtker (1971) appeared particularly promising, as it permits the deter-
mination of the molecular weight of an R N A independent of its confor-
mation. 

With this method, R N A ' s are t reated with formaldehyde at 63°C, a 
t reatment which, according to Boedtker (1971), completely denatures 
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the R N A ' s , i.e., des t roys their secondary and tert iary s tructure. Con-
sequently, the electrophoret ic migration of formylated R N A ' s in Poly-
acrylamide gels is a function of their molecular weights, but not of their 
particular conformations. 

T o apply this method to P S T V , it was necessary to compare its rate of 
migration in gels with those of formylated R N A ' s of known molecular 
weights. Of all marker R N A ' s available, the electrophoret ic mobility of 
formylated tobacco ringspot satellite virus (SAT) R N A (Schneider, 
1971) was closest to that of formylated P S T V . H e n c e , this R N A was 
most useful as a molecular weight marker , particularly in gels with small 
pore size, from which high molecular weight R N A ' s are excluded. 

Since the molecular weight of S A T R N A had so far been est imated 
only from its sedimentat ion coefficient by use of an empirical formula 
(Schneider, 1971), it was important to determine its molecular weight by 
gel electrophoresis of the R N A after t reatment with formaldehyde. 

Accordingly, formylated S A T R N A was analyzed by electrophoresis , 
in the presence of formaldehyde, using formylated t R N A , 5 S R N A , 
r R N A ' s , and carnat ion mottle virus ( C a r M V ) R N A (Waterworth and 
Kaper , 1972) as molecular weight markers (Diener and Smith, 1973). 

In Fig. 4, the results of such an analysis are given, and Fig. 5 illus-
trates the relation between the electrophoret ic mobility of each R N A 
(expressed as the ratio of its movement in the gel to that of a visible 
marker , bromophenol blue dye) and its molecular weight. T h e range of 
electrophoret ic mobilities of formylated S A T R N A is indicated in Fig. 5 

10 8 6 4 2 0 
DISTANCE, cm 

FIG. 4. UV-absorption profile of a sample containing formylated transfer RNA (Τ), 
formylated tobacco ringspot satellite virus RNA (SAT), and formylated carnation mottle 
virus RNA (CarMV) after electrophoresis (in the presence of formaldehyde) in a 2.4% 
Polyacrylamide gel. The position of other formylated marker RNA's, determined in addi-
tional gels, is shown by arrows. 5 S, 5 S ribosomal RNA; R I and R II, ribosomal RNA's; 
A260, absorbance at 260 nm. Electrophoretic movement from right to left. (From Diener 
and Smith, 1973). 
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FIG. 5. Relation between electrophoretic mobility and log molecular weight of formyl-
ated marker RNA's and position of formylated tobacco ringspot satellite virus RNA 
(SAT). Horizontal bars represent range of values in all analyses made. Abbreviations as in 
Fig. 4. (From Diener and Smith, 1973.) 

by vertical lines. T h e results indicate that the molecular weight of S A T 

R N A lies between 7.7 Χ 10
4
 and 8.4 X 10

4
 daltons. 

Formyla ted P S T V was next analyzed by electrophoresis , together 

with formylated S A T R N A , 5 S R N A , and t R N A as markers . 

Figure 6 shows the results of one analysis. T h e electrophoretic mobil-

ity of formylated P S T V is slightly larger than that of formylated S A T 

R N A . This result and those of additional experiments indicate that the 

DYE 

DISTANCE, cm 

FIG. 6. U V-absorption profile of formylated PSTV after electrophoresis (in the presence 
of formaldehyde) in a 5% Polyacrylamide gel. The position of formylated SAT RNA 
(SAT), as determined in separate gels, is indicated by the top of the UV-absorbing peak 
(shown at same scale as that of PSTV). The positions of other formylated marker RNA's 
are shown by arrows. Abbreviations as in Fig. 4. Electrophoretic movement from right to 
left. (From Diener and Smith, 1973.) 
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molecular weights of P S T V and S A T R N A are similar and that, there-
fore, the molecular weight of P S T V is within the range of 7.5 x 10

4
 to 

8.5 x 10
4
 daltons (Diener and Smith, 1973). 

2. Thermal Denaturation Properties 

T o determine whether P S T V is single- or double-stranded, thermal 
denaturat ion of the R N A in 0.01 x SSC was studied (Diener , 1972a). 
A s shown in Fig. 7, the total hyperchromici ty shift of P S T V in 
0.01 X SSC is about 2 4 % and the TM about 50°C. T h e thermal denatura-
tion curve indicates that P S T V is not a regularly base-paired s tructure, 
such as double-stranded R N A , since, in this case , denaturat ion would be 
expected ιο occur over a much narrower tempera ture range and at 
higher tempera tures . T h e curve does not, however , rule out an ir-
regularly base-paired single-stranded R N A molecule, similar to transfer 
R N A , in which single-stranded regions al ternate with base-paired 
regions. 

Determinat ion of the thermal denaturat ion propert ies of P S T V dis-
solved in buffer of higher ionic strength (0.1 x SSC) confirmed this 
conclusion since, again, denaturat ion occurred over a wide tempera ture 
range. U n d e r these condit ions, TM was about 54°C (T. O. Diener , un-
published). 

3. Inactivation by Ultraviolet Light 

In view of the low molecular weight of P S T V , it was of interest to de-
termine its sensitivity to irradiation with U V light. Although one might 

1.3 ρ 1 

Τ (°C) 

FIG. 7. Thermal denaturation curve of PSTV in 0.01 x SSC (—) and absorbance during 
slow cooling (—). (From Diener, 1972a.) 
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expect that a small molecule, such as P S T V , would be considerably 
more resistant to U V irradiation than a conventionally sized viral R N A 
or D N A , the effect of size on U V sensitivity of nucleic acids is not well 
unders tood (Adams, 1970). 

Exposure of purified P S T V , of tobacco ringspot virus ( T R S V ) , and of 
its satellite (SAT) to U V radiation of 254 nm showed that the inactiva-
tion dose of P S T V and S A T is 70 to 90 times as large as that of T R S V 
(Fig. 8). Although other explanations are possible (Diener et aL, 1973), 
this marked difference in sensitivity to U V radiation is most likely a 
consequence of the smaller size (smaller target volume) of P S T V and 
S A T R N A , as compared with T R S V R N A . 

4. Electron Microscopy 

In view of the purity of presently available P S T V preparat ions, it ap-
peared feasible to visualize P S T V by electron microscopy and to deter-

Opr 1 

! 
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FIG. 8. Inactivation of P S T V , S A T , and T R S V by ultraviolet light of 254 nm. Loga-
rithm of survival ratios (C/C0) plotted as a function of incident dose. · , purified P S T V ; 
vertical bars, 95% fiducial limits for ratios to controls; purified S A T ; O , purified T R S V . 
(From Diener et al, 1974). 



28. VIROIDS AS PROTOTYPES OR DEGENERATION PRODUCTS 767 

FIG. 9. Electron micrographs of preparations in 4 M sodium acetate, spread onto a 
hypophase of distilled water. Scale lines, 500 nm. (a) PSTV at a concentration of 5 μ-g/ml; 
arrows delineate the approximate edge of one large aggregate, (b) Control without RNA. 
(c) After treatment of PSTV with 10 ^g/ml of RNase for 1 hour at 25°C. In (a) one recog-
nizes large aggregates of short rod-like molecules, which are sensitive to RNase (c). 
Micrographs (a) and (c) show RNase-resistant filaments of varying length, presumably 
impurities from the Polyacrylamide gels. (From Sogo et al., 1973.) 
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FIG. 10. Electron micrographs of PSTV spread in 0.1 M NaCl, 0.01 M EDTA, and 8 M 
urea at a concentration of 0.6 μ-g/ml onto a hypophase of 0.015 M ammonium acetate, pH 
8. Scale lines, 200 nm. (a) Sample kept at 0°C. (b) Sample heated for 10 minutes at 63°C 
and then quenched in ice water, (c) Sample after treatment with 10 ^g/ml RNase for 1 
hour at 25°C. In micrographs (a) and (b), filamentous molecules with a length on the order 
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of 500 Λ are recognizable (arrows). These molecules are sensitive to RNase (c). The 
lengths of heated and unheated molecules differ only slightly, presumably because of rapid 
renaturation after cooling. Looped strand in (c) is gel impurity. (From Sogo et al., 1973.) 

mine its molecular weight by direct length measurements of the R N A in 
electron micrographs. This , indeed, proved possible (Sogo et al.y 1973). 

Purified P S T V preparat ions were processed for electron microscopy 
by the protein monolayer spreading technique of Kleinschmidt and Zahn 
(1959). When P S T V preparat ions in 4 M sodium acetate were spread 
onto a hypophase of distilled water , very short s t ructures, mostly in 
compact aggregates, but occasionally as separate particles, were re-
vealed (Fig. 9a). These s tructures could not be detected in nucleic acid-
free controls (Fig. 9b), and they were absent from preparat ions t reated 
with r ibonuclease (Fig. 9c). 

In addition to these short s t ructures and aggregates, P S T V prepara-
tions occasionally contained a few long threads (Fig. 9a and c), which 
superficially resemble high molecular weight nucleic acids. These 
threads , however , were found to be resistant to both deoxy- and ribonu-
clease. Almost certainly, they are residual molecules of the gel impurity 
(see Section I I ,C ) , which were present in such small amounts that they 
could not be detected by U V spect rophotometry , but could be visual-
ized by electron microscopy. 

Because of the association of P S T V molecules in aggregates, conclu-
sions as to their length and structure were difficult to draw from micro-
graphs obtained with this method. Consequent ly , methods which prom-
ised to dissociate the aggregates and to make possible the visualization 
of individual P S T V molecules were investigated. 

T h e method of Granboulan and Scherrer (1969) appeared suitable, 
since 8 M u rea is known to suppress weak bonding forces. As shown in 
Fig. 10a, disaggregation indeed occurred with this method, and large 
numbers of individual short s t rands of relatively uniform length were 
visible. N o such strands were discernible in the control samples or after 
t reatment with r ibonuclease (Fig. 10c). 

T o determine whether heating of P S T V in 8 M urea leads to unfolding 
of the molecules, preparat ions that had been heated for 10 minutes at 
63°C, followed by quenching in ice water , were examined (Fig. 10b). 
Length measurements of over 2400 P S T V molecules showed, however , 
that the lengths of unheated and heated molecules did not differ signifi-
cantly. Average length of molecules was found to be about 500 Â (Sogo 
et ai, 1973). 

Since the mass per unit length is unknown, the lengths of P S T V mole-
cules were compared with those of nucleic acids of known molecular 
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FIG. 1 1 . Electron micrograph of PSTV mixed with a double-stranded DNA, coliphage 
T7 DNA. Native T7 DNA (0 .8 /xg/ml) was mixed with PSTV ( 0 . 4 Mg/ml) previously 
heated for 1 0 minutes at 63°C in the presence of 8 M urea, followed by quenching in ice 
water. Note that double-stranded T7 DNA and PSTV have similar widths. (Courtesy of 
T. Koller and J. M. Sogo.) 
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FIG. 12 . Electron micrograph of PSTV mixed with a single-stranded viral RNA, carna-
tion mottle virus RNA. Heat-denatured formylated CarMV RNA (0 .5 ^g/ml) was mixed 
with unheated PSTV ( 0 . 6 ^g/ml). Note that PSTV is thicker than single-stranded CarMV 
RNA (arrow). Scale line, 2 0 0 nm. (From Sogo et al., 1 9 7 3 ) . 

weight, which were added to P S T V preparat ions and which were thus 
t reated identically. 

Figure 11 shows an electron micrograph of a mixture of a double-
stranded D N A , namely, coliphage T 7 D N A , and P S T V . Length mea-
surements indicated that T 7 D N A is about 280 times longer than P S T V . 
It is also apparent that the width of P S T V is similar to that of T 7 D N A . 
Assuming a molecular weight of T 7 D N A of 25 x 10 6 daltons (Lang, 
1970), and assuming that P S T V in urea is formed by two more or less 
base-paired strands (either as a hairpin or a double helix), then one ob-
tains a molecular weight est imate for P S T V of 8.9 x 10 4 daltons. 

Figure 12 shows an electron micrograph of a mixture of heat-dena-
tured, formylated C a r M V R N A and P S T V . Evidently, P S T V is thicker 
than this single-stranded viral R N A . Since the longest filaments of 
formylated, heat-denatured P S T V were about 700 A long, they were 
about 1l17th the length of denatured C a r M V R N A . Assuming a mo-
lecular weight for C a r M V R N A of 1.35 x 10 6 daltons (Kaper and 
Waterwor th , 1973), one obtains a molecular weight est imate for P S T V 
of 7.9 x 10 4 dal tons. 

T h e molecular weight est imates obtained by electron microscopy are, 
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therefore, in excellent agreement with the values obtained from analysis 
of heat-denatured, formylated P S T V in Polyacrylamide gels. 

5. Structure of PSTV 

Although the low molecular weight of P S T V has been conclusively 
demonstra ted, in light of present knowledge, a decision as to its exact 
s tructure cannot be made unambiguously. In some analytical systems, 
P S T V displays propert ies typical of double-stranded R N A , in others of 
single-stranded R N A . 

Thus , the elution pat tern of P S T V from columns of methylated serum 
albumin suggests double-s trandedness (Diener and Raymer , 1969); 
whereas the elution pat tern from CF-11 cellulose columns (Franklin, 
1966) is consistent with both single- and double-stranded molecules 
(Diener and Raymer , 1969). A possible explanation for the elution prop-
erties of P S T V from cellulose columns, however , may be deduced from 
the work of Engelhardt (1972), who showed that the extent of secondary 
structure of an R N A has a profound influence on its elution pat tern from 
such columns. H e found that the greater the amount of secondary struc-
ture of an R N A at the time of addition to the column, the greater is the 
fraction that will elute in ethanol-free buffer, i.e., in the eluate that for-
merly was believed to consist solely of double-stranded R N A (Franklin, 
1966). Judged by this criterion, native P S T V has an extensive secondary 
structure. 

F r o m hydroxyapat i te , on the other hand, P S T V elutes mostly at a 
phosphate buffer concentrat ion of about 0.125 M, apparently indicating 
that the molecule is single-stranded. Some P S T V , however , elutes at 
higher buffer concentrat ion (Diener, 1971c). 

T h e thermal denaturat ion propert ies of P S T V (see Section I I ,D,2) 
clearly rule out a regularly base-paired double helix; yet, in electron 
micrographs, P S T V appears definitely to be thicker than single-stranded 
R N A and to be of about equal thickness as double-stranded D N A . 

Fur thermore , immunological tests made with antisera that react speci-
fically with double-stranded R N A (Schwartz and Stollar, 1969) gave no 
evidence for the presence of double-stranded R N A in highly infectious 
R N A preparat ions (Stollar and Diener , 1971). 

Heat-denatured, formylated P S T V , however , was shown to consist 
of two components with somewhat different electrophoret ic mobilities 
(Diener and Smith, 1973). 

T w o models are compatible with these propert ies of P S T V : (1) T h e 
R N A may be a single-stranded molecule with some sort of hairpin struc-
ture, involving extensive base-pairing, or (2) the R N A may be a double-
stranded, but incompletely base-paired molecule. 
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E. Biological Properties 

1. Split-Genome Model 

T h e low molecular weight of P S T V raises the question of how such an 
R N A can contain sufficient genetic information to induce its replication 
in a susceptible host . T h e molecular weight of P S T V is sufficient only to 
code for 70 to 80 amino acids; i.e., it is barely sufficient to code for a 
very small protein, but not for a specific RNA-dependen t R N A polym-
erase (replicase) of a size comparable to those of known replicases. 

It is conceivable, however , that P S T V is not a single molecular 
species, but a population of several R N A molecules of similar length, 
but different nucleotide sequence, which together may comprise a viral 
genome of more or less conventional size. As discussed previously 
(Diener, 1972b, 1973b), existing knowledge does not support this model, 
and the high resistance of P S T V to U V irradiation (see Section I I ,D,3) 
may be interpreted as further evidence for the smallness of the P S T V 
genome. 

2. Question of Helper Virus 

In view of the very small genome of P S T V , it is tempting to speculate 
that P S T V is analogous to a satellite R N A and that it requires a helper 
virus for its own replication. Efforts to demonst ra te the presence of such 
a helper virus in uninoculated tomato plants were fruitless (Diener , 
1971b), and, since P S T V replicates in a number of solanaceous plant 
species other than potato and tomato (O'Brien and Raymer , 1964), 
hypothetical helper viruses would have to be involved in P S T V replica-
tion in these species also. In O'Brien and Raymer ' s exper iments , such 
viruses could have been introduced into the plants concurrent ly with 
P S T V during inoculation with crude sap from infected plants , but 
Diener et al. (1972) showed that a number of species that can be in-
fected with PSTV-conta ining crude sap can also be infected with low 
molecular weight R N A eluted from Polyacrylamide gels. Thus , if helper 
viruses are involved in the replication of P S T V , such viruses must be 
universally present in apparently normal plants of a number of solana-
ceous plant species. 

In view of these and other results (Diener , 1971b, 1972b, 1973b), it 
appears unlikely that helper viruses are involved. H e n c e P S T V , in spite 
of its small size, appears to be able to replicate autonomously in suscep-
tible plants. So far, nothing is known about the biochemical mechanisms 
of this process , but theoretically possible schemes will be discussed 
below (see Section IV) . 
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III. Other Viroids and Suspected Viroids 

A. The Agent of the Citrus Exocortis Disease 

Semancik and Weathers (1968) showed that , in plant extracts , the 
agent of the citrus exocort is disease has propert ies similar to those 
described for P S T V by Diener and Raymer (1967). As a result of later 
studies, however , Semancik and Weathers (1970) concluded that nucleic 
acid preparat ions from infected tissue contain two infectious entities, a 
major species that sediments with a rate of 10 S to 15 S and a minor 
form, that sediments with rates larger than 25 S. Since the infectious 
nucleic acid eluted from methylated albumin-Kieselguhr columns in the 
region of D N A and from CF-11 cellulose columns in 0 % ethanol, the 
authors suspected that the R N A is double-stranded. They were unable, 
however , to melt the R N A or to observe any resistance of the R N A to 
r ibonuclease in a high ionic strength medium. 

On the basis of its low buoyant density in cesium sulfate equilibrium 
density gradients, Semancik and Weathers (1972a) suggested that the 
infectious agent is either a low molecular weight, tRNA-l ike R N A or 
an R N A - D N A hybrid molecule, but showed later (Semancik and 
Weathers , 1972b) that the duration of sedimentation used was insuf-
ficient to achieve equilibrium of low molecular weight R N A ' s . Elec-
trophoresis of infectious preparat ions in Polyacrylamide gels indicated 
that the R N A has a molecular weight of 1.25 X 10

5
 daltons and 

suggested that a UV-absorb ing component was correlated with infec-
tivity distribution in the gels (Semancik and Weathers , 1972b). 

Sänger (1972) similarly examined the agent of citrus exocort is disease 
in Polyacrylamide gels. His results , however , indicate that the R N A has 
a molecular weight of 5 to 6 x 10

4
 daltons. 

Recent evidence indicates that P S T V and the agent of the citrus ex-
ocortis disease are identical or at least closely related (Semancik and 
Weathers , 1972c). 

B. Chrysanthemum Stunt Viroid 

Lawson (1968) showed that the agent of chrysanthemum stunt dis-
ease, which was formerly believed to be a virus (Dimock, 1947), has 
propert ies somewhat similar to those of P S T V . With this agent, how-
ever, the larger portion of the infectious entity was pelleted during high-
speed centrifugation. Trea tment of infectious extracts with phenol 
yielded preparat ions with infectivity levels comparable to those of un-
treated preparat ions (Lawson, 1968). 
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FIG. 13. UV-absorption profile (—) and infectivity distribution (~0~) of a sucrose den-
sity gradient containing partially purified CSV, tobacco ringspot satellite virus RNA (S), 
and the two RNA's of tobacco ringspot virus (TR I and TR II). Linear log gradient, cen-
trifugation for 26 hours at 24,000 rpm. Centrifugation is from left to right. A254, absorbance 
at 254 nm; infectivity, average number of lesions on 5 half-leaves. (From Diener and 
Lawson, 1973.) 

Partial purification of the infectious R N A by methods developed for 
the purification of P S T V , followed by sedimentat ion and electrophoret ic 
analyses demonst ra ted that the chrysan themum stunt agent is a low 
molecular weight R N A (Diener and Lawson , 1973). As shown in Fig. 
13, the infectious R N A sediments at low rates , corresponding to about 
5 S to 7.5 S. Coelectrophoresis of the stunt R N A and of P S T V in 2 0 % 
Polyacrylamide gels showed that the R N A migrates into such gels and 
moves through them as a well-defined, homogeneous band with a migra-
tion rate somewhat greater than that of P S T V (Fig. 14). These results 
demonst ra te that the chrysan themum stunt disease is a viroid disease in-
cited by a low molecular weight R N A similar to , but distinct from, 
P S T V . 

C. Question of Viroids Affecting Animals 

Although viroids so far identified cause diseases of higher plants , simi-
lar agents may exist in other forms of life, and it appears reasonable to 
search for viroids in the many instances where viral etiology of an infec-
tious disease has been assumed, but where no causat ive agent has ever 
been identified. 

O n e case in point is the agent of the scrapie disease of sheep. Based 
on comparisons of known propert ies of P S T V with those of the scrapie 
agent, the hypothesis has been advanced that the latter may also be a 
viroid (Diener , 1972c). 

F r o m the dose of ionizing radiation required to give an average of one 
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PSTV 

FRACTION N O . 

FIG. 14. Electrophoretic mobilities of 5 S RNA (5 S), of CSV, and of PSTV in a 20% 
Polyacrylamide gel. Ultraviolet absorbance profile (—), infectivity distribution of CSV 
( # — # ) , and infectivity distribution of PSTV (0--0) determined after elec-
trophoresis for 7.5 hours at 4°C (5 mA per tube, constant current). Λ 2 6 0, absorbance at 260 
nm. Infectivity of PSTV is infectivity index; of CSV, average number of lesions on 5 half-
leaves. Electrophoretic movement is from right to left. (From Diener and Lawson, 1973.) 

inactivating event per infective unit of scrapie, Alper et al. (1966) 
calculated a target volume corresponding to a molecular weight of 
1.5 x 10

5
 daltons and concluded that this target size "is implausibly 

small as a nucleic acid code . " This value is, however , compatible with 
the proposit ion that the agent is a viroid. 

T h e scrapie agent is known to be highly resistant to U V irradiation 
(Haig et al., 1969; Latarjet et ai, 1970), if exposed in homogenates from 
infected brains, and this high resistance has led some investigators to 
suggest that scrapie does not depend on a nucleic acid replicating system 
(Alper et al., 1967). 

Other investigators believe, however , that the high resistance of the 
scrapie agent to U V irradiation does not necessarily rule out nucleic 
acid as the genetic material (Adams, 1970). 

Since the scrapie agent so far has not been separated from cellular 
const i tuents (Hunter and Millson, 1967), all exper iments with scrapie 
were made with relatively crude extracts from infected tissue. Hence , 
energy-transfer processes , interactions be tween parts of a complex 
(Latarjet et al., 1970), or shielding from U V radiation by surrounding 
structures (Adams, 1970) may all contr ibute to the apparent high resist-
ance of the scrapie agent to U V irradiation. 
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IV. Viroid Replication 

T h e quest ion of the origin of viroids can only be resolved once their 
mode of replication has been elucidated. Although, at present , nothing is 
known of these mechanisms, two basic schemes can be envisaged on the 
basis of known mechanisms of cellular and viral R N A biosynthesis . 

A. DNA-Dependent Replication 

T h e first scheme assumes that viroids are synthesized by the normal 
R N A synthesizing machinery of the cell, i.e., that they are transcribed 
from D N A templates . 

In this case , we must assume that one or more D N A segments are 
present in the genomes of all host species in which a given viroid is able 
to replicate or, alternatively, that a novel D N A is produced in infected 
cells as a consequence of viroid infection, with the viroid R N A serving 
as a template . 

If D N A segments that code for viroid R N A ' s are present in the 
genomes of all host cells, this genetic information must be completely 
repressed in uninoculated organisms, and the introduced viroid R N A (or 
a polypeptide translated therefrom) must act as a trigger to derepress 
these D N A segments . 

This scheme invites the question of why a completely repressed D N A 
segment, which contains genetic information detrimental to the orga-
nism, should be maintained during evolution. Although this genetic 
information might normally be expressed only in another stage of de-
velopment (for example, during embryogeny) , one would expect that 

Although purified P S T V does not appear to be as resistant to U V ir-
radiation as the scrapie agent, definitive compar isons await purification 
of the scrapie agent. Our results (Diener et al., 1973) suggest, however , 
that low molecular weight nucleic acids are far more resistant to U V 
irradiation than high molecular weight nucleic acids. Indeed, t race 
amounts of a small, single-stranded D N A have been identified in ex-
tracts from scrapie-infected, but not in extracts from healthy brains 
(Adams, 1972). N o evidence exists , however , as to whether or not this 
D N A is specific scrapie agent D N A (Adams , 1972). 

Evidently, only future work will determine whether or not the scrapie 
agent is a viroid and whether viroids are responsible for certain animal 
(including human) diseases with obscure etiology. 
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" spon t aneous" derepression of the D N A segment(s) should occasion-
ally occur. With P S T V , large-scale commercial product ion of tomato 
plants, without reported outbreaks of the disease incited by the R N A , 
indicates that this is not the case. 

More likely is the assumption that a novel D N A is produced as a 
consequence of infection and that the viroid R N A then is synthesized 
from this D N A through normal transcription. 

Implicit in this scheme is the assumption that RNA-dependen t D N A 
synthesis occurs in normal cells, i.e., that RNA-di rec ted D N A polym-
erases (reverse transcriptases) are part of the cell 's normal enzymatic 
complement or that such enzymes are formed by the combinat ion of 
normal host proteins with a polypeptide translated from the viroid R N A . 

Recent evidence indicates that r ibonuclease-sensit ive D N A polym-
erase activity may occur in normal cells (Scolnick et ai, 1971; Coffin 
and Temin, 1971), but it is not clear whether this enzymatic activity in 
uninfected cells is due to chance association be tween a cell D N A 
polymerase and cell R N A , or whether it is related to an RNA-di rec ted 
D N A polymerase involved in normal development (Coffin and Temin, 
1971). 

B. RNΑ-Dependent Replication 

T h e second scheme assumes that the synthesis of viroids is analogous 
to that of many viral R N A ' s , i.e., that it is D N A independent . Implicit in 
this scheme is the assumption that RNA-dependen t R N A synthesis 
occurs in normal cells or that a small polypeptide translated from the 
viroid R N A , if combined with one or more proteins already present in 
the host cell, consti tutes a functional enzyme that replicates the viroid 
R N A . T h e assumption that RNA-di rec ted R N A synthesis occurs in 
normal cells contradicts apparently conclusive evidence that all cellular 
R N A species are synthesized by transcription from D N A templates 
(Allfrey and Mirsky, 1962). If so, no need exists in normal cells for 
RNA-di rec ted R N A polymerases (Spiegelman and Haruna , 1966). 

Recent evidence, nevertheless , indicates that RNA-di rec ted R N A 
synthesis may occur to a limited extent in normal cells. As discussed 
previously (Diener , 1972b), certain bacterial R N A polymerases synthe-
size R N A with both R N A and D N A templates . If similar enzymes 
occur in higher organisms and accept a similarly wide range of R N A 
species as templates , such enzymes may be responsible for the replica-
tion of viroids. One report (Astier-Manifacier and Cornuet , 1971) 
suggests that RNA-di rec ted R N A polymerases may occur in apparently 
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V. Possible Origin of Viroids 

Evidently, in light of present knowledge, discussion of the possible 
origin(s) of viroids is somewhat premature . A priori, viroids may be 
extremely degenerate or extremely primitive viruses, or they may be 
cellular R N A ' s that are unrelated to viruses. 

Possibly the most fruitful approach to this discussion is to examine 
whether cellular or virus-related R N A species with propert ies resem-
bling those of viroids are known to exist. Although such similarities 
among R N A ' s obviously do not establish phylogenetic relationships, 
they nevertheless may serve as a starting point for the elucidation of 
viroid origin. 

A. Are Viroids Degenerate Viruses? 

In recent years , low molecular weight R N A ' s have been found in 
association with a number of virus infections. Reich et al. (1966) showed 

healthy plants; and Koch and Vollersten (1972) reported that an en-
zyme, which accepts viral R N A as a template for R N A synthesis , is 
present in Escherichia coli. 

T h e alternative assumption, namely, that a functional RNA-di rec ted 
R N A polymerase is produced in infected organisms by a combinat ion of 
a polypeptide translated from the viroid R N A with preexisting host 
polypeptides, parallels, at least qualitatively, the results obtained with a 
small R N A bacteriophage, Q ß . Kamen (1970) showed that, in this case , 
the RNA-repl icat ing enzyme, which is present only in infected cells, 
consists of four polypeptide chains, only one of which is virus-specific, 
the remainder being host-specific. Quanti tat ively, however , the two 
systems differ in that the polypeptide coded for by the Qß R N A has a 
molecular weight of 60,000 daltons (Kamen, 1970), which is a value far 
in excess of that possible with presently known viroids. 

In summary, none of the theoretically possible mechanisms of viroid 
replication has an exact counterpar t in known replication mechanisms of 
cellular or viral R N A ' s . According to classical doctr ines of molecular 
biology, au tonomous replication of viroids should not occur. T h e fact 
that viroids do replicate in susceptible hosts indicates that mechanisms 
different from generally accepted ones must be operat ive in certain, if 
not all, cells. 
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that a new low molecular weight R N A appears in the soluble fraction of 
the cytoplasm at the late stage of the replicative cycle of adenoviruses in 
KB cells. This R N A is found only in infected cells. Its nucleotide 
sequence has been determined (Ohe and Weissman, 1970), and the 
authors concluded that it is a unique species of R N A with large regions 
of intramolecular base pairs (Ohe and Weissman, 1971). Ohe (1972) 
showed that the R N A is coded for by the viral D N A . Its function is 
unknown, but O h e (1972) suggested a specific participation of this low 
molecular weight R N A in the process of adenovirus multiplication. 

Low molecular weight R N A has also been identified in Escherichia 
coli infected with Qß bacteriophage (Banerjee et ai, 1969) and after in-
duction of prophage λ (Marcaud et ai, 1971). Similarly, infection of 
tobacco leaves with tobacco mosaic virus (Babos and Shearer , 1969; 
Jackson et al.} 1972), and of broadbean leaves infected with broadbean 
mottle virus (Romero , 1972) lead to the appearance of low molecular 
weight R N A ' s that are not present in uninfected leaves. 

In purified virions of Rous sarcoma virus (Bishop et al.y 1970) and of 
other oncogenic R N A viruses (Har ter et ai, 1971), low molecular 
weight R N A ' s have been shown to occur. 

T h e function of none of these R N A ' s is known, and it is not clear 
whether they are related to one another. If, however , the synthesis of 
unique species of low molecular weight R N A ' s is a common con-
sequence of virus infection, one might speculate that viroids developed 
from low molecular weight R N A ' s that were originally virus-induced, 
but which have become autonomous . They would thus represent degen-
erate viral entities. 

B. Are Viroids Primitive Viruses? 

R N A ' s with some propert ies of double-stranded R N A have been 
identified in a variety of apparently uninfected animal cells (Montagnier, 
1968a; Duesberg and Colby, 1969; Stern and Fr iedman, 1970; Stollar 
and Stollar, 1970) as well as in tomato leaves (Lewandowski et aL, 
1971). Significantly, synthesis of some of these R N A ' s is less sensitive 
to t reatment with actinomycin D than the major cellular R N A species 
(Montagnier, 1968a; Stern and Fr iedman, 1970). 

Although other interpretations are possible, Montagnier (1968b) 
suggested that " some self-replicating R N A ' s may have become part of 
cell genetic information," and Stern and Fr iedman (1970) concluded that 
" the assumption that the synthesis of all informational R N A in normal 
mammalian cells is directed by D N A templates must be held in abey-
ance until the origin of the present R N A has been determined." 
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C. Are Viroids Abnormal Host RNA's? 

Low molecular weight R N A ' s , aside from t R N A and 5 S ribosomal 
R N A , occur in normal cells, particularly in nuclei and nucleoli (Wein-
berg and Penman, 1968; Pres tayko et ai, 1970) and associated with 
chromatin (Benjamin et al., 1966). Although the function of these 
R N A ' s is unknown, it has been suggested that certain nuclear R N A ' s 
may have a role in regulating some nuclear functions, and that they may 
be involved in the regulation of R N A transcription from the genome 
(Frenster , 1965). Kanehisa et al. ( 1971 , 1972) added credence to such 
concepts by demonstrat ing that R N A synthesis in a cell-free system of 
E. coli polymerase with chromatin as template was stimulated by the ad-
dition of a low molecular weight chromatin R N A , whereas , with D N A 
as template , R N A synthesis was inhibited by addition of this R N A . 

Conceivably P S T V , which is associated with chromatin (Diener, 
1971a) and which is in the same molecular weight range, may be related 
to certain normal nuclear R N A ' s . 

O n e might speculate that P S T V , and presumably other viroids, origi-
nated from nuclear R N A ' s that are normal const i tuents of the organism 
and that are essential for its development . T h e change from a normal 
consti tuent to a pathogenic R N A might have occurred either by muta-
tion or by chance introduction into a foreign species, in which the R N A 
is replicated. In either case , the disease would be a consequence of inter-
ference with the functions of normally occurring nuclear R N A ' s . 

Some of the R N A ' s share certain propert ies with viroids. Stern and 
Fr iedman (1970) pointed out that, although the R N A studied by them 
has many propert ies of double-stranded R N A , it is not a simple base-
pair s tructure. Its sedimentat ion coefficient; its sensitivity to ribonu-
clease in media of low and high ionic strength; its elution from Sephadex 
G-100 columns; its propert ies after heating to 100°C, followed by quick 
cooling; and its propert ies after t reatment with dimethyl sulfoxide all 
resemble propert ies of P S T V . 

In view of these results , it is tempting to speculate that , as discussed 
previously (Diener , 1971b), R N A ' s which are synthesized on R N A 
templates may occur in most , if not all, seemingly healthy cells. If so, 
viroids may have originated from these cellular R N A ' s . They might thus 
be regarded as primitive viral entities that have achieved neither the 
genetic sophistication to induce in susceptible hosts novel biosynthetic 
machinery for their own replication nor to code for specific coat pro-
teins. 
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growth beyond implantation, 5-8 
virus effects on, 20-22, 24 

"Blocking factors," in viral immunity, 531 
Blood group substances, cell surface, trans-

formation, and, 372 
Blood transfusions, herpesvirus transmis-

sion by, 611 
BND cellulose, in DNA purification, 125, 

128 

Bone, giant cell tumors of, virus studies on, 
411-413 

Bovine ephemeral fever virus, tropism of, 
713, 714 

Bovine herpesvirus, oncogenicity of, 617 
Bovine infectious rhinotracheitis virus 

DNA base composition of, 610 
host range of, 610 
reactivation of, 615 
transmission of, 611 

Bovine mammilitis virus 
DNA base composition 
host range of, 610 

Bovine papilloma virus, 456 
Brain 

herpesvirus transmission to, 615-616 
tumors, Β particles in, 282 

Branch migration, of bacteriophage, 575 
Brassica, tumor induction in, 430 
Brazil strain of vesicular stomatitis virus, 

678 
Breast cancer 

DNA from, 422 
immunological studies on, 414-417 
viral etiology and, 551 
virus particles in, 410 

Breast milk, herpesvirus transmission in, 
612 

Broadbean mosaic virus, particle types and 
properties of, 727 

Broadbean mottle virus 
low M.W. RNA in plants infected by, 

780 
particle types and properties of, 727, 728 

Broadbean stain virus, particle types and 
properties of, 726, 728 

Broadbean wilt virus, particle types and 
properties of, 728 

Brome mosaic virus (BMV) 
particle types and properties of, 727, 

728, 731, 736 
genetic aspects, 748-749 

5-Bromodeoxyuridine (BUdR) 
C virus particle induction by, 411 
effect on gs antigen, 523 
virus induction by, 201, 615 

Bromoviruses, particle types and properties 
of, 727 

Bryan strain RSV, cryptic virus for, 220 
B77 avian sarcoma virus, transformation 

by, 294 
Β type viruses 

cancer etiology and, 551, 553 
cell-surface changes from, 378-379 
morphology of, 518 

Buffet virus, antigens of, 521 
Burkitt's lymphoma, 188 

DNA in cells of, 492, 504-505 
Epstein-Barr virus and, 80-81, 111-112, 

197, 198, 200, 492 
in Africa, 86-89, 97, 100 
in America, 96-97, 112 

herpesviruses and, 196, 197, 551, 556 
tumor cell membrane antigens from, 523 

Bursa of fabricius, cells in Marek's disease 
studies, 200 

Β virus of rhesus monkeys 
fatal disease from, 619 
latency of, 616 
phylogenetic relations of, 620 

Β virus particles 
electron microscopy of, 409 
human breast cancer and, 415-417, 422 
from mammary tumor virus, 321, 

322-323, 324 
in mice, 341 
relation to other viral particles, 13 
release of, 342 
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transmission of, 530 
in tumors, 282, 405 
of vesicular stomatitis virus, 678-680 

C 

Cabbage, virus-induced nodules in, 432 
Cacao yellow mosaic virus, particle types 

and properties of, 728 
Cadavers, herpesvirus isolation from, 614 
Callus, tumors compared to, 428 
Cancer, see also Carcinoma; Human 

cancer; Tumors 
adeno-associated satellite viruses and, 

73-75 
adenovirus genes and, 167-181 
control of, 550-560 
definition of, 550 
densonucleosis virus and, 73-75 
etiology of, 550-551 
herpesvirus-induced, 615, 616-618 

urogenital cancer and, 617 
immunology of, 501-512 
nonspecific control of, 559-560 
oral and herpesviruses, 617 
spread of, 551-552 
as syndrome, 493 

Cancer genes, in human cancer, 492 
Cancer vaccines, 549-560 

chemical, 558 
tumor antigens and, 556-557, 559 
from tumor cells, 557-558 

Cancer viruses 
human, influenza viruses in study of, 647 
transmission of, 551-552 

Canine adenovirus, cell-surface changes 
from, 377 

Canine herpesvirus 
DNA base composition of, 610 
oncogenicity of, 617 
temperature effects on, 615 
transmission of, 611 

Canine papilloma virus, 456 
Cannabinoid, effect on viral oncogenicity, 

314 
Carcinogen(s) 

chemical, antigens from, immunological 
aspects, 510 

cryptic virus activation of, 210, 229 
effect on viral RNA release, 347 
environmental, in cancer etiology, 550, 

551 

Carcinogenesis, viral and chemical com-
pared, 486-487 

Carcinoma, cervical, herpetic lesions and, 
190, 192, 196, 197 

Carnation mottle virus 
particle types and properties of, 728 
RNA as M.W. marker, 763, 769, 771 

Carrot, tumor studies on, 428 
Cats 

cancer vaccine studies on, 553 
immune response to tumors in, 540 
oncovirus infections in, 532-533 
viruses of, see Feline 

Cattle 
C-type particles in, 241 
oncogenic viruses in, 517 

Cauliflower mosaic virus, cabbage infected 
with, 432 

Cell cycle, cell surface, transformation, 
and, 373 

Cell-mediated immunity, in viral response, 
530-531 

Cell membrane, see Plasma membrane 
Cell surface 

functions mediated by, 372-373 
model for, 386 
oncogenic virus effects on, 381-391 

biochemical aspects, 384-391 
genetic aspects, 382-384 
metabolic aspects, 392 

virus interaction with, 374-381 
in virus transformation, 369-400 

Cell wall, of plants, 428 
CELO virus, 281 
Central nervous system, vesicular stomatitis 

virus invasion of, 700, 702 
Cervix 

cancer, "tumor progression" and, 487 
cytomegalovirus in, 611 
herpetic lesions of, as carcinoma pre-

cursor, 189, 190, 192, 196, 197, 551, 
616, 617 

C3H mice, mammary tumors in, 320, 328 
C57BL mice, mammary tumors in, 321 
C58 mice, antigens in plasma and body 

fluids of, 528 
Chaffinch papilloma virus, 281 
Chandipura strain of vesicular stomatitis 

virus, 678 
Chemotherapy-immunotherapy, of murine 

oncornaviruses, 538-539 
Chenopodium hybridum, multiparticulate 
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virus studies on, 750 
Chenopodium quinoa, tobacco streak virus 

infections of, 733, 736 
Cherry leafroll virus, particle types and 

properties of, 728, 732 
chf (chicken helping factor) system 

infectious RSV and, 221 
in MuLV expression, 339-340 
in studies of genetic recombination, 269 

Chicken(s) 
influenza virus in, 636 

recombinants of, 640-642 
Marek's disease of, see Marek's disease 

virus 
viral genetic information in, 349-350 
viral response in, 530-531 
virus-induced neoplasia in, 184, 185, 

187-188 
Chicken helper factor system, see chf 

system 
Chicken infectious laryngotracheitis virus 

DNA base composition of, 610 
host range of, 610 
phylogenetic relations of, 621 

Chicken viruses, in studies of viral 
oncology, 549-550 

Chicory yellow mottle virus, particle types 
and properties of, 728, 733 

Chincoteague ponies, influenza in, 636 
Chitobiose, in cancer vaccine, 558 
Chloromas, virus-induced, 309 
Chromosome(s) 

DNA of, oncogenic viral DNA in, 381 
Epstein-Barr virus reaction with, 79-116 
human, loss caused by mouse virus, 314 
oncornavirus transmission by, 539-540 
virus transmission by, 516, 529 

Chrysanthemum frutescens, tumors of, 436 
Chrysanthemum stunt viroid, properties 

and RNA purification of, 774-775 
Citrus exocortis disease agent 

properties of, 774 
similarity to potato spindle tuber viroid, 

774 
Cocal strain of vesicular stomatitis virus, 

678 
Cocoa necrosis virus, particle types and 

properties of, 728 
COFAL test 

in avian leukosis assay, 286 
for gs antigens, 220 

Colchicine, tumor induction by, 432 
Coliphage T7, electron microscopy of, 

769-770 
Colony-stimulating factor, in leukemic 

serum, 313 
Colorado tick fever virus, dsRNA of, 652 
Comoviruses, as multiparticulate viruses, 

726, 727, 744 
Complement, cell surface, transformation, 

and, 372 
Complement fixation (CF) antigen, 503 
Complement fixation tests 

for C-type virus antigens, 238 
on herpesviruses, 621 

COMUL test, for murine leukemia virus, 
289 

Contact inhibition, of animal tumor cells, 
427-428 

Cordycepin, effects on reovirus "early" 
proteins, 660-661 

Core (viral), antigens of, 521, 522-523 
Coronaviruses, cell-surface changes from, 

379 
Cottontail rabbit virus, 613 

oncogenicity of, 617 
Cowpea chlorotic mottle virus (CCMV) 

particle types and properties of, 727, 728 
genetic aspects of, 749-750 

Cowpea mosaic virus (CPMV) 
particle types and properties of, 726, 

728, 732, 733, 736 
genetic aspects of, 741-743 

Crandell feline type C virus, RNA of, bio-
chemical characterization of, 418-420 

Criss-cross growth pattern, in lysogenized 
cells, 457 

Crown gall(s) 
antigen of, Τ antigen and, 452 
genetic information in, 451 
growth rates of, 440 
growth regulator synthesis in, 439 
new substances from, 441-442 
tumor-inducing principle and, 445-451 
X-ray effects on, 443-444 

Cryptic viruses, oncornaviruses as, 210, 
214-216, 220-227, 230 

Cryptogram, in herpesvirus classification, 
606 

CSF factor, effect on Rauscher leukemia 
virus activity, 287-288 

C-type oncornaviruses, 294, 298 
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antigens of, 506 
cancer etiology and, 551 
cell-surface changes from, 379 
comparison and evolution of, 235-257 
gel diffusion of, 243 
gs antigens, 237-238, 254, 501 
morphology of, 518-519 
RNA of, 238-239 
sarcoma-leukemia viruses as, 282 
transmission of, 535, 536 
viral DNA probes for, 239-240 

Cucumber mosaic virus, particle types and 
properties of, 728 

Cucumber necrosis virus, particle types 
and properties of, 728 

Curly top disease, papillae from, 432 
C viral particles 

biological studies on, 410-413 
in cat embryos, 532 
in densonucleosis-transformed particles, 

75 
electron microscopy of, 405-410 
in embryos, 17-19, 27 
guinea pig herpesvirus and, 187 
human breast cancer and, 415 
nononcogenic, 515 
pyrimidine induction by, 339 
relation to other viral particles, 13 
from Rous sarcoma virus, 335, 336 
from RSV-transformed cells, 293 
in tumor tissue, 282, 405 
in virus comparison, 240 

Cycloheximide 
effect on tumor cell membrane antigens, 

524 
in reovirus transcription studies, 

655-656, 658 
Cyclophosphamide, as leukemia suppres-

sant, 316 
Cytochrome c, in heteroduplex DNA 

method, 564 
Cytocine, in small DNA viruses, 69 
Cytohybridization, of Epstein-Barr virus 

CRN A, 81 
Cytomegalic inclusion disease, embryo 

studies with, 26 
Cytomegalovirus (CMV), 190 

clinicopathological effects of, 613, 614 
DNA of 

base composition, 610, 620 
cytohybridization, 84 

renaturation kinetics analysis, 85 
Epstein-Barr virus and, 80, 108-109 
equine, properties of, 610 
fatal disease from, 615, 618 
host range of, 610, 613 
in human semen, 190, 611 
murine, properties of, 610 
in newborns, 612 
oncogenicity of, 184, 190 
origin of, 619 
persistence of, 615 
phylogenetic relations of, 620, 621 
possible oncogenicity of, 184, 190, 195 
transformation by, 191 
transmission of, 611, 612 
of vervet monkey, properties of, 610 

Cytoplasmic inclusions, from wound tumor 
virus, 433 

Cytoplasmic polyhedrosis virus, dsRNA 
of, 652 

Cytotoxic sera, cell surface, transforma-
tion, and, 372 

D 

Dander, chicken, in Marek's disease trans-
mission, 553-555 

DDf mice, mammary tumors in, 322 
Defective virus, definition of, 724 
Density gradient centrifugation, of mul-

tiparticulate viruses, 730-732 
Densonucleosis virus (DNV), 57-73 

biological and biophysical properties of, 
57-61 

cancer and, 73-75 
disease and, 73 
DNA of, 57 

properties, 67-73 
as living insecticide, 73 
proteins of, 72-73 
replication cycles and helper viruses for, 

61-67 
Densoviridae, 56-57 
Dependence, of viruses, definition of, 724 
Di-N-acetylchitobiose, in cancer vaccine, 

558 
Diplornaviruses, dsRNA of, 651-652 
DNA 

of adenoviruses, 168-170 
of bacteriophage, insertion of, 458 
foreign, transfer of, 31-54 
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of herpesviruses, base composition, 609, 
610, 620-622 

infectious, 346 
integrated viral, 457 
of mycoplasmaviruses, 588, 591 
of oncogenic viruses 

in chromosomal DNA, 381 
replication, 119-149 

of parvoviruses, 55-78 
of plant tumors, 448-451 
of SV40-transformed cells, 502 
synthesis of, in leukocytes, EBV induc-

tion of, 493 
TIP and, 446-447 
transformation effects on, 153 
viral, oncogenicity and, 514 

DNA bacteriophages, origin of, 601 
DNA-dependent RNA polymerase 

in studies of Epstein-Barr virus, 83 
sigma factor in, 83 

DNA ligases, in synthetic biology, 579 
DNA oncogenic viruses, 117-205, 280 
DNA polymerase, adenovirus synthesis of, 

62 
D N A - R N A hybridization method, in 

DNA transfer studies, 32-33 
DNA transfer method, 31-54 

applications of, 51-52 
DNA tumor viruses 

antigens from, 505 
cell-surface changes from, 376-377 
chemical carcinogenesis compared to, 

486-487 
cytopathology of, 192 
"hit and run" effect of, 492-493 
human cancer and, 349-350 
immunology of, 513 
proviruses of, 345 
Τ antigens from, 503-504 
TATA-type antigens from, 506-510 
vaccine studies on, 552 

DNA viruses 
in cancer etiology, 551-552 
cell-surface changes from, 376-377, 389 
effect on cells, 501 
genome evolution of, 578 
in human cancer etiology, 551 
mycoplasmaviruses compared to, 598 

Duck herpesvirus, 613 
Duvenhage virus, tropism of, 714 

Ε 

Ε antigen 
Epstein-Barr virus and, 105 
as tumor cell membrane antigen, 528 

EA antigen(s) (early antigen) 
from Epstein-Barr virus, 105, 197, 501, 

503 
from herpesviruses, 201 

Early proteins 
of oncogenic papovaviruses, 151-165 

identification and purification, 155-160 
EBNA (EBV-determined nuclear antigen) 

discovery and properties of, 503-505 
test based on, 87, 114 

Echtes Ackerbohnemosaik virus, particle 
types and properties of, 728 

Egg cylinders 
growth of, 8-9 
virus effects on, 22-26 

Elderberry latent virus, particle types and 
properties of, 728 

Elm mottle mosaic virus, particle types and 
properties of, 728 

Embryo(s) 
differentiation of, 4-9 
postimplantation type 

in vitro growth of, 5-9 
preimplantation type 

in vitro growth of, 4-5 
virus effects on, 3-30 

Embryonic antigens, of RNA tumor 
viruses, 414 

Encephalitis, herpetic, 615-616 
Endonuclease 

early protein induction and, 161-162 
effect on RNA tumor virions, 275 

Endoplasmic reticulum, rough (RER), 
A viral particles in, 14 

Envelope (viral) 
antigens of, 519-521, 524, 525, 527 
cell-surface changes and, 375, 380 

Enzymes 
cell surface, transformation and, 372, 

385,393-394 
cytoplasmic 

herpesvirus immunity to, 608 
viral, early protein induction and, 

160-162 
Epigenotype, of malignant cells, 508 
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Epstein-Barr virus (EBV), 79-116, 556 
abortive infection of, 493 
arginine in induction of, 201, 229-230, 

615 
Burkitt's lymphoma and, 86-89, 96-97, 

100,111-112, 198, 199, 200, 492, 
616 

DNA in cells of, 504 
cell-surface changes from, 376, 385, 608 
clinicopathological effects of, 613 
in compromised hosts, 618 
cryptic, induction of, 229 
cytomegalovirus and, 190 
DNA, 80 

base composition, 610 
in human lymphoma cells, 504 
as plasmid, 110, 114 
properties, 82-83 

EA complex from, 501, 503 
fatal disease from, 615 
Guillain-Barré syndrome and, 188 
herpesvirus DNA and, 108-109 
Hodgkin's disease and, 188 
host range of, 610 
infectious mononucleosis and, 102-103, 

188, 198, 199, 200,492-493 
interaction with human cells and chromo-

somes, 79-116 
IUdR and BUdR activation of, 615 
leukemia and, 616 
mammalian cellular chromosome interac-

tion with, 105-108, 114 
nasopharyngeal carcinoma and, 87, 

90-94, 97, 111-113, 188 
oncogenicity of, 92-96, 100, 184, 195, 

515, 617 
origin of, 619 
phylogenetic relations of, 620, 621 
properties of, 80-82 
somatic cell hybrids in studies of, 

109-111 
transformation by, 191 
transmission of, 611 
tumor cell membrane antigen of, 524 
yield of, factors affecting, 201 

Epstein-Barr virus-determined nuclear an-
tigen, see EBNA 

Equine abortion-rhinopneumitis virus 
DNA base composition of, 610 
host range of, 610 

transmission of, 611 
Equine coital exanthem virus 

DNA base composition, 610 
host range of, 610 
oncogenicity of, 617 
transmission of, 611 

Equine herpesvirus, persistence of, 614 
Equine herpesvirus 3 (EH3), oncogenicity 

of, 199 
Equine papillomavirus, cell-surface changes 

from, 377 
Equine rhinopneumitis virus 

DNA base composition of, 609, 610 
host range of, 610 

Erythroblastosis, virus-induced, 296, 298, 
306, 307, 310, 312, 319, 328 

Escherichia coli 
bacteriophage of, see Bacteriophage λ 
endonuclease, in DNA studies, 133, 161 
polymerase, low-M.W. RNA stimulation 

of, 781 
RNA-directed RNA polymerase studies 

on,778-779 
ESP-1 virus, RNA of, 421 
Estrogens, effect on mammary tumors, 319 
Ethidium chloride, in DNA studies, 122, 

123 
17a-Ethynyl-19-nortestosterone, effect on 

mammary tumors, 319 
Evolution of viruses, 562-783 

herpesviruses, 605-624 
multiparticulate viruses and, 723-756 
mycoplasmaviruses, 599-602 
orthomyxoviruses, 625-649 
rhabdovirus tropisms and, 699-722 
viroids in, 757-783 

Eyes, herpesvirus infections of, 613 

F 

Falcon herpesvirus, 613 
phylogenetic relations of, 621 

Feather follicles, herpesvirus transmission 
by, 553, 611, 614 

Feline herpesvirus, abortion from, 618 
Feline leukemia-sarcoma virus 

cell-surface changes from, 379 
vaccine studies on, 552-553 

Feline leukemia virus (FeLV), 303 
antigens 

of core, 522 
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of envelope, 519-521 
comparison with other C-type viruses, 

244-245 
immune response to, 532-535 
immunology of, 522 
oncogenicity of, 515 
transmission of, 552 
tumor cell membrane antigen of, 

525-527, 534 
Feline oncornaviruses 

antigens of, 518-523 
classification of, 520 
immune response to, 532-535 
tumor cell membrane antigens of, 

525-527, 528 
Feline panleukopenia virus, as parvovirus, 

56 
Feline rhinotracheitis virus 

DNA base composition of, 610 
host range of, 610 

Feline sarcoma virus (FeSV) 
immune response to, 533-534 
oncogenicity of, 515 
tumor cell membrane antigen of, 

525-526, 534 
Feline tumor viruses, RNA of, 421 
Feline viruses, oncogenicity of, 516 
Fetal antigens, cell surface, transformation, 

and, 372 
Fetus, herpetic viral disease of, 612, 615, 

618 
Fibroblasts, human, MSV transformation 

of, 302 
Fibrosarcoma(s) 

human, RNA of, 421 
immunology of, 540 
viral particles in, 405 

in humans, 411 
virus-induced, 184 

Flanders virus, tropism of, 714 
FMR antigens 

immunological response and, 332 
induction of, 315 

FMR group of viruses, classification of, 
308,327 

Forssman antigens 
cell surface, transformation, and, 372 
of RNA tumor viruses, 414 

Fowl plague virus 
cell-surface changes from, 378 

influenza virus combination with, 637, 
640 

Friend leukemia virus 
antigens of, 520, 521 
biological properties of, 306, 307 
classification of, 306-308 
immunobiology of, 315-317 
oncogenicity of, 515 
pathogenesis by, 310-312, 319 
susceptibility to, genetics of, 331, 334 
transmission of, 536-537 
tumor cell membrane antigen of, 527, 

537 
Frog(s), virus-induced neoplasias in, 

184-186, 199 
Frog herpesvirus, see Lucké frog virus 
Frog virus No. 4 

DNA base composition of, 610 
host range of, 610 

Fungi, herpesvirus in, 615, 618, 606, 622 

G 

Galactose-1-phosphate uridyltransferase, 
transduction of, 45 

Galleria mellonella L., densonucleosis 
virus of, 56 

Gamma radiation, in cancer vaccine prepa-
ration, 557 

Gangliosides, modification, in virus-trans-
formed cells, 391 

G L and G T antigens, of tumor cell mem-
branes, 528 

Gardner-Arnstein feline sarcoma virus, 525 
Gardner feline sarcoma virus, helper virus 

from, comparison with other C-type 
viruses, 236-255 

Gazdar murine sarcoma virus 
classification of, 308 
gs antigen from, 303 

G cell surface antigens, induction of, 315 
Genes 

effect on oncogenesis, 330-334 
transfer of, DNA transfer method and, 

31-54 
Genetics 

in cancer etiology, 550, 551-552 
of oncogenic virus immunology, 

509-510 
role in oncogenic virus action, 381, 

382-384, 395 
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of viral transformation, 456 
Genital tract, herpesviruses in, 611 
Genomes (viral) 

deletions in, 566-567, 569, 572-573 
evolution of, 563-582 
genetic recombination of, 563 
heteroduplex DNA studies on, 563-565 
insertions into, 572 
insertosomes of, 570-572 
intergene distance shortening, 569-570 
inversions in, 570 
mutation of, 563 
new-function acquisition in, 572-574 
of oncogenic DNA viruses, replication, 

119-149 
size increase in, 568-569 
size reduction of, 566-567 
substitutions in, 567-568, 573-574 
translocations in, 570 
visualization of, 563-582 

Germinal provirus 
of avian leukosis virus, 336 
integration into sex cells, 347 
of oncornaviruses, 283-284 

Giant cell tumors 
of bone in humans 

RNA of, 421 
virus studies on, 411-413 

reverse transcriptase and high M.W. 
RNA in, 422 

Gibbon virus, comparison with other 
C-type viruses, 236-255 

Glomerulonephritis, immune complexes 
with viral antigens in, 317 

Glucosamine, in cell-surface and transfor-
mation studies, 384, 388 

Glycolipid-glycosyl transferases, in virus-
transformed cells, 394 

Glycolipids 
in cell surface, 374 

virus effects on, 384, 385, 390-393, 
394 

synthesis in animal tissues, 373 
Glycopeptidyl-N-acetylglucosamine trans-

ferase, changes in, during cell cycle, 
394 

Glycopeptidyl transferases, in virus-trans-
formed cells, 394 

Glycoproteins 
antigens as, 519 

in cell surface, 374, 393 
operational definition for, 386 
properties, 388 
virus effects on, 384, 385, 387, 394 

influenza virus hemagglutinin as, 628 
synthesis in animal tissues, 373 
of viral envelope, cell-surface changes 

and, 375 
Glycosyl transferase(s) 

in cell glycolipid synthesis, 374 
cell surface, transformation, and, 372 

Golgi apparatus, in glycoprotein transfer, 
374 

Graffi virus (GiLV) 
antigens of, 520, 521 
biological properties of, 306, 307 
tumor cell membrane antigen of, 527 

Granulopoietic hormone, in leukemic 
serum, 313 

Grapevine chrome mosaic virus, particle 
types and properties of, 727, 728 

Gross leukemia virus (GLV) 
biological properties of, 306, 307 
classification of 306-309 
endogenous, 337 
envelope antigens, 520, 521 
immunobiology of, 315-317, 510, 538 
susceptibility to, genetics of, 332, 510 
transformation by, 287 
transmission of, 536 
tumor cell membrane antigens of, 527, 

528 
Gross passage A virus, 309 
Growth regulators, synthesis in tumor 

tissue, 439 
gs antigens (group-specific antigens) 

antibody development to, 529 
of avian viruses, 220-224 

genetic factor in release of, 348 
of C-type viruses, 237-238, 254, 501 
immune response to, 540 
of murine oncornaviruses, 535 
of RNA tumor viruses, 414 
"switched-off," 523 
as virus core antigens, 522 

gs-1 antigens, of RD 114 virus, 522 
gs-3 antigen(s) 

of C-type viruses, 241 
of feline leukemia virus, 526-527 

G I X system antigens, 528 
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Guanine, in small DNA viruses, 69 
Guillain-Barré syndrome, Epstein-Barr 

virus and, 188 
Guinea pig 

C-type particles in, 241 
oncogenic viruses in, 517 

Guinea pig herpesvirus 
DNA base composition 
host range of, 610 
oncogenicity of, 184, 187, 617 
persistence of, 616 

Gymnogram, in herpesvirus classification, 
606 

H 

H-2 antigens, cell surface, transformation, 
and,372 

H-2 linked susceptibility gene, in leukemia 
development, 510 

Haemophilus influenzae, endonuclease in 
DNA studies, 132 

Hamster(s) 
CELO virus oncogenicity in, 281 
oncogenic viruses in, 517 

Hamster osteolytic viruses (H!,H3) 
DNA of, 69 
hemagglutination by, 60 
as parvovirus, 56 

Hamster virus, oncogenicity of, 617 
Harvey sarcoma virus, pathogenic spec-

trum of, 298-299 
Helianthus annuus, crown gall tissue of, 

448 
Helper viruses 

adenoviruses as, 56 
for oncornaviruses, 209, 210 

Hemagglutination, by picodnaviruses, 60 
Hemagglutinin, in influenza virus, 626-628 
Hepatocytomas, virus-induced, 296 
Hepatomas virus-induced, 349 
Herpes febrilis, see Herpes simplex virus 

type 1 
Herpes simplex virus(es) 

activation of, 200-201 
cell membrane changes from, 608 
cell-surface changes from, 376, 608-609 
clinicopathological effects of, 613 
embryo studies with, 26 
Epstein-Barr virus and, 80 
fatal disease from, 619 
host range of, 613, 614 

immune factors and, 618 
neurotropism of, 721 
nucleic acid synthesis in cells trans-

formed by, 198-199 
oncogenicity of, 184, 189-190, 198, 

617 
in humans, 188-191 

origin of, 619 
phylogenetic relations of, 620, 621 
properties of, 189 
reactivation of, 615 
temperature effects on, 615 
transformation by, 191-195 
transmission of, 611-612 
ts mutants, 620 

complementation studies on, 62 
syncytial formation, 614 

types and comparative properties of, 
189-190, 201 

vaccine studies on, 556 
Herpes simplex virus type 1 

DNA base composition of, 609, 610, 
620, 621 

fatal disease from, 615-616, 618 
host range of, 613 
infection by, 608-609 
oncogenicity of, 617 
persistence of, 614 
phylogenetic relations of, 620 
properties of, 189 
transmission of, 611, 616 
ts mutants of, 620 

Herpes simplex virus type 2 
activation of, 200-201 
cell surface changes from, 376 
cytomegalovirus and, 190 
DNA base composition of, 610, 621 
Epstein-Barr virus and, 108-109 
fatal disease from, 618 
persistence of, 614 

Herpesvirus(es), 280, 295 
antigen synthesis by, 196-198 
Burkitt lymphoma and, 523 
cell interaction with, 196 
cell-surface 

changes from, 376 
transformation and, 372 

cervical cancer and, see Cervix 
chronic infection by, 492 
classification of, 606-608, 614 

phanerogram, 606 
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clinicopathological effects of, 612-614 
in compromised host, 618-619 
DNA, 606 

base composition, 609, 621 
ecological niche of, 612-619 
envelope structure of, 608 
enveloped, action of, 375 
enzyme transduction by, 45 
Epstein-Barr virus as, 80 
evolution of, 605-624 
fatal disease from, 615-619 
in fetus and newborn, 618 
as helper viruses, 56, 62, 65-66 
human 

monkey virus relation to, 620 
origin of, 619-620 

in human cancer, 551 
immune response to, 608, 618 
inclusions from, 613 
"latent," activation of, 615 
Marek's disease virus in study of, 

549-550 
neutralization studies on, 620-621 
oncogenicity of, 183-205, 404, 515-516, 

553, 608, 616-618 
lethality to cells, 501 

origin of, 608-609 
persistence of, 614-615 
phylogeny of, 619-622 
placenta, transmission across, 611-612 
survival of, 609-619 
temperature effects on, 615 
transformation by, 191-195, 616 
transmission of, 611-612 
ts mutants of, 62 
tumor cell membrane antigens from, 523 
vaccine studies on, 555-556 
venereal transmission of, 189, 611 

Herpesvirus ateles 
oncogenicity of, 188, 514, 515, 617 
transmission of, 555 

Herpesvirus of turkeys (HTV) 
DNA base composition of, 610 
host range of, 610 
Marek's disease vaccine of, 553-555 
Marek's disease virus and, 187, 509, 

618 
phylogenetic relations of, 621 

Herpesvirus saimiri (HVS) 
DNA base composition of, 610 
EBNA and, 504 

infection of other animals by, 508-510 
interaction with host cells, 508-509 
oncogenicity of, 184, 188, 199, 617 
transmission of, 555 

Herpesvirus sylvilagus, oncogenicity of, 
184, 187-188, 199 

Heteroduplex DNA technique, in studies 
of viral genome, 563-565, 580 

"Hiatus leukaemicus," RLV-induced, 312 
"Hit and run" effect, of viral malignancy, 

492-493 
HL-A antigens, cell surface, transformation 

and, 372 
Hodgkin's disease, Epstein-Barr virus and, 

95, 188, 551 
Hong Kong strain of influenza virus, 630 

evolution of, 631-635 
progenitors of, 644-645 

Hormones 
cancer etiology and, 550 
in cell surface-transformation effects, 

373 
effect on mammary tumor viruses, 318, 

319 
herpesvirus severity and, 618 
plant-tumor induction by, 428-430 

Host-cell-virus relationships, 1-116 
Human(s) 

breast cancer in, see Breast cancer 
genes, repression of mouse virus by, 

314 
herpesviruses in, neoplasia and, 

188-191, 606 
leukemia virus of, 304 
oncogenic viruses in, 515, 517 
Sattelite viruses infecting, 56 
tumors of, RNA's of, 421 

Human adenovirus, cell-surface changes 
from, 377 

Human cancers 
DNA tumor viruses and, 349-350 
polyoma virus and, 492-494 
tumor cell membrane antigens from, 523 
tumor progression in, 487 
viral etiology studies on, 403-426, 551 
virus-induced, 184, 185 
virus particles in, 405-410 

Human Coronavirus, cell-surface changes 
from, 379 

Human papillomavirus, cell-surface 
changes from, 377 
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Hybridization, see also Cytohybridization, 
Nucleic acid hybridization 
of viruses, 519 

Hydrolases, in reovirus infection, 653 
Hydroxyurea, effect on tumor cell mem-

brane antigens, 524 
Hyperplasias 

mitogenic effect and, 491-492 
in plants, virus-induced, 432 

Hyperthermia, in reactivation of herpes 
simplex virus, 615 

H y poxanthine-guanine phosphoribosyl-
transferase, transduction of gene for, 
45 

I 

I 6325 virus, tropism of, 714 
ICH virus, complementation studies on, 65 
Iguana herpesvirus, temperature effects on, 

613-614 
Ileocecal proliferation disease, herpes-

viruses and, 617 
Immune system, cell surface, transforma-

tion and,372 
Immunization-rejection test, on chemically 

induced tumors, 510 
Immunoferritin, in antigen studies, 525, 

526, 527, 528 
I mmunofluorescence 

of gs antigens, 522 
in studies of tumor cell membrane an-

tigens, 524-525 
Immunofluorescent tests, on herpesviruses, 

621 
Immunogenicity, cell surface, transforma-

tion, and,372 
Immunoglobulin G, Β virus particles and, 

417 
Immunoglobulins 

cell surface, transformation, and, 372 
from somatic cell hybrids, 109-111 

Immunology 
of cancer, 556-557 
of oncogenic viruses, 499-560 

genetic aspects, 509-510 
of oncornaviruses, 513-548 
of RNA tumor viruses, 414-417 
of virus infection, 153-154 

Immunoperoxidase technique, in DNV 
studies, 67 

Immunoprecipitin tests, on herpesviruses, 
621 

Immunosuppression, in humans, virus-in-
duced tumors in, 510 

Inclusions, from herpesviruses, 613 
Index of dissimilarity, in microcomplement-

fixation tests, 238 
Indiana strain of vesicular stomatitis virus, 

678 
nucleic acid homology to, 690-692 

Infants, herpesvirus infections of, 618 
Infectious mononucleosis, 188 

cytomegalovirus and, 190 
Epstein-Barr virus and, 81, 102-104, 

113-114, 198, 200, 492-493 
hormonal effects on, 618 
hypothesis for, 104-105 
leukemia and, 113-114 
tissue infected by, 613 
transmission of, 611 

Infectious pustular vulvovaginitis virus, 
transmission of, 611 

Influenza virus, 625-649 
antigenic variation in, 628-631, 647 

laboratory-induced, 630 
cell-surface changes from, 378 
direct transmission from animal sources, 

635-636 
equine-2 influenza virus and, 635-636 
hemagglutinin subunit of, 626-628 

inantigenic drift, 631 
in strain mutation, 631-635 

Hong Kong strain of, 630-635 
progenitors of, 644-645 
recombination with swine influenza 

virus, 643-644 
human, 631-644 
human cancer viruses and, 647 
London strain of, 630 
mutation of, 631-635 
neuraminidase subunit of, 627, 641 
"new," in vivo production of, 638-639 
pandemics from, 625-626 

possible mechanism for strains 
causing, 631-644, 646 

recombinations among, 636-644, 646 
RNA, 626, 636-637, 646 

segmentation, 626, 627 
RNA polymerase of, 627 
RNA tumor viruses compared to, 647 
structure of, 626-628 
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swine influenza virus and, 635-636 
types of, 626 

Insecticide, densonucleosis virus as, 73 
Insects, herpesvirus transmission and, 611 
Insertosomes, in viral genomes, 570-572 
Intercellular junction, transformation, cell 

surface, and, 373 
Interferon, effect on rhabdoviruses, 677 
Intranuclear antigens, 502-505 
Iodine-125, in antigen label, 525, 528 
5-Iododeoxyuridine (IUdR) 

in cancer vaccine preparation, 557 
C virus particle induction by, 411 
herpesvirus induction of, 615 
virus induction by, 201 

Ionizing radiation, in cancer etiology, 550 
Ir genes, effect on immune responses, 509, 

510 

Irradiation, effects on transformation, 382 

J 

Japanese encephalitis virus, cell-surface 
changes from, 379 

Jarrett feline leukemia virus, 525 
JLS-V9 virus, sarcomas from, 298 
Joinjakaka virus, tropism of, 714 
Jungle fowl 

virus infections of, 517 
virus transmission in, 530 

Κ 

Kawakami-Theilen feline leukemia virus, 
520,525 

Kern Canyon virus, tropism of, 713, 714 
Kidneys, herpesvirus in, 615 
Kilham rat virus (RV) 

DNA of, 69 
hemagglutination by, 60 
as parvovirus prototype, 56 

Kinetin, in plant tumors, 440, 443, 444, 
446 

Kirsten murine leukemia virus RNA of, 
274 

ts mutants of, 260 
Kirsten murine sarcoma virus 

pathogenicity of, 299 
RNA of, 274 
ts mutants of, 260 

Kirsten virus, antigens of, 521 
Klamath virus, tropism of, 713, 714 

Kotonkan virus, tropism of, 713, 714 
Kwatta virus, tropism of, 714 

L 

Lagos bat virus, tropism of, 707, 714, 
716-719 

LANA (leukemia-associated nuclear an-
tigen), occurrence and properties of, 
505 

Laryngeal cancer, herpesviruses and, 617 
L cell virus, antigens of, 521 
Leafhoppers, virus transmission by, 

434-435 
Lectins 

in cancer vaccine preparation, 558 
cell surface, transformation, and, 372 

Leukemia 
C virus particles from, 410 
cytomegalovirus and, 190 
Epstein-Barr virus and, 616 
human 

antibodies, 414 
reverse transcriptase and high M.W. 

RNA in, 422, 423 
RNA, 421 
viral etiology and, 551 

induction of, antigens in, 528, 530, 535 
infectious mononucleosis and, 113-114 
from RNA-containing viruses, 259 
viral particles in, 404, 405 

in humans, 405-410 
virus-induced, 307-317, 404, 617 

Leukemia-associated nuclear antigen, see 
LANA 

Leukemia-sarcoma system, virus transfor-
mation studies on, 411 

Leukemia viruses 
immune response to, 540 
positive MAP tests for, 290 
replication of, 346 
transmission of, 552 
vaccine studies on, 553 
viral particles in embryos and, 10, 13 

Leukocytes 
herpesviruses in, 611, 613, 615 
human EBV induction of DNA synthesis 

in, 493 
simian, Epstein-Barr virus studies on, 82 

Leukosis, see also Avian leukosis viruses 
virus-induced, 282 
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Leukoviruses, 513 
oncornaviruses and, 281 

Leydig cell tumor, A particles in, 324 
Lip cancer, herpesvirus and, 617 
Lipids 

of plasma membrane, regulation, 392 
synthesis in animal tissue, 373 

Liver, herpesvirus infections of, 613 
Lucké frog virus 

cell-surface changes from, 376 
DNA base composition of, 610 
host range of, 610 
oncogenicity of, 184-185, 196, 199, 200, 

617 
phylogenetic relations of, 621 
temperature effects on, 615, 616 

Lung cancer, herpesviruses and, 617 
Lung tumors, virus-induced, 349 
Lymphoblastoid cells, Epstein-Barr virus 

reaction with, 79-116 
Lymphocytes 

Epstein-Barr virus in, 98-99 
in tumors, 94 

immune, in cell surface and transforma-
tion changes, 372 

Lymphocytic leukemia, Epstein-Barr virus 
and, 113-114 

Lymphoid leukemia, virus-induced, 307 
Lymphoid organs, herpesvirus infection of, 

613, 615, 616 
Lymphoma(s) 

from abortive infections, 493 
human, reverse transcriptase and high 

M.W. RNA in, 422 
LANA in, 505 
Marek's disease virus-induced, 616 
viral particles in, 404 

in humans, 405-410 
virus-induced, 184, 186-188, 616, 617 

Lymphomatosis 
from Rous sarcoma virus, 294 
virus-induced, 295 

Lymphosarcoma(s) 
viral particles in, 404, 405 
virus-induced, 287, 306, 309, 332, 

617 
Lysogeny theory 

of virusa action, 456-458 
critical appraisal, 458-459 

Lysopine, from plant tumors, 441-442, 
443, 444, 452 

M 

M13 virus, multiploid virus for, 272 
MA (membrane antigen), 502 

from Epstein-Barr virus, 503 
Macrophages, cell surface, transformation, 

and, 372 
Malaria, malignant changes and, 493 
Malaysian jungle fowl, virus transmission 

in, 530 
Malnutrition, herpetic infection severity 

and, 618 
Mammary tumors see also Breast cancer 

Β virus particles in, 405 
Mammary tumor viruses (MTV) 

absence of defectivity in, 327-328 
assay of, 285, 290-291 
biological properties of, 317-326 

comparative, 326-330 
as Β type virus, 282, 518 
cell-surface changes from, 378 
discovery of, 404 
endogenous, 341-345 
epigenetic effects on, 322-325 
genetic transmission of, 341, 347, 348 
H-2 linked resistance factor and, 510 
"human breast cancer virus" and, 

415 
immunobiology of, 325-326, 329 
life cycle of, 324 
pathogenesis by, 318-319 
proviruses of, 226-227, 342 

repression, 345 
replication of, 227 
RNA of, 212 
strains of, 319-322 
subviral form of, 347 
susceptibility to, genetics of, 332-334 
vertical transmission of, 329-330 
viral particles in embryos and, 10, 13 

Man, see Humans 
MAP test, for murine leukemia virus, 290 
Marburg virus, tropism of, 714 
Marek's disease virus, 280, 295 

in cancer studies, 550 
cell-surface changes from, 376 
in feather follicles, 553, 611, 614, 616 
immunology of, 509 
oncogenicity of, 184, 186-187, 196, 199, 

200, 515, 616,617 
phylogenetic relations of, 621 
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vaccine for, 553-555 
Marmosets 

herpesviruses of, 555-556 
Herpesvirus saimiri infection of, 509, 

510,514,515 
Mason-Pfizer virus, comparison with 

C-type particles, 240 
Mazurenko virus, antigens of, 521 
MC29 avian leukosis virus 

assay of, 289 
transformation by, 296 

MC39 avian leukosis virus, assay of, 286 
Measles virus 

cell-surface changes from, 378 
neurotropism of, 721 

Melanin, transduction of gene for, 45 
Mellilotus, wound tumor virus effects on, 

432, 435 
Mellilotus alba, wound tumor virus of, 433, 

435 
Membrane antigen, see MA 
Mengo virus, effects on embryo, 5 
Meningitis, herpetic, 616 
Menstruation, in reactivation of herpes sim-

plex virus, 615 
Mesetheliomas, virus-induced, 296 
Metastasis, of cancer cells, 427, 486 
3-Methylcholanthrene 

in cancer vaccine studies, 552, 558 
tumors induced by, antigens in, 523 

Milk 
herpesvirus transmission by, 612 
human, virus particles in, 409, 410 
virus transmission by, 529, 536 

"Milk factor," mammary tumor virus as, 
318,319 

Minute virus of mice (MVM) 
cell-surface changes from, 377 
DNA of, 69 
hemagglutination by, 60 
as parvovirus, 56 

Mitogens, SV40 and Py as, 460-484, 
487-489 

Mitomycin C, tumor cell membrane an-
tigens, and,524 

Mitosis 
cell surface, transformation effects on, 

373 
Τ antigen movement in, 504 

Mokola virus, tropism of, 707, 710-711, 
713, 714, 716-717, 720-721 

Molecular probes, for oncornaviruses, 291 
Moloney murine leukemia virus (MoLV) 

antigens of, 520, 521 
classification of, 306-309 
genetic recombination in, 267, 268 
immunobiology of, 315-317 
pathogenesis by, 310, 314 
transmission of, 536-537 
ts mutants of, 260, 261 

Moloney sarcoma virus (MSV) 
effects on embryo, 5, 26 
immune response to, 538-539 
isolation of, 297-298 
susceptibility to, genetics of, 333-334 
Soehner-Dmochowski tumor virus from, 

418 
Moloney virus 

lymphomas induced by, immunology of, 
508 

tumor cell membrane antigen of, 527 
Molt cells, Epstein-Barr virus and, 99 -

100 
Monkey cells, SV40-transformed cell 

DNA of, hamster cell alteration by, 
40-46 

Monkey herpesviruses, persistence of, 
616 

Monkeys 
feline oncornavirus-associated cell mem-

brane antigens in, 535 
oncogenic viruses in, 517 
virus-induced neoplasia and, 185, 188 

Morphogenesis, cell surface, transforma-
tion, and, 373 

Morphology, of RNA tumor viruses, 
414-417 

Mossuril virus, tropism of, 714 
Mount Elgon bat virus, tropism of, 714 
Mouse 

embryos, virus studies on, 3-30 
viral genetic information in, 349-350 
viruses of, see under Murine 

Movement, of cell, transformation effects 
on, 373 

Multiparticulate viruses 
definition of, 724 
genetic aspects of, 736-750 
list of, 728-729 
particles of 

infection initiation by, 733-736 
separation of, 730-732 
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variation in, 732-737 
PEG 6000, density gradient centrifuga-

tion and, 731-732 
petunia, studies on, 744 

Multiplication-stimulating activity, of trans-
formed fibroblasts, 288 

Mumps virus, cell surface changes from, 
378 

Murine leukemia virus (MuLV) 
antigens 

in core, 522 
in envelope, 519-521 

assay of, 285, 287-290 
in vitro, 287-289 
in vivo, 289-290 

biological properties of, 306, 307-317 
comparative, 326-330 

comparison with other C-type viruses, 
236-255 

cryptic viruses for, 224-227 
endogenous, 336-341 
genetic information for, 347 

induction, 348 
genetic recombination in, 265-269 
genetic transmission of, 284, 347 
genetics and biology of, 259-277 
gs antigen of, 289 
hormonal activation of, 340 
immunobiology of, 315-317 
immunosuppression by, 329 
inactivation of, 213 
in vitro, 313-314 
MSV complex with, 300-302, 303 
oncogenicity of, 515 
pathogenesis by, 309-314 
pathogenic spectrum of, 298-299 
replication of, 227 
RNA of 

models, 269-272 
segmentation, 270-275 

RNA-directed DNA polymerase of, 13 
strains of, 306-308 

classification, 308-309 
susceptibility to, genetics of, 331-332, 

333 
ts mutants of, 260-263 

characterization, 264-265 
complementation by, 263-264 

tumor cell membrane antigens of, 524, 
528 

vertical transmission of, 329-330 

virus-specific DNA and, 215 
Murine leukemia-sarcoma viruses 

cell-surface changes from, 379 
immunization studies on, 552 
mutants of, transformation by, 383 
RNA of, 274 

Murine oncornaviruses 
immune response to, 535-539 
tumor cell membrane antigens of, 

527-528 
Murine polyoma virus, 281 
Murine sarcoma viruses (MuSV) 

antigens of 
in envelope, 519-521 

assay of, 285, 287 
biological properties of, 297-307 

comparative, 326-330 
comparison with other C-type viruses, 

236-255 
cryptic viruses for, 226 
C-type particles from, 302 
defective, 289, 300-302 
DNA of 

infectious, 346 
human-specific leukemia virus and, 304 
immunobiology of, 304-307, 538-539 
MuLV complex with, 300-302 
oncogenicity of, 515 
pathogenic spectrum of, 298-299, 310 
replication of, 227 
transformation by, 287, 288 

RNA synthesis and, 275 
transspecies transfer of, 302-304 
tumor cell membrane antigen of, 

527-528 
virus-specific DNA and, 215 

Murine tumor viruses 
comparative biology of, 279-367 
defectivity in, 327-328 
envelope antigens of, 520, 521 
RNA of, 421 

Murine viruses, antigens of, 518-523 
Mutagens, effect on transformation by, 382 
Mycobacterium, BCG reactivity and, 559 
Mycoplasma, 584 

effect on virus cells, 459 
viruses infecting, 584-603 

Mycoplasmaviruses, 583-604 
adsorption of, 596-597 
antiserum inactivation of, 591-592 
artificial lysis of, 593-594 
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bacteriophages and, 601-602 
chemical composition of, 591 
DNA of, 588, 591, 601 

replication, 597 
electron microscopy of, 588-591 
evolution of, 599-602 
growth cycle of, 593-596 
historical aspects of, 583-585 
host range of, 587-588 
infected-cell growth of, 595 
PFU assay of, 585-587 
plaque formation by, 596 
plasmids of, 584 
properties of, 588 

compared with DNA viruses, 598 
replication of, 596-597 
single burst size of, 595 
transfection by, 598-599 
UV inactivation of, 592-593 
virus assembly of, 597 
virus particles of, 585-593 

Mycoviruses, dsRNA of, 652 
Myeloid leukemia, biological properties of, 

306, 309 
Myeloma, vaccine against, 558 
Myeloma cell C type particles, immunology 

of, 521 
Myxomatosis virus, immunization studies 

on, 552 
Myxoma virus of rabbits, attenuation of, 

619 
Myxoviruses 

cell-surface changes from, 378-379, 
380 

enveloped, action of, 375 
RNA tumor viruses compared to, 

281-282 

Ν 

Naphthaleneacetic acid, plant-tumor induc-
tion by, 428 

Nasopharyngeal carcinoma 
Epstein-Barr virus and, 111-113, 188, 

492, 551, 556, 617 
in Africa, 87, 90-94, 97 
in miscellaneous regions, 97 

Navarro virus, tropism of, 714 
N-B tropism, in viral immunology, 521 
ΝΕΡΟ viruses, particle types and proper-

ties, 727 

Nerve 
herpesvirus retention and transmission 

by, 200-201, 614, 616, 711 
rabies virus infection of, 707-713, 721 

Neuraminidase 
in myxo- and paramyxoviruses, 380 
virus treatment with, 519 

Neurospora crassa, nuclease of, in DNA 
studies, 85 

Neurotropism, virus evolution and, 721 
Newborn, herpesvirus infection of, 612, 

616, 618 
Newcastle disease virus 

cell-surface changes from, 378 
multiploid viruses for, 277 

New Jersey strain of vesicular stomatitis 
virus, 678 

New Zealand black (NZB) virus, 
comparison with other C-type viruses, 

236-255 
immunobiology, 521 

Nicotiana sp., tobacco streak virus par-
ticles in, 733 

Nicotiana glauca, genetic tumors in, 
430-431 

Nicotiana glutinosa, tumor studies on, 429, 
439, 443, 444 

Nicotiana langsdorfii, genetic tumors in, 
430-431 

Nicotiana tabacum, tumor studies on, 
428-444 

Nigerian horse virus, tropism of, 714 
Nopaline, from plant tumors, 441-442 
Nucleic acid 

of oncogenic viruses, replication, 
119-149 

viral, virus induction by, 236 
Nucleic acid hybridization, see also 

Cytohybridization 
in C-type virus studies, 240 
of Epstein-Barr virus, 83-86 
in satellite virus DNA studies, 71 

Ο 

Obodhiang virus, tropism of, 713, 714 
Octopine, from plant tumors, 441-442 
Oncogene(s) 

activation of, in cancer, 493 
derepression of, 551-552 
hypothesis of, 515-516 
of somatic provirus, 283 
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Oncogenesis, see also Cancer 
cell-surface changes and, 381 

genetic aspects, 382-384 
genetic effects on, 330-334 
viral, comparative, 401-498 

Oncogenic viruses 
adenoviruses as, 73-78 
comparison with nononcogenic viruses, 

381 
DNA-containing, 117-205 
comparative immunology of, 499-560 
effects on, embryos, 3-4, 6, 19-26 
"hit and run" effect of, 492-493 
list of, 515 
morphological studies on, 405-410 
transformation by 

effects on cell surface, 381-391 
model for, 382 

Oncornavirus(es), see also RNA tumor 
viruses 

A type 
morphology of, 518 
transmission of, 530 

assay of, 285-291 
biochemical properties of, 282 
biological properties of, 291-326 
cell-surface changes from, 378-379 
comparative biology of, 326-330 
cryptic, 210, 214-216, 220-227 
endogenous, 334-345 
enveloped, action of, 375 
gene action of, 284 
general description of, 281-282 
genetic susceptibility of, 284 
helper viruses for, 209 
horizontal transmission of, 329 
host genome interaction with, 283-284 
immune response to, 513-548 
immunosuppression by, 328-329 
interference by, 328 
molecular probes for, 291 
oncogenic, 515 

transmission of, 539-540 
proviruses of, 210, 213-220, 226-230, 

283-284, 336, 345-346 
reverse transcriptase of, 152, 210, 

216-217, 282, 291 
RNA, 515 

as aggregate, 210, 282 
biochemical studies on, 417-418 
replication and integration, 209-233 

susceptibility to, genetics of, 330-334 
comparative aspects, 333-334 

Temin model of, 210 
transspecies transfer of, 328 
tumor cell membrane antigens of, 

523-528 
in various species, 517 
vertical transmission of, 329-330 

Oral cancers, herpesviruses and, 617 
Orthomyxoviruses, evolution of, 625-649 
Osteochondrosarcoma, virus-induced, 294 
Osteopetrosis, virus-induced, 282, 294 
Osteosarcoma 

in humans 
antibodies from, 414 # 

RNA of, 421 
viral particles in, 405 

in humans, 405-410, 411 
Osteosarcoma virus, isolation of, 297-298 
Ovary tumors, virus-induced, 282 
Overgrowth factor, from RSV-transformed 

cells, 288 
Owl herpesvirus, 613 

phylogenetic relations of, 621 
Owl monkey, herpesvirus saimiri infection 

of, 509, 510 
Oysters, herpesvirus of, 606, 618 

Ρ 

Pandemics, of influenza, 625-626 
Papilloma viruses, 456 

cell-surface changes from, 377 
DNA of, 383-384 

Papovaviruses 
antigens from, 506 
Campbell model for, 228 
cell-surface changes from, 377 
DNA of, 383-384, 513 
lethality to cells of, 501 
oncogenic, 281, 514-516 

early proteins, 151-165 
replication, 120-143 

tumor cell membrane antigens from, 523 
PARA, properties of, 34 
Paramyxoviruses 

cell-surface changes from, 378, 380 
enveloped, action of, 375 
RNA tumor viruses compared to, 

281-282 
Parotid glands, herpesvirus in, 615 
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Particles, see also specific viruses 
of plant viruses, 723-756 
viral, in embryos, 9-19 

Parvoviruses 
cell-surface changes from, 377 
DNA of, 55-78 
mycoplasmavirus compared to, 598 
properties of, 55-56 

Pea early browning virus, particle types 
and properties of, 726, 729, 738 

Pea enation mosaic virus (PEMV), particle 
types and properties of, 727, 729, 732 

genetic aspects of, 747-748 
PEG 6000, see Multiparticulate viruses 
Petunia, multiparticulate virus studies on, 

744 
PFU assay, of mycoplasmaviruses, 

585-587 
Phanerogram, in herpesvirus classification, 

606 
Phospholipase, virus treatment with, 519 
Phospholipids 

of plasma membrane, regulation, 392 
synthesis in animal tissue, 373 

Picodnaviruses 
DNA of, 55-78 
hemagglutination by, 60 

Pigeon herpesvirus, 613 
phylogenetic relations of, 621 

Pigs, see also Swine 
feline oncornavirus-associated cell mem-

brane antigens in, 535 
swine and human influenza in, 636-637, 

693, 640-641 
Piry strain of vesicular stomatitis virus, 678 
Placenta, herpesvirus transmission across, 

611-612 
Plant tumors 

animal tumors compared to, 427-454 
biochemical aspects of, 439 
characteristics of, 435-436 
differentiation and cell multiplication in, 

442-445 
genetic induction of, 430-432 
hormonal origin of, 428-430 
new substances from, 441-442 
tissue "habituation" in, 428-430, 439, 

442, 444 
transformation in, 439 
types of, 428-442 
virus-induced, 432-442 

Plant viruses, 432-442, 723-756 
hybrid clones of, 725 
particles of, 723-756 

heterogeneity in, 726-730 
Plasmalemma 

structure of, 373 
virus effects on, 375 

Plasma membrane 
biogenesis of, 395 
electrophoretic studies on, 389, 390 
phospholipids, regulation of, 392 
proteases in, virus effects on, 393 
virus-transformation effects on, 374, 385, 

389-392 
Plasmid(s) 

bacteriophage λ form as, 575-577 
Epstein-Barr viral DNA as, 110, 114 
of mycoplasmaviruses, 584 

Pleuropneumonia-like organisms (PPLO), 
see Mycoplasmaviruses 

Plum line pattern virus, particle types and 
properties of, 729 

Poliovirus, adsorption by DNA-treated 
hamster cells, 41-45 

Polycythemia, virus-induced, 319 
Poly(dT) polymerase, with A virus par-

ticles, 13 
Polyoma virus (Py), 455-498 

abortive infection with, 463, 482-484 
cell-surface changes of, 377, 384, 385, 

387,391 
DNA, 507 

chain elongation, 134-135 
endonucleolytic cleavage, 163 
oligomers, 142-143 
replication, 123-131, 135-143, 

146-147 
structure, 120-123 
transfer, 32 

early proteins of, 151 -165 
effects on embryo, 24-26, 27 
genetic analysis of, 151-152 
human medicine and, 492-494 
immunization studies on, 552 
mitogenic effect of, 460-484, 487-489 

scheme for, 491 
tumor formation and, 491-492 

mode of action of, 455-498 
mutants of, 395 

transformation by, 382-383 
oncogenicity of, 514-516 
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RNA specific for, induction, 471-482, 
487-489 

somatic cell hybridization studies on, 503 
Τ antigen from, 154, 155, 502, 507 
transformation by, 456, 486-491 
ts-A gene of, 162 
TSTA from, 506-510 
tumor cell membrane antigens from, 523 
tumor induction by, 484-485 
viruses related to, 456 

Polypeptides, of viral envelope, cell-surface 
changes and, 375, 380 

Polysaccharides, in plant cell wall, 428 
Porcine Pseudorabies virus 

DNA base composition of, 609, 610 
host range, 610, 613 
transmission of, 616 

Potato spindle tuber viroid (PSTV), 
758-773 

biological properties of, 773 
citrus exocortis disease agent similarity 

to, 774 
electron microscopy of, 766-772 
helper virus and, 773 
identification of, 760-761 
low M.W. of, 758-759, 762-765 
origin of, 781 
physical properties of, 762-772 
purification of, 761-762 
RNA of, 758-773, 781 
scrapie agent compared to, 775-777 
split-genome model of, 773 
structure of, 772 
thermal denaturation properties of, 765 
tomato infection by, 773, 778 
UV inactivation of, 765-766 

Poxviruses 
cell-surface changes from, 376 
enveloped, action of, 375 

PPD, in cancer immunization, 560 
Precancerosis, DNA tumor viruses and, 

492-493 
Pregnancy 

herpes simplex virus type 2 in, 617 
mammary tumor virus and, 319 

Progesterone, effect on mammary tumors, 
319 

Propidium iodide, in DNA studies, 122 
Prostate, neoplasia, herpesviruses and, 551, 

617 

Proteases 
cell surface, transformation, and, 372 
in plasma membrane, virus effects on, 

393 
in studies of embryo-virus interactions, 6 

Proteins 
early, of oncogenic papovaviruses, 

151-165 
synthesis in animal tissues, 373 
of viral envelope, cell surface and, 375 

Proviruses, see also Germinal provirus, So-
matic provirus 

of avian leukosis viruses, 335-336 
of MTV, repression, 345 
of oncornaviruses, 210, 213-220, 

226-230, 283-284 
theory of, 346, 347-348 

Prune dwarf mosaic virus, particle types 
and properties of, 729, 735 

Prunus necrotic ringspot virus, particle 
types and properties of, 729, 733, 735 

Pseudomonas phaseolicola, bacteriophage 
φ6 of, 652 

Pseudorabies virus of pigs, see Porcine 
Pseudorabies virus 

P30 proteins 
of C-type viruses, 241 
properties of, 242, 244 

Ρ tumors, from mammary tumor virus 
strain, 319 

Pulmonary adenomatosis, herpesviruses 
and, 617 

Puromycin 
effect on tumor cell membrane antigens, 

524 
in reovirus transcription studies, 655 

Pyrimidines, halogenated, virus induction 
by, 236, 338 

Q 

Quailpea mosaic virus, particle types and 
properties of, 729 

R 

Rabbit, virus-induced neoplasias in, 184, 
185,187-188 

Rabbit fibroma virus, cell-surface changes 
from, 376 
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Rabbit herpesvirus, persistence of, 616 
Rabies-like virus 

African strains of, 713 
tropism of, in experimental animals, 

707-713, 716-717 
Rabies virus 

cell-surface changes from, 378 
salivary secretion of, 719, 721 
transmission of, 719, 721 
tropism of, 699, 714, 715, 720-721 

in experimental animals, 707-713 
Radiation-induced virus (RadLV) 

biological properties of, 306, 307 
immunobiology of, 316, 329 
pathogenesis by, 310 

Radioimmunoassay, of avian leukosis virus, 
286 

Radish mosiac virus (RdMV) 
genetic aspects of, 743-744 
particle types and properties of, 726, 

727, 729, 735 
Raji cell, in Epstein-Barr virus studies, 97, 

99, 105-107, 114 
Raspberry bushy dwarf virus, particle types 

and properties of, 729 
Raspberry ringspot virus (PRV) 

particle types and properties of, 729 
genetic aspects, 744-745 

Rats, oncogenic viruses in, 517 
Rauscher leukemia virus (RLV) 

antigens of, 520, 521 
biological properties of, 306, 307 
classification of, 306-309 
comparison with other C-type viruses, 

236-255 
immunobiology of, 315-317, 329 
as laboratory artifact, 282 
oncogenicity of, 515 
pathogenesis by, 310-314 
transformation by, 287-288 
transmission of, 536, 537-538 
ts mutants of, 260 
tumor cell membrane antigen of, 527, 

538 
virus particles and, 13 

RD 114 viruses 
antigens of, 522 
comparison with other C-type viruses, 

236-255 
immune response to, 532 

occurrence of, 517 
RNA of, 421 

Red clover mottle virus, particle types and 
properties of, 726, 729 

Renal carcinomas, virus-induced, 282 
Renaturation kinetics, in DNA studies, 

84-86 
Reovirus 

"early" proteins of, 652, 658-661 
cordycepin effects on, 660-661 
"early" peptide detection, 658-660 

inclusions from, 433 
"late" events in infection by, 652-653 
RNA 

double-strandedness, 651-674 
mRNA of, 652, 653-655, 658 

electron microscopy, 670-674 
nucleotide release, 663-669 
structure, 662-674 

transcription of, 653-657 
frequency, 653-657 
regulation, 653-657 
transcript size, 653 

wound tumor virus compared to, 
433-434 

Respiratory syncytial virus, multiploid 
virus for, 272 

Respiratory tract, herpesvirus infection of, 
613 

Restriction enzymes, in synthetic biology, 
579 

Reticuloendothelial system, murine leu-
kemia virus effects on, 309 

Reverse transcriptase, see RNA-dependent 
DNA polymerase 

Revertants, of virus-transformed cells, 
395 

Rhabdomyosarcomas 
virus-induced, 299 
virus particles in humans from, 405 

Rhabdoviruses, 677-697, see also 
Vesicular stomatitis virus 

cell-surface changes from, 378-379 
enveloped, action of, 375 
evolution of tropisms of, 699-722 
immunology of, 678 

Rich virus, antigens of, 521 
Rice dwarf virus, dsRNA of, 652 
Rickard feline leukemia virus, 525 
RIF test, in avian leukosis assay, 286 



808 SUBJECT INDEX 

RNA 
A virus particles and, 16-17, 27 
carcinogen-triggered release of, 347 
of C-type viruses, 238-239 
high M.W. type, in human cancer, 422 
of influenza viruses, 626, 627 
low M.W. type 

in normal cells, 781 
in viroids, 780-781 

of multiparticulate viruses, 737-752 
of oncornaviruses 

replication, 209-233 
virus-specific, 456 
of wound tumor virus, 433-434 
of viroids, 758-774 

cRNA 
of Epstein-Barr virus, cytohybridization 

studies, 81, 83-84 
hybridization studies on, in Burkitt's lym-

phoma, 86-87 
cRNA-DNA hybridization, EBV genome 

detection by, 504 
dsRNA, of reoviruses, 651-674 
mRNA 

of adenovirus, 169-170 
in DNA transfer studies, 33, 34 
role in mitotis and transcription, 493-494 
of SV40, 462-463, 502 
in viral genome studies, 564 

RNA-dependent DNA polymerase, 335, 
346, 347 

of C-type viruses, 248 
discovery and characterization of, 418 
in human cancer cells, 422, 423 
of murine leukemia virus, 13 
of oncornaviruses, 152, 210, 216-217, 

282, 291, 513, 514, 519 
as possible normal cell enzyme, 778 
in virus assay, 339 
in virus comparison, 240 

RNA-dependent RNA polymerases, viroid 
replication and, 777-779 

RNA helper viruses, in cancer etiology, 
551-552 

RNase H, in avian myeloblastosis virus, 
217 

RNA leukemia-sarcoma viruses, chicken 
model system for, 549-550 

RNA oncogenic viruses, proviruses of, 345 
RNA oncornaviruses, guinea pig virus 

with, 617 

RNA polymerase 
in bacteriophage λ replication, 576 
of reovirus, 653 

RNA tumor viruses, see also Oncor-
naviruses 

A virus particles and, 13 
biochemical studies on, 417-423 
biological studies on, 410-413 
cell-surface changes from, 378-379 
comparison and evolution of, 235-257 
effects on embryos, 26 
genetics of, 552 
human tumor viruses and, 423-424 
immunology of, 414-417, 513 
low M.W. RNA in tissues infected by, 

780 
morphological studies on, 405-410 
murine and avian types, comparative bio-

logy of, 279-367 
RNA of, 514 

biochemical studies, 417-423 
segmentation, 647 

TATA-type antigens from, 506, 508 
vaccine studies on, 552-553 

RNA viruses 
cell-surface changes from, 378-379 
genome activation of, 411 
in human cancer etiology, 551 
oncogenic, see RNA tumor viruses, On-

cornaviruses 
Rous-associated viruses (RAV) 

biological properties of, 295 
germinal provirus of, 348 
endogenous, 335, 336 

Rous sarcoma virus (RSV) 
antigen, 522 
assay of, 285-286 
biological properties of, 292-295 
cell-surface changes form, 379, 385, 389, 

390 

C-type particles from, 293 
defective strain of, 292-293, 296 

culture, 273, 286 
discovery of, 403-404 
DNA transfer studies on, 40 
endogenous, 335 
helper-independent strains of, 269 
helper virus for, 292 
immune response to, 294-295, 530-532 
induction of, 230 
infectious, chf and, 221, 222 
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low M.W. RNA in plants infected by, 
780 

mutants of, 395 
transformation by, 383 

nucleic acid composition of, transforma-
tion and,382 

oncogenicity of, 515 
multipotential, 294 

RNA of, 213, 274 
replication, 214 

susceptibility to, genetics of, 330 
transformation by, 288, 293-294 
ts mutant of, 286 
tumor cell membrane antigens of, 525 
virus-specific DNA from, 216 

Rubella viruses 
cell-surface changes from, 379 
embryo studies with, 26 

Rumex acetosa 
tumor studies on, 441 
wound tumor virus of, 432, 433, 435, 440 

S 

Saliva, rabies transmission of, 719, 721 
S antigen 

induction of, 153 
in transformed cells, 34-35 

Sarcoma(s) 
in humans 

antibodies from, 414 
reverse transcriptase and high-M.W. 

RNA in, 422 
viral etiology and, 551 

pathogenesis of, 299-300, 306 
viral particles in, 405 
virus-induced, 282, 292, 617 

antigens of, 523, 530 
Sarcoma-leukemia viruses, 282 
Sarcoma virus 

defectivity of, 410 
immune response to, 540 

Satellite viruses, see also Adeno-associated 
satellite viruses 

dependence of, 724 
SA 7 virus 

complementation studies on, 65 
oncogenesis and, 74 

SA 8 virus, see Vervet monkey cy-
tomegalovirus 

Schmidt-Ruppin strain RSV, infectious 
DNA from, 217, 218 

Scrapie agent 
DNA in infected tissue of, 777 
potato spindle tuber viroid compared to, 

775-777 
Scrophularia mottle virus, particle types 

and properties of, 729 
Sendai virus 

cell-surface changes from, 378 
in transformation studies, 35 

S-l enzyme, in C-type virus studies, 
240 

Serum, effect on embryo growth, 8 
SEWA cells, virus studies on, 457 
SFFV virus, in sarcoma pathogenesis, 

310-311 
Sheep virus, oncogenicity of, 617 
Shier's chitobiose vaccine, for cancer, 

558-559 
Shope papillomavirus (SPV), 456 

cell-surface changes from, 377 
enzyme transduction by, 45 
tumor induction by, 485-486 

Sialic acid residues, on cell surfaces, virus 
transformation effects on, 385 

Sialyl transferases, changes in, during cell 
cycle, 394 

Sigma factor, in DNA-dependent RNA 
polymerase, 83 

Simian viruses, see also Monkey 
oncogenic, vaccine studies on, 555-556 
RNA of, 421 

Sindbis virus, cell-surface changes from, 
378 

Skin, herpesvirus infection of, 613 
Sloughability, of tumors, 531 
Smog, effect on viral oncogenicity, 314 
Snakes, oncogenic viruses in, 517 
Snyder-Theilen feline sarcoma virus, 525 

oncogenicity of, 515 
Soehner-Dmochowski virus 

RNA of, 418-420 
transformation by, 411, 412 

biochemical studies, 418 
Somatic cell hybridization 

antigen studies using, 503 
in Epstein-Barr virus studies, 109-111 

Somatic provirus 
of avian leukosis virus, 336 
of oncornaviruses, 283 
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Sperm, infectivity of, in high-cancer strain 
mice, 321 

Splenomegaly, virus effects on, 328 
Squash mosaic virus, particle type and 

properties of, 726, 729 
Squirrel monkey, Herpesvirus saimiri in, 

508-509,510 
Statolon, as leukemia suppressant, 316 
Stepina-Zilber viruses, antigens of, 521 
Sterols, synthesis in animal tissues, 373 
Strawberry latent ringspot virus, particle 

types and properties of, 729 
SV5 virus 

cell-surface changes from, 378 
complementation studies on, 63, 65 

SV40 virus, 303 
abortive infection with, 463, 485 
cell-surface changes from, 377, 384, 385, 

387,389,391 
chromosomal protein induction by, 469 
DNA, 456, 502 

chain elongation, 133-135 
oligomers, 142-143 
replication, 128, 131-133, 135-143, 

146-147 
structure, 120-123 
transfer, 32-52 

early proteins of, 151 -165 
effects on 

embryo, 5, 19-27 
genetic analysis of, 151-152 
lytic infection by, 465-482 
mitogenic effect of, 460-484, 487-489 

scheme for, 491 
tumor formation and, 491-492 

mutant of (PARA), 34 
oncogenicity of, 514, 515 
pseudovirions for, formation, 46-50 
mRNA of, 462-463, 487, 502 
Τ antigen from, 153-154, 502 

comparison with crown gall antigen, 
452 

transformation by, 229, 337, 456, 
458-460, 464, 489-491,514 

tumor cell membrane antigens from, 523 
Swine, oncogenic viruses in, 517 
Swine adenovirus, cell-surface changes 

from, 377 
Swine influenza virus 

as possible agent of 1918 flu pandemic, 
635-636 

recombination with Hong Kong influenza 
virus, 643-644 

Syncitial formation, by herpesviruses, 
613-614 

Synthetic biology, as future discipline, 579, 
580 

Τ 

Τ antigen 
from adenovirus, 61, 62, 65 
crown gall antigen and, 452 
detection of, 503 
induction of, 153-154, 502, 508 
as intranuclear antigen, 502-505 
lysogeny and, 459, 463, 480, 481 
occurrence of, 153-154, 503 
polyoma virus-specific, 485 
purification of, 156 
in transformed cells, 34-35, 38 

TATA (tumor-associated transplantation 
antigen), occurrence and properties of, 
506-508 

Τ cell(s) 
in cell-mediated cytotoxicity, 540-541 
Epstein-Barr virus and, 100, 101, 102 
genetic influences on, 509 
infectious mononucleosis and, 104 
thymosin regulation of, 560 
in tumor cell vaccines, 557 

Temin model, 345 
of oncornaviruses, 210, 227 

Temperature, effects on herpesvirus, 615, 
616 

Tennant virus, antigens of, 521 
Teratomas, in extrauterine egg cylinders, 8 
Theilen feline lymphoma virus, comparison 

with other C-type viruses, 236-255 
3T3 fibroblasts, transformation studies on, 

384-395 
Thylaxoviridae, oncornaviruses and, 281 
Thymidine kinase 

adenovirus synthesis of, 62 
coded for by Epstein-Barr virus genome, 

110, 111 
early protein synthesis and, 160-161 
transduction of gene for, 45 

Thymosin, in cancer immunization, 560 
Thymus, role in lymphosarcoma induction, 

309-310 
Thymus-dependent lymphocytes, see Τ 

cells 
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Tipula iridescent virus (TIV), intracyto-
plasmic vesicles of, 66, 67 

Tissue-specific antigens cell surface, trans-
formation, and, 372 

TL system, of tumor cell membrane an-
tigens, 528 

TN Ρ cells, infectious DNA in, 217-220 
Tobacco, see also Nicotiana sp. 

classification of, 432 
Turkish, multiparticulate virus studies 

on,746-747 
Tobacco mosaic virus, low M.W. RNA in 

plants infected by, 780 
Tobacco rattle virus (TRV) 

particle types and properties of, 725, 
726, 729, 730, 732, 733-736 

genetic aspects, 737-739 
Tobacco ringspot satellite virus 

RNA as M.W. marker, 763, 764, 775 
UV effects on, 766 

Tobacco ringspot virus 
particle types and properties of, 729, 732 

genetic aspects, 744-745 
UV effects on, 766 

Tobacco streak virus (TSV) 
particle types and properties of, 725, 

727, 729,731-735 
genetic aspects, 745-747, 751-752 

Tobraviruses, heterogeneity of, 726 
Togaviruses, cell-surface changes from, 

379 
Tomato 

potato spindle tuber viroid replication in, 
773,778 

dsRNA-like substance in, 780 
Tomato black ring virus, particle types and 

properties of, 729 
Tomato ringspot virus, particle types and 

properties of, 727, 729 
Tomato top necrosis virus, particle types 

and properties of, 729 
Topoinhibition, in transformed cell. 151 
Transcriptase, see RNA polymerase 
Transcription-translation complexes, in 

viral genome studies, 564-565 
Transfer factor, in cancer immunization, 

560 
Transformation 

antigens formed by, 501 
of cells, immunology of, 501-512 
cell-surface effects of, 369-400 

cellular metabolism of surface molecules 
and, 391-393 

by DNA oncogenic viruses, 119 
genetics of, 456 
by herpesviruses, 183-205 
lysogeny theory of, 457-460 
model for, 382 
topoinhibition following, 151 

Transmission 
of cancer viruses, 551-552 
chromosomal, 539-540 
vertical, 536 

Transport systems, cell surface, transfor-
mation, and, 372 

Tree shrew herpesvirus 
DNA base composition, 610 
envelope, 608 
host range, 610 

Trophoblasts, virus effects on, 22 
Ύι ribonuclease, in reoviruse nucleotide 

studies, 663-670 
ts mutants 

cellular type, 503 
transformation by, 383 

Tuberculin, in cancer immunization, 560 
Tulare apple mosaic virus, particle types 

and properties of, 729 
Tumors, see also Cancer 

animal and plant compared, 427-454 
cell properties of, 427-428 
chromosome abnormalities of, 427-

428 
contact inhibition of, 427-428 
Epstein-Barr virus DNA in 

in Africa, 92-95, 100 
in America, 95-96 

mammary, virus-induced, see Mammary 
tumor viruses 

metastasis of, 427 
proliferation rate of, 427 

Tumor antigens, cancer immunology and, 
556-557, 559 

Tumor-associated transplantation antigen 
(TATA), occurrence and properties, 
506-508 

Tumor cell membrane antigens 
occurrence of, 523-528, 539 
of oncornaviruses, 523-528 

Tumor-inducing principle (TIP) 
in plant cells, 437 

induction and nature of, 445-451 
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Tumor-specific transplantation antigen 
(TSTA) 

description of, 34-35 
induction of, 153, 155 

Tumor viruses, see Oncogenic viruses 
Turkey influenza virus, influenza virus re-

combinants with, 637, 640-641 
Turkeys, herpesvirus of, see Herpesvirus 

of turkeys 
Turnip yellow mosaic virus, particle types 

and properties of, 729 
Τ virus of squirrel monkeys 

DNA base composition, 610 
fatal disease from, 619 
host range of, 613 
phylogenetic relations of, 620 

U 

U antigen, induction of, 154, 155 
Urine, herpesviruses in, 614 
Urogenital cancer, herpesvirus and, 617 

V 

Vaccinia virus 
cell-surface changes from, 376 
embryo studies with, 26 
RNA polymerase of, 152 

Vaccines 
against cancer, 549-560 
viral, 550-560 

Vampire bat rabies virus, tropism of, 707 
V antigens 

in embryos, 24, 25 
induction of, 38 

Varicella-zoster virus 
clinicopathological effects of, 613, 614 
in compromised host, 618 
DNA base composition of, 610 
Epstein-Barr virus and, 80 
fatal disease from, 618 
host range of, 610, 613 
neurotropism of, 711, 721 
origin of, 619 
phylogenetic relations of, 620, 621 
transmission of, 616 

Vervet monkey cytomegalovirus (SA8) 
DNA base composition of, 610 
host range of, 610, 613 
phylogenetic relations of, 620 

Vesicular fluid, herpesviruses in, 614 
Vesicular stomatitis virus (VSV), 678-697 

cell-surface changes from, 378 
defective (T) particles of, 680-682 

replication, 685-688 
G protein of, 678, 683, 684 
Indiana strain of, nucleic acid homology 

to, 690-692 
interference of, intracellular events in, 

688-690 
infectious (B) particles of, 678-680, 683, 

684 
L protein of, 678 
M protein of, 678, 680, 683, 684 
Ν protein of, 678 
NS protein of, 678, 683, 684 
replication of, 682-685 
strains of, 678 

interrelationships, 692-695 
structural features of, 678-682 
tropisms of, 699, 714 

evolutionary aspects, 717, 719 
in experimental animals, 700-707 
in various strains, 714 

Vigna cylindrica 
multiparticulate virus studies on, 

746-747 
tobacco streak virus infections of, 

734-735 
Vinca rosea, tumor studies on, 437 
Viral oncology, comparative, 401-498 
Virion, of multiparticulate viruses, 725 
Virogene, see also Germinal provirus 

of C type virus, 284 
derepression of, 551-552 
tumor development and lack of expres-

sion of, 348-349 
Viroids, 757-783 

as abnormal host RNA's, 781 
affecting animals, 775-777 
chrysanthemum stunt viroid, 774-775 
citrus exocortis disease, 774 
definition of, 757 
as degenerate viruses, 779-780 
low M.W. RNA in, 780-781 
possible origin of, 779-781 
potato spindle tuber viroid, 758-773 
as primitive viruses, 780-781 
replication of, 777-779 

DNA-dependent, 777-778 
RNA-dependent, 778-779 
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Viropexis, embryo uptake of virus by, 19 
Virus(es) 

effects on embryos, 3-30 
endogenous, 517 
enveloped, action of, 375, 380 
evolution of, 562-783 
host-cell relationships of, 1-116 
immunological changes from, 153-154 
modification of, in transformation, 

369-400 
oncogenic, see Oncogenic viruses 
particles 

in embryos, 9-19 
of plants, see Plant viruses 
transformation by, see Transformation 
unenveloped, cell-surface changes from, 

380 
vaccines for, 550-560 
viroids compared to, 779-780 

Virus capsid antigen (VCA) 
early antigen and, 197 
from Epstein-Barr virus, 503 

Visna virus, comparison with C-type par-
ticles, 240 

W 

Warts, from human papilloma virus, 456, 
484 

Western equine encephalitis virus, effects 
on embryo, 26 

West Nile virus, embryo studies with, 26 
Wheat germ agglutinin, in cancer vaccine 

preparation, 558 

Wild cucumber mosaic virus, particle types 
and properties of, 729 

Wildebeest virus, clinicopathological ef-
fects of, 612 

Woolly monkey virus (WoLV) 
comparison with other C-type viruses, 

236-255 
gs antigen of, 247 
p30 protein of, 247-248 

Wound tumor virus, 433-436 
characteristics of, 433 
electron microscopy of, 434 
plant tumors from, 432 
RNA of, 433, 435-436 

double-strandedness, 652 
transformation by, 430 
transmission of, 434-435 

X 

XC test, 339 
for murine leukemia virus, 289, 309 

X 14 virus of rats 
hemagglutination by, 60 
as parvovirus, 56 

Y 

Yaba poxvirus, cell-surface changes from, 
376 

Ζ 

Zona pellucida, virus penetration of, 5, 6 

A 4 
Β 5 
C 6 
D 7 
Ε 8 
F 9 
G 0 
H 1 
I 2 
J 3 


