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Introduction 
The study of virus biology contributes in two ways to the problem of 

reproduction and function of genetic material. The first contribution 
derives from the use of viruses as model systems for investigating the 
reproduction and functionality of nucleic acids. Viruses have various 
types of nucleic acids, some of which, such as single-stranded DNA and 
RNA or double-stranded RNA, are either absent or not self-reproducing 
in cells; their reproduction can be analyzed in great detail. The second 
contribution derives from the consequences effected by viruses on the 
multiplication and function of genetic material in the cells they infect. 

This presentation will be mainly concerned with the latter aspect of 
virus biology; it cannot, however, be totally dissociated from the former 
because the consequences for the cells deriving from virus infection 
depend on the special nature of viruses. Viral replication within a cell is 
not an independent and isolated event; it is rather the result of a pro-
found rearrangement in which both the virus and the cell lose their 
independence and are incorporated into a new biological entity, the virus-
cell complex. A new set of enzymes and regulatory proteins specified by 
viral genes are formed in the cells; in many cases, they bring fundamental 
cellular functions to a standstill and initiate new virus-controlled ones. 
For instance, the synthesis of cellular DNA or cellular messenger RNA 
may be halted and replaced by the synthesis of viral nucleic acids; or, the 
cellular DNA may be destroyed. In cases in which the cells are not as 
drastically affected, the regulatory pattern of macromolecular synthesis is 
often greatly altered. Biosynthetic or energy-yielding pathways continue 
to operate, but become utilized in whole or in part for the synthesis of 
viral materials. 
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Virus-cell complexes differ from uninfected cells in anatomical proper-
ties also: Special membranous structures are recognizable, for instance, in 
cells infected by polio virus. There is abundant evidence for the occur-
rence of important structural changes in the cellular membrane caused 
by incorporation of virus-specified proteins. Finally, the anatomy of the 
genetic material itself, the DNA of the cellular chromosomes, can be 
changed, for example, by the insertion of the viral DNA. 

The infected cells are in most cases noticeably different from the non-
infected ones; this phenomenon is defined as virus-induced conversion. If 
the cells are ultimately killed by the virus, conversion becomes detectable 
in the period between infection and cell death; if they are not killed, 
conversion may be continuously present. Many symptoms of conversion 
are known: changes of surface antigens, production of special products 
such as toxins, modification of the permeability of the cellular membrane, 
and loss of sensitivity to factors regulating cell multiplication. The latter 
phenomenon, which is denned as "transformation," is especially evident 
in animal cells infected by cancer-producing viruses. 

We can now turn more specifically to the subject of our discussion, the 
consequences of virus-cell interaction on the cellular genetic material. 
There are three main classes of consequences to which we shall devote 
our attention: (1) anatomical, resulting from insertion of viral DNA in 
the cellular DNA; (2) functional, resulting from interference in the 
operation of cellular genes; (3) degradative, resulting from breakage or 
breakdown of the cellular DNA. 

Consequences of Virus Infection for the Genetic 
Material of Bacterial Cells 

These consequences will be considered first since they have been 
extensively studied and offer a suitable model for analyzing the much 
less complete results obtained with animal cells. 

Anatomical Consequences 

The insertion of the viral DNA in the DNA of the host cells has been 
extensively studied in Escherichia coli cells infected by the temperate 
bacteriophage λ. The molecular events involved in the insertion are 
known in considerable detail; they will now be presented in a rather 
idealized fashion which includes a certain amount of speculation. 

The DNA of bacteriophage λ enters a previously uninfected cell in the 
form of a linear molecule comprising about 1000 nucleotide pairs. After 
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entering the cell it assumes the shape of a ring, first by pairing of the two 
ends which possess complementary single-stranded regions (Hershey et ah, 
1963), and then by establishing covalent bonds. The ring is the reproduc-
tive form of the virus. Duplication of the molecule probably occurs after 
transient opening of one of the links which close the ring; then the 
molecule has a swivel point with free rotation permitting the disentangle-
ment of the newly produced molecule from the pre-existing molecule. 
These molecules are also undergoing recombination in which parts 
deriving from two different molecules unite to form a new molecule. 
Recombination can be analyzed in classic genetic terms to determine the 
order and distance of genes of a viral genome. This analysis permits the 
establishment of a linear genetic map which is called the vegetative map 
since it is obtained from the autonomously replicating or vegetative form 
of the viral DNA; the ends of the map coincide with the ends of the linear 
molecule as it exists in the extracellular virus particles. 

The vegetative λ DNA can become inserted into the bacterial chromo-
some by a process known as lysogenization. Insertion occurs at a special 
site on the bacterial chromosome and is believed to occur through the 
recombination of two homologous segments of viral cellular DNA after 
the viral and cellular DNA have been broken at determined points by a 
virus-specified nuclease of very high specificity. The inserted viral DNA 
is now called a prophage. The order of the prophage genes can be deter-
mined by genetic means to yield a prophage genetic map. This map is 
linear also, but differs from the vegetative map in that a block of genes 
present at one end of the molecule in the vegetative map is shifted to the 
other end in the prophage map (Calef and Licciardello, 1960; Campbell, 
1963; Franklin et al., 1965) indicating that the point at which the viral 
DNA ring opens for integration is different from the one at which it 
opens during vegetative multiplication. 

The prophage is an intrinsically unstable system because it contains 
a mechanism for its own termination in the form of a gene that specifies 
the nuclease. The nuclease that is instrumental in causing the breaks 
leading to insertion can cause similar breaks in the DNA of the lysogenic 
cells; by recombination at these points, the prophage can be freed from 
the bacterial DNA in the form of a vegetative ring; this process is the 
exact reverse of the one causing insertion. The nuclease, however, is not 
normally made by the prophage gene, owing to the operation of the 
immunity gene of the prophage itself (Jacob and Monod, 1961). The 
immunity gene causes the synthesis of an immunity repressor which 
prevents the expression of many prophage genes, including the one spe-
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cifying the nuclease (Korn and Weissbach, 1964). The concentration of the 
repressor is maintained by a steady state in which loss by thermal inactiva-
tion and cell multiplication is compensated by new synthesis. Under nor-
mal conditions, the system is well balanced; if it is thrown off balance, the 
nuclease gene is activated and, by a process called induction, the prophage 
is converted to the vegetative form. 

Induction not only causes the formation of a free and complete 
vegetative viral DNA, but can also yield a complete cellular chromosome 
free of the prophage. This restitution is possible through the recombina-
tion events already discussed. 

The insertion by recombination and the recovery of the inserted DNA, 
as well as the cellular DNA, in complete form, can occur only because 
the viral DNA has a circular shape; the insertion of a linear molecule 
would require two recombination events and the loss of the intervening 
segment of cellular DNA. Furthermore, since the recombination events 
presumably could not take place at the ends of the viral molecule, inser-
tion would result in the loss of two terminal segments if the viral DNA 
were linear. Thus, circularity appears to be an essential condition for 
integration; for this reason, any circular viral DNA is suspected of 
insertion in the cellular DNA. 

The prophage can undergo a different type of recombination event 
with the host DNA adjacent to the insertion site. Two nonreciprocal 
crossovers are involved, in which the amounts of DNA exchanged are not 
equal. The consequence of this event is the formation of a new type of 
prophage called \dg which incorporates a segment of cellular DNA, but 
has lost a part of its own complement. The cellular segment carries the 
genes of the bacterial galactose operon, and the viral segment lost con-
tains several genes. For this reason, the Idg molecules are defective, i.e., 
they cannot initiate the formation of virus by themselves, but can do so 
in cells infected at the same time by normal λ which supplies the functions 
of genes missing in the Xdg molecules. The \dg molecules are physically 
different from normal λ molecules. 

Replication of the prophage is under the control of mechanisms that 
carry out replication of cellular DNA; the prophage is replicated every 
time the synthesis of the bacterial DNA, which proceeds from one end 
of the chromosome to the other, reaches the site of the prophage (Nagata, 
1963). An important consequence is that mutated viral DNA, unable to 
multiply vegetatively, can multiply in the form of a prophage (Jacob 
et al, 1957). 

The finding that viral DNA can become inserted in cellular DNA is of 
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extreme interest, since it is relevant to the question of the evolution of 
viruses and of the meaning of virus-host relationships. In order to assess 
its significance, the problem of mechanics must be considered: How is 
the attachment and insertion of a viral DNA molecule at a specific site 
of the cellular DNA possible? This question is answered by experiments 
indicating that the DNA of bacteriophage λ and that of Escherichia coli 
cells contain areas of homology; i.e., areas in which the two DNA's have 
either identical or very similar base sequences; about 34% of the viral 
DNA and 0.2% of the cellular DNA are involved (Cowie and McCarthy, 
1963; Green, 1963). Homology exists, not in a single segment of the viral 
DNA, but in several segments present in different parts of the molecule 
(Cowie and Hershey, 1965). The presence of these homologous segments 
explains how the viral DNA can attach at a specific site on the cellular 
DNA; at the same time, however, it raises the question of their origin. 
The extensive homology which involves several parts of the viral DNA 
molecule shows that a segment of the cellular DNA, approximately 
equivalent in length to a λ DNA molecule, is greatly similar in base 
sequence to λ DNA, but not identical. It is likely that at a certain time 
in evolution the viral DNA and the corresponding segment of the cellular 
DNA were identical and became progressively differentiated later on, 
retaining, nevertheless, considerable similarity. Thus, either the virus 
DNA derives from a segment of the bacterial chromosome or vice versa; 
the λ-specific segment of the Escherichia coli DNA derives from the 
irreversible insertion of λ DNA. 

The second possibility appears much more likely. Defective λ DNA can 
be irreversibly incorporated; if the molecule has lost the part containing 
the nuclease and the immunity genes it cannot be released by induction 
and is functionally silent; it is therefore unrecognizable, except for the 
possibility of rescuing some of its remaining genes by recombination with 
a properly marked λ (Fisher-Fantuzzi and Calef, 1964). If the association 
has existed for a long time and many mutations have taken place in the 
inserted DNA, even gene rescue may become impossible. Insertion of the 
DNA of episomes (elements related to viruses) in the bacterial DNA at 
many places, possibly without specific sites, is known to occur, but there 
is little probability that it will; after the insertion has taken place once, 
however, an attachment site for the episome is created, and attachment to 
it of the same episome occurs with much greater probability (Campbell, 
1962). 

What is the significance of lysogeny? The complex genetic system that 
makes it possible appears to have had a long period of evolution and 
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therefore appears to be selectively advantageous for the virus; its selective 
value, however, is not obvious in terms of survival since a lysogenic 
bacterium is not more resistant to the environment than a free virus 
particle. The selective value may be more subtle and derive from the fact 
that the lysogenic state favors virus reproduction by conserving the host 
cells, in contrast to lytic viral multiplication which kills the host cells. 

Functional Consequences 

The insertion of a prophage in the bacterial DNA affects the state of 
regulation of neighboring bacterial genes. Lambda prophage, for instance, 
affects the control of the genes of the galactose operon which is adjacent 
to the prophage (Buttin et al., 1960; Yarmolinsky and Wiesmeyer, 1960; 
Buttin, 1963). The genes of the operon are normally under the control of 
a repressor substance produced by a bacterial regulator gene which acts 
on the operator gene and prevents the expression of the genes of the 
operon; the action of the repressor is counteracted by proper inducing 
substances. In cells lysogenic for λ, the degree of repression of the 
galactose operon is increased and less enzyme is produced, as if the system 
has become sensitive to a new repressor, for instance, the immunity 
repressor of the prophage itself. When the lysogenic cells are induced and 
the effect of the viral immunity repressor decreases, the repression of the 
galactose operon is also decreased; a burst of enzyme synthesis occurs 
although the normal bacterial repressor specific for the galactose operon 
is present in the cells. These and other phenomena suggest that the 
bacterial operon falls under the control of the regulation system of the 
prophage. 

Another important consequence of the insertion of a prophage for 
neighboring bacterial genes is a mutagenic effect. This has been demon-
strated for the bacterial virus Mu 1 (Taylor, 1963) which lysogenizes 
Escherichia coli cells. Nonlysogenic cells infected with this phage undergo 
a short period of intense mutagenesis following infection at the time 
insertion of prophages occurs. The mutagenic action affects a variety of 
genes; in each case the prophage appears to be inserted near the muta-
genized gene. This virus is thus different from λ in that it does not have 
just one attachment site; either it has many sites, or no site at all and 
becomes inserted at random. Whether mutation is caused by a functional, 
potentially reversible effect similar to that of prophage λ on the galactose 
operon or by a permanent structural modification of the bacterial genes 
is not known. 
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Degradative Consequences 

Breakdown of the host cell DNA is caused by some bacterial viruses 
which do not cause lysogenization; the breakdown is complete and yields 
small molecular products which are then utilized for synthesis of the viral 
DNA. The mechanism is unknown. 

Consequences of Virus Infection for the 
Genetic Material of Animal Cells 

The amount of factual information concerning these consequences is 
much less than that available for bacterial viruses. Thus, interpretation 
of the findings is much more speculative and is based on inferences drawn 
from the knowledge of the bacterial virus systems. In order to do this, it 
is perhaps useful to dispel the common misconception that bacterial 
viruses are profoundly different in properties from viruses of higher 
organisms, especially in their ability to give rise to lysogenic complexes. 
Striking observations deriving from genetic studies of animals and plants, 
however, very strongly recall the functional consequences of prophages. 
The observations concern the regulator elements of corn (McClintock, 
1961) and heterochromatin. These elements are transposable from one 
chromosome to another by regular chromosomal mechanisms such as 
translocation and perhaps by independent migration also; their effect on 
the neighboring genes is similar to that of prophage. Three consequences 
are known: reversible inactivation of gene function, mutagenesis, and 
breaks. The first two consequences find a counterpart in the functional 
consequences of prophage; the last mentioned may be analogous to the 
breaks that lead to the formation of the defective transducing virus 
particles such as Xdg. 

Two consequences of viruses for the genetic material of animal cells 
will be discussed now. One is the production of chromatid breaks caused 
by many viruses; the other is the production of hereditary transformation 
by tumor-producing viruses. 

Chromatid Breaks 

Although many animal viruses induce the formation of chromatid 
breaks in animal cells (Fjelde and Holtermann, 1962; Hampar and 
Ellison, 1963; Stich et al., 1964), very little is known about the mecha-
nisms by which these breaks are produced. In some cases, the breaks are 
formed before the cells are killed and may be the expression of early 
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autolytic phenomena. More interesting are the breaks induced in multi-
plying cells, as in the permanent MCH line of Chinese hamster cells in-
fected by herpes virus (Hampar and Ellison, 1963). These breaks are 
formed at characteristic locations in the chromosomes (Stich et ah, 1964); 
the location of the breaks is similar to that of breaks induced by 5-
bromodeoxyuridine, but different from the location of those induced by 
hydroxylamine or X rays. These regularities suggest that the site of the 
breaks is dependent in part on the properties of certain chromosomal sites 
rather than deriving from an insertion of the viral DNA. It is likely that 
the location of the break sites depends mainly on two factors: the local 
chemical composition of the DNA and of its environment; and, the state 
of regulation of the DNA segment in respect to either function or replica-
tion. Further elaboration of the hypotheses seems to be unwarranted. 

Chromatid breaks, possibly of different significance, are formed in 
secondary cultures of hamster embryo cells during the early stages of 
transformation by polyoma virus (Vogt and Dulbecco, 1963). Again, the 
mechanism of production is unknown. The interesting aspect of this 
phenomenon is the continuous production of new breaks detectable from 
formation of chromatid bridges for many generations during the multi-
plication of the cells. This finding suggests that the phenomenon is due to 
persistence in the cells of an agent, possibly related to polyoma virus, even 
when infectious virus is no longer present. The production of chromatid 
breaks is not, however, a necessary consequence of the interaction of the 
cells with this virus since it is absent in transformed cells deriving from 
the permanent hamster BHK line. The reason for this difference is not 
clear. 

Cell Transformation 

Many tumor-producing viruses induce a hereditary change in the cells 
after infection called transformation; the transformed cells behave as 
cancer cells in the animal. The aspect of transformation to be discussed 
here is the nature of the interaction of viral DNA with cellular genetic 
material; we shall limit our consideration to polyoma virus, although 
similar phenomena may be caused by other viruses, such as SV40 or the 
carcinogenic adenoviruses. 

Since transformation of mouse or hamster cells is a hereditary change 
in the cells induced by viral DNA, it is relevant to inquire whether it is 
caused by a phenomenon similar to lysogenization (Dulbecco, 1964). 
Extensive experimentation has shown that the phenomenon differs from 
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lysogenization since induction does not occur and there is no evidence for 
the production of an immunity repressor; it could be similar, however, to 
the insertion of a defective prophage which lacks both nuclease and 
repressor genes. Such inserted viral DNA could be detected functionally, 
i.e., by identifying certain gene functions, or genetically, i.e., by rescuing 
certain genes after infecting the transformed cells with genetically marked 
polyoma virus, or physically, i.e., by demonstrating DNA homologous to 
polyoma DNA in the DNA of the transformed cells by hybridization 
experiments. Evidence of the first and second types has been obtained 
(Sjögren et al., 1961; Habel, 1961; Ting, 1964) although it is still question-
able whether the evidence conclusively shows that genes of the virus are 
present in the transformed cells; we shall consider it acceptable. Physical 
demonstration of the presence of viral DNA has not been convincingly 
obtained, and it seems likely that it cannot be obtained owing to lack of 
sensitivity of the methods if there are only one or two copies of viral DNA 
per cell (Winocour, 1965). Homology of viral DNA for DNA of normal 
mouse cells has been detected (Axelrod et al., 1964). This homology, how-
ever, could be spurious, and caused by contaminating mouse DNA in the 
preparations of polyoma virus DNA; if genuine, it may indicate a 
relationship between polyoma virus and mouse cell DNA's similar to 
that between λ and Escherichia coli DNA's. It is not clear whether this 
homology, if genuine, plays a role in transformation, since no homology 
has been detected between polyoma DNA and hamster cell DNA 
although hamster cells can also be transformed by the virus. 

An interesting similarity between the DNA of polyoma virus and the 
DNA of λ is the ring shape of the molecules (Dulbecco and Vogt, 1963; 
Weil and Vinograd, 1963). During intracellular reproduction, polyoma 
DNA is in a circular shape most of the time and thus could become in-
serted into the cellular DNA like λ DNA. Another similarity between 
the two DNA's can be detected in a fraction of DNA extracted from 
polyoma virus which is devoid of infectivity, differs in structure and base 
composition from the regular polyoma DNA, and has a different buoyant 
density (component III, Weil and Vinograd, 1963). This DNA component 
has not yet been shown to be genuine polyoma DNA; if this is the case, it 
may arise by a mechanism similar to that giving rise to the formation of 
the defective \dg. 

The reported observations show that an anatomical relationship be-
tween the DNA of polyoma virus and that of the transformed cells is 
strongly suspected, but not conclusively proved. A functional relationship, 
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on the contrary, is well documented. Infection with polyoma virus of 
resting cell cultures in which very few cells synthesize DNA causes a 
marked enhancement of synthesis. After a lag period of 8 to 10 hours, both 
the synthesis of DNA and that of a group of enzymes related to DNA 
synthesis start in the cultures at a high rate (Dulbecco et al., 1965). The 
DNA synthesized is partly viral and partly cellular; the enzymes are 
specified by cellular genes. Thus, polyoma virus affects the regulation of a 
group of cellular genes involved in DNA synthesis which is referred to as 
the DNA complex. Induction of these new syntheses appears to follow the 
synthesis of another protein, presumably a regulatory protein. Since the 
DNA complex of uninfected cells is similarly regulated, the regulatory 
protein formed after infection may be specified by a cellular gene which 
has the role of regulator of the DNA complex. 

These results show that the mechanism by which polyoma virus affects 
the function of cellular genes is complex, probably much more so than 
bacterial regulation. It seems likely that these differences are related to 
the different regulatory organization of bacterial and animal cells. Animal 
cells have a mechanism which regulates the rate of cell multiplication 
depending on information coming from the environment, in part through 
cell contacts; such a type of regulation is absent in bacteria. Thus, in 
animal cells the surface membrane has the role of a sensor which receives 
information from the environment and transmits it to a regulator gene, 
presumably the regulator of the DNA complex. A function of the viral 
DNA interferes with this process of information transfer; the interference 
may well occur at the level of the cell surface which in the transformed 
cells develops characteristic antigenic changes. 
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