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CURRENT PROBLEMS IN RESEARCH

Bacteriophage Genes

and Bacterial Functions

The viruses that attack bacteria control properties
of their host cells by action of specific genes.

Knowledge acquired in the last few
years has made it a tenable generaliza-
tion that virus infection at the cellular
level consists of the introduction into
a cell of a fragment of genetic material
composed of nucleic acid. This genetic
material is delivered into the host cell
by a specialized structure, the virus
particle or virion (7), and carries the
information needed to produce new
virus. Highly purified nucleic acid from
plant, animal, or bacterial viruses (2)
can initiate infection and production
of new virions if proper conditions are
provided for the penetration of the
nucleic acid into cells. Accordingly,
all effects of viruses on cells are prob-
ably -traceable either to early events
connected with virus entry or to the
genetic activity of the viral nucleic
acid, expressing itself within the frame-
work of the genetic potentialities of
the cell. In considering the activities
of the viral genome in the host cell, we
must make two important distinctions,
one concerning the type of nucleic
acid, the other concerning the type of
gene functions.

The author is professor of microbiology, Mas-
sachusetts Institute of Technology, Cambridge.
This is a lecture presented in March 1961 at the
Symposium on Virus—Cell Relationship held in
Oholo, Israel, and sponsored by the Israel In-
stitute ' for Biological Research.
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Activities of the Viral Genome

DNA and RNA viruses. The genetic
material of a virus is either deoxyribo-
nucleic acid (DNA) or ribonucleic
acid (RNA). For DNA viruses there
is no difficulty in visualizing a genetic
role, in line with current ideas on the
nature of chromosomal genes. The
problem is different with RNA viruses,
because outside the field of viruses no
genetic determinant has yet been proved
to be composed of RNA (3). More
correctly, there has been no definite
evidence that cellular RNA plays any
primary role in the determination of
the specificity of cellular components—
that is, that it carries genetic informa-
tion not present also in DNA. Either
we are willing to consider the RNA
viruses as a special category of genetic
elements, possibly remnants of organ-
isms now fully reduced to parasitism,
or, more plausibly, we must consider
the RNA of viruses as homologous to
some type of cellular RNA. Three
classes of cellular RNA are now recog-
nized: soluble, amino-acid-carrier RNA;
ribosomal RNA; and messenger RNA
(4). The last two are the main candi-
dates for relationship to viral RNA.
At present any evidence of relationship
is bound to be indirect because no
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enzyme system capable of synthesizing
RNA in vitro under the direction of an
RNA template [as DNA polymerase
does for DNA (4a)] has yet been re-
ported. Clearly, if viral RNA shared
with one category of cellular RNA the
ability to act as template for replica-
tion, the problem under consideration
would be solved.

Ribosomal RNA is found in molecular
sizes ranging from 5 X 10° to 3 X 10°
molecular weight units in various classes
of ribosomes, which are the particles
where proteins are synthesized. Nothing
is known of the role of ribosomal RNA
in the protein-synthesizing function of
the ribosomes. Ribosomal RNA has not
been shown to carry genetic informa-
tion, but critical proof that the ribo-
somal RNA has gene-derived specificity
does not exist. Conceivably, this RNA
might be relatively independent genet-
ically and might serve as an ancestor of
viral RNA.

Messenger RNA, which carries to
the ribosomes the gene-dictated instruc-
tions for protein synthesis, possesses
intrinsic,  gene-derived  information.
Whether messenger RNA may be used
as a template for its own replication is
uncertain. Its size is variable, ranging
up to at least 10° molecular weight
units, a size compatible with the
amounts of nucleic acid in RNA viruses
(0.7 to 2.5 X 10° molecular weight
units). At least in bacteria, the mes-
senger RNA is characteristically im-
permanent, being continually repleted
by gene action. Viral RNA, on the
other hand, is very stable in the host
cell.

Several alternatives are open: either
(rather improbably) viral RNA is a
variety of ribosomal RNA with a great-
er endowment of specific information
than has yet been attributed to the
latter; or it is related to some still un-
recognized class of cellular RNA, pos-
sibly nuclear RNA; or it is messenger
RNA, which like the messenger RNA
of animal cells, is more stable than
that of bacteria. The difference may,
in fact, be only an apparent one, due
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to differing amounts of RNA-destroying
enzymes in different organisms.

It is conceivable that, while being
related to one of the classes of cellular
RNA, the viral RNA may owe its
genetic autonomy to a past history of
mutation and selection. It is also pos-
sible that, having gained access to a
foreign cell line, viral RNA may have
succeeded in escaping the control of
certain mechanisms that specifically pre-
vented its replication in cells where
it was originally made as a gene prod-
uct.

Structural and regulatory gene func-
tions. If viral genes act like other genet-
ic elements, their possible functions
(aside from replication) are of two
kinds: structural functions (the spec-
ification of the molecular structure
of enzymes and other proteins) and
control functions (the specification of
the level of activity of other genes).
Two types of control genes are recog-
nized in bacteria (5): regulator genes,
which produce repressors that specifical-
ly block the expression of certain other
genes in the same cell, and operator
or switch genes, which control the
function of one or more adjacent
structural genes along the same chro-
mosome. The operator genes supposedly
are the sites of action of the repressors.

We should expect that the effects
of viruses on their host cells may re-
flect both the activity of structural
genes, determining new virus-specific
proteins, and that of regulator and
operator genes. Regulator genes in the
virus, acting through cytoplasmic re-
pressors, may act not only on other
viral genes but also on genes of the
host cells; in turn, the function of viral
genes may be controlled by host genes,
either indirectly through metabolic in-
teractions or directly through specific
regulator genes of the host.

Types of viral control over cellular
functions. In the light of these con-
siderations, we expect cellular functions
to be altered by a virus in three main
ways: through (i) new protein synthe-
ses, controlled by structural genes of
the virus; (ii) new specific repressions
by regulatory genes of the virus; and
(iii) alterations of the host cell genome
brought about either by some virus-
controlled enzymatic process or by the
physical integration of viral genes into
the cellular genome.

A main task of virus research is to
interpret viral activities at the cellular
level in terms of these various types
of genetic function, and to identify
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those functions that are responsible for
the significant changes observed in
virus-infected organisms. For example,
the problem of the role of viruses in
the abnormal cellular differentiation ob-
served in virus-induced tumors should
be reducible to questions of the fol-
lowing kind: Is the viral genome di-
rectly responsible for the specific prop-
erties of the tumor cells? That is, are
there viral mutations which specifically
affect the properties of the tumor cells
(6)? And, if so, are the abnormal
growth and differentiation of cells due
to the presence of virus-determined
enzymes or of virus-produced repres-
sors? )

Persistent cellular abnormalities might
also result from irreversible effects of
viruses on cellular constituents—for
example, the removal of some self-
priming or self-maintaining but ines-
sential component of the cells. In bac-
teria there are accessory genetic ele-
ments, or episomes, which can be lost
without damage to the cell (7). Tem-
perate phages, carried by bacteria as
prophages, are themselves dispensable
genetic determinants. Even the bacter-
ial cell wall, or some essential cell-wall
forming system, can be lost permanent-
ly as a result of a transient stimulus
such as exposure to penicillin (8). A
loss of accessory genetic elements may
conceivably follow a transient viral in-
fection, so that a cell line may become
permanently altered even without be-
coming a persistent carrier of the virus.

A program of interpretation of viral
functions in terms of gene action may
clarify some of the most obscure aspects
of cellular biology, such as tissue and
organ differentiation and the role of
various types of genetic and nongenetic
cellular constituents in cellular regula-
tion. This program is also a promising
approach to the problems of virus
origin and of the role of viruses in the
evolution of genetic systems. For ex-
ample, what relation is there between
the shells, or capsids (1), of the viral
particles and those cellular organelles,
such as sperm achrosome or mating
tubes, whose function it is to facilitate
genetic transfer?

In bacteria, the analysis of bacterio-
phage infection has become an integral
part of bacterial genetics. In this arti-
cle I discuss some situations in which
specific properties of phage-infected
bacteria can be traced to actions of
viral genes, to interactions between viral
and host genes, or to alterations of the
bacterial genome,

Genetic Controls of Biosynthesis

in Phage-Infected Bacteria

The developmental cycle of bacterio-
phages. The typical overall cycle of
phage development may be summarized
as follows. Attachment of phage to
specific receptors on the bacterial cell
wall is followed by penetration of the
phage genome into the cell. There fol-
lows a period of vegetative multiplica-
tion of the phage genome, reflected in
an increase in phage nucleic acid to
produce a pool of phage genetic ele-
ments. The initiation of vegetative multi-
plication requires the prior synthesis
of some essential proteins. With tem-
perate bacteriophages, which can estab-
lish lysogeny, one of two alternative
sequences of events follows: either
there occurs an irrevocable reaction
that leads to synthesis of virion, pro-
teins, maturation of phage particles,
and lysis of the bacterium, or there
sets in an immunity reaction, which
prevents the step toward lysis, arrests
vegetative phage multiplication, and
permits the establishment of the phage
genome as ‘prophage in the bacterial
nucleus (lysogenization). Phage pro-
duction by lysogenic bacteria is a
consequence of the breakdown of im-
munity.

It is not yet known whether this
description of the cycle applies to
the recently discovered RNA phages
(9), which have not yet been investi-
gated in detail. With certain phage types
some phases of the cycle are missing.
Thus, virulent mutants of temperate
phages fail to establish lysogeny be-
cause of genetic blocks in the immunity
reactions. Other phages, which may be
called intemperate, cannot establish
lysogeny because an early step of their
action in the bacterial cell leads to an
irreversible destruction of the cell
nucleus.

Synthesis of enzymes after phage in-
fection. The intemperate phages seem
to redirect the biosyntheses in the in-
fected bacteria entirely to the task of
phage formation. Synthesis of many
bacterial enzymes and of ribosomal
RNA is arrested. New enzymatic activ-
ities appear, concerned mainly with the
biosynthesis of phage DNA. This is
especially evident with the T-even
phages, whose DNA contains 5-hydrox-
ymethyl deoxycytidylic acid [dHMP
(10)] and its mono- and di-glucosylated
derivatives (71) instead of deoxycyti-
dylic acid (dCMP). The new enzyme
activities that appear after infection
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are directed to the synthesis of hydrox-
ymethyl deoxycytidine triphosphate,
the precursor of the dHMP of phage
DNA (12, 13); to the specific glu-
cosylation of dHMP after its incorpo-
ration into DNA (/3); and to the degra-
dation of deoxycytidine triphoshate to
dCMP (13, 14) and further to de-
oxyuridylic acid [dUMP (15)]. These
enzyme activities are not found in the
uninfected bacteria.

In addition, other changes occur in
certain enzyme activities that were
already present in uninfected cells.
These changes are such as to increase
production of essential precursors for
phage DNA. For example, the activity
of the methylase that converts dUMP
to thymidylic acid (dTMP) increases
at least tenfold (76). Similar increases
in enzyme activities are found in in-
fection with the intemperate phage TS5,
which does not require any qualitatively
new DNA constituent (13, 17).

How are these findings to be inter-
preted? It was suggested some years
ago (18) that the arrest of synthesis
of host-specific enzymes was due to
the rapid destruction of the nuclear
apparatus of the bacteria, which is
observed after infection with intemper-
ate phages and is accompanied by de-
polymerization of the bacterial DNA
to the mononucleotide units. This hy-
pothesis postulated that the continued
presence of the structural gene was nec-
essary for the biosynthesis of the cor-
responding enzyme, a view validated at
least for bacteria by studies on enzyme
biosynthesis (5). A corollary of this hy-
pothesis is that any new enzyme ac-
tivities, as well an any increase in the
level of preexistent activities after in-
fection with intemperate phages, should
be due to enzymes synthesized under
the structural control of genes in the
phage itself. Several indirect lines of
evidence support this interpretation:
(i) the intemperate phages of the T-
even group contain over 10° molecular
weight units of DNA, enough to pro-
vide structural information for 100
average-size proteins; (ii) new antigens,
distinct from the proteins of the phage
capsid, appear in the infected bacter-
ium during the phase of enzyme in-
crease (19); (iii) the increase in some
preexistent enzyme activities corre-
sponds to the formation of new en-
zymes, different in physicochemical
properties and in activation require-
ments from the preexistent bacterial
enzymes (20, 21); and (iv) the in-
creased enzyme activities are often di-

25 MAY 1962

Particles of bacteriophage ®X-174, one of the smallest viruses known. The large

particle in the center is a polystyrene latex ball. [Cecil E. Hall, Elizabeth C. MacLean,
and Irwin Tessman, Massachusetts Institute of Technology]

rected to the utilization of the deoxy-
ribotides liberated in the breakdown
of host DNA.

An interesting question arises: Why
is the DNA of an intemperate phage
protected from the destructive processes
that break down the bacterial DNA?
The simplest explanation, that break-
down only affects the host chromosome,
does not seem valid. In fact, cellular
genes become incapacitated even if
they are present in extrachromosomal
form. For example, infection with an
intemperate phage immediately stops the
synthesis of the enzyme gB-p-galacto-
sidase, whether the galactosidase gene
is in the bacterial chromosome or is
part of an episome like the fertility
factor or the genome of a transducing
phage (22). We conclude that the DNA
of the intemperate phage is protected
from breakdown either by some in-
trinsic quality of its molecular con-
figuration or by some special location
in the infected bacteria.

There has been a peculiar difficulty
in analyzing the role of phage genes in
the control of enzymes formed after
phage infection. Obviously, what one
needs is a set of phage mutants such
that some of the early enzymes are al-
tered or absent. But phage mutants of
this kind are hard to obtain; the corre-

sponding mutations would generally be
either lethal or undetectable.

A new approach to this problem has
been provided by the discovery of
classes of phage mutants that can grow
under one set of conditions but not un-
der another, because in the latter their
developmental cycle is arrested at some
specific stage. One such class is that of
heat-sensitive mutants (23). Another
class consists of host-dependent mu-
tants, found both in phage A [sus mu-
tants (24)] and in phage T4 [am mu-
tants (25)]. The mutants can repro-
duce in some bacterial host strains but
fail to do so in other hosts because
phage development is arrested at some
specific stage. These mutations can oc-
cur at many different sites in the phage
genome, and the stage of arrest of
phage development corresponds to a
block in the corresponding gene locus.
The special hosts in which the mutant
phages can grow have a genetically de-
termined permissiveness with respect to
certain altered genes, which can per-
form their function adequately in these
hosts and not in others.

It is among these mutants that one
can search for mutations that affect the
enzymes needed for phage DNA syn-
thesis. With one of these mutants, T4-
aml22, the enzyme that converts dCMP

687



to dHMP fails to appear in the infected,
nonpermissive bacterial host (26). In
addition, this mutant has another ab-
normality: the DNA polymerase activ-
ity, which greatly increases after infec-
tion with normal phage T4 (21), fails
completely after infection with T4am-
122. By extending this approach it
should be possible to specify the nature
of the control by intemperate phages
over the synthesis of enzymes in in-
fected bacteria.

Synthesis of the virion proteins. The
genetic determination of the phage-
virion proteins unquestionably rests with
structural genes of the phage. The
phage loci concerned with the deter-
mination of several of these proteins
(including phage head proteins, tail
fibers, and cofactor combining protein),
as well as with the control of the lyso-
zyme-like lytic enzymes produced in
phage infection, have been mapped by
phage crosses (27). Even the morphol-
ogy of the phage tail may be altered by
what appear to be mutations (28), al-
though other possibilities, such as re-
combination with defective proviruses,
are not excluded. An internal protein
found in some phages is specific for
each phage type and is synthesized very
early after infection (29). In addition,
certain steps in the process of phage
maturation, such as the “condensing”
step that initiates the folding of phage
DNA into compact structures, require
the synthesis of new proteins (30), ap-
parently under phage control.

Sequential expression of phage genes.
A remarkable feature of the phage-
determined protein syntheses is their
characteristic sequentialism. For exam-
ple, virion proteins and phage lysozyme
are synthesized only in the second half
of the period of phage development.
Even more remarkably, the new en-
zymes initiated by an intemperate phage
such as T2 stop increasing at about the
time the new phage proteins appear.
This arrest is due to the inception of
some later step in phage development.
If the infecting phage has been treated
with ultraviolet light so that no DNA
synthesis occurs, or if it is an am mutant
blocked in DNA synthesis, the produc-
tion of phage-initiated enzymes does
not stop, but continues for a much
longer time (26, 31). Apparently, some
of the late phage functions have a re-
pressive effect on the genes that initiate
production of the enzymes.

The situation is certainly simpler in
the case of phages with only 1 to 2 X
10° molecular weight units of nucleic
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acid, sufficient to specify only very few
proteins. With such phages, all cellular
alterations should be traceable, directly
or indirectly, to the action of a few
phage genes. The same is true for in-
fection with the small plant and animal
viruses. -

Genetic Functions in Lysogeny

Lysogenization and immunity. Tem-
perate phages do not destroy the ge-
nome of their host bacteria; hence, they
can establish a persistent relation with
the bacteria. This compatibility may re-
flect a molecular compatibility of the
DNA; the temperate phages that have
been analyzed all have a DNA base
composition similar to that of the host
DNA. There may actually be some de-
gree of genetic homology between tem-
perate phage and host cell.

The added features of the lysogenic
relation reveal genetic functions of
phage that are not easily observed with
intemperate phages. One group of func-
tions controls the ability to establish
lysogeny. The initial decision as to lytic
or lysogenic response to infection de-
pends on the function of several phage
genes; mutations in any one of these
genes can reduce or suppress the ability
to lysogenize (32). These genes func-
tion through cytoplasmic products; in
mixed infection, mutants altered in dif-
ferent gene loci can complement each
other and make lysogenization possible.
The critical step in decision is probably
the production of a repressor, which
prevents an irreversible, chloramphen-
icol-sensitive step toward maturation
and lysis (33).

The lysogenic bacteria are immune
to superinfection with homologous
phages, in the sense that the superin-
fecting phage (as well as the prophage
itself) is prevented from starting the
path to vegetative multiplication and
maturation. As a rule, the superinfect-
ing phage genome does not multiply
and is passed on to one daughter cell
at each division. Its presence is revealed,
through suitable genetic markers, by its
participation in phage production when-
ever the cell that carries it happens to
produce phage (34). The mechanism
that prevents vegetative multiplication
in lysogenic bacteria is supposed to be
an immunity repressor (35), which
blocks a function needed to initiate
replication and maturation. Phage mu-
tations affecting the production of the
immunity substance (by decreasing or

increasing it) occur in gene loci located
in the same region as the genes that
control the early decision (36). These
gene loci also control the specificity of
the immunity substance, which is differ-
ent in otherwise closely related phages
and can be altered by mutation (37).
Other mutations in the same genetic
region make the phage genome insensi-
tive to the immunity repressor, hence
incapable of becoming prophage (35).

The regulated expression of phage
genes is well illustrated in lysogeny; the
functions of all the genes concerned
with vegetative replication, virion bio-
synthesis, and lytic processes are re-
pressed in lysogenic bacteria by the
action of the immunity repressor (35).

We do not know whether the immu-
nity repressor and the decision repres-
sor are one and the same substance.
The former inhibits a function needed
for vegetative multiplication; the latter,
a function required to initiate matura-
tion. Possibly the same repressor blocks
the function of several genes through a
common operator. Mutations in other
phage genes alter the stability of the
prophage condition; they may act either
through the immunity repressor and
operator or by some other mechanisms
—for example, by preventing adequate
pairing between prophage and attach-
ment site.

The lysogenic condition makes it pos-
sible to analyze the genetic determina-
tion of various steps of phage matura-
tion, which, if blocked in intemperate
phages, would generally act as lethals
(38). A mutant prophage blocked at
some stage in the production of mature
phage particles is a defective prophage.
It can persist and produce immunity,
but, if a shift to lytic development
occurs (for example, by induction with
ultraviolet light), the development is
arrested at the blocked step. If the
blocked function is supplied in the same
cell by a normal related phage, the
defective phage genome can enter ma-
ture phage particles. These defective
phages can then infect bacteria and may
even establish lysogeny, if the product
of the altered phage gene is not needed
for the decision and immunity func-
tions.

Conversion of bacterial properties by
phage. The precise controls of the func-
tions of those phage genes that play
specific roles in phage development
makes even more remarkable the be-
havior of certain classes of phage genes,
which appear to function irrespective
of the stage of phage infection. These
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are the converting gencs typified by the
antigen-controlling genes of certain
Salmonella phages. For example, infec-
tion with phage PLT22 initiates produc-
tion of somatic antigen 1 on the bac-
terial surface (39); likewise, phage
€° controls antigen 15 and ¢ controls
antigen 34 (40). Each Salmonella type
has a characteristic surface polysac-
charide, which carries the somatic anti-
genic determinants. Antigen 1 results
from the addition of a terminal glucose
monomer to a side chain of the poly-
saccharide (47). Antigen 34 also corre-
sponds to the addition of glucose to a
side chain (42). The determination of
antigen 15 is not an addition but a
changed linkage between monosacchar-
ides (43).

In phage °, the converting property
is determined by a mutable genetic
determinant: nonconverting phage mu-
tants, as well as mutants with altered
forms of antigen 15, have been isolated
(44). Presumably, the antigen-deter-
mining phage genes control the produc-
tion of enzymes that catalyze  specific
steps in the biosynthesis of the complex
polysaccharides.

Two features of this situation are
especially interesting.

First, the production of the bacterial
antigens is apparently not essential to
either virus or host. Nonconverting mu-
tants undergo a normal phage cycle,
including both lysogenic and lytic
phases; thus, both the bacterial antigen
and the phage-controlled enzyme are
dispensable. Also, antigen 34, deter-
mined by phage ", is formed only in
bacteria that carry also phage ¢° and,
therefore, have antigen 15 (45). The
reason for this is that the portion of
polysaccharide determined by ¢° is
needed as substrate for the ¢* action
(43). Yet, the developmental cycle of
phage ¢* is quite normal, irrespective
of the presence or absence of ¢°. In
general, the converting genes control
functions that seem to be unimportant
to the phage.

Second, when the gene is present and
the substrate is available, an antigen-
converting gene operates all the time.
The new antigen is formed almost im-
mediately after infection; in the lytic
cycle it continues to be made until lysis
occurs, and in the lysogenic cycle, as
long as the prophage is present. Loss
of the prophage stops production of
antigen, but prophage mutations to de-
fectiveness do not affect antigen pro-
duction. Clearly, the antigen-converting
genes are not subject to the regulatory
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repressions that control the activity of
other phage genes at specific stages of
phage development.

The existence of converting genes.

can be explained in two ways: either
the phage consists of a fragment of
bacterial chromosome which, by regres-
sive or progressive evolution, has be-
come a virus, or the phage has acquired
bacterial genes by recombination with
the host. These two hypotheses are not
mutually exclusive; a phage may be
able to receive from a bacterial host
some genetic elements that already have
homologous counterparts in the phage
genome.

Origin of phages from elements of
the cellular genome would require ac-
quisition of the ability to produce a
transfer apparatus, including protein
coat, lytic enzymes, and so on. It seems
unlikely that such.complex devices have

.arisen repeatedly and independently in

many bacterial forms. A more likely

Particles of bacteriophage #X-174 heated for 30 minutes at 75°C at pH 8.5. Note the

hypothesis is that mechanisms for ge-
netic transfer arose early in bacterial
evolution and that phages represent one
of the forms into which such mechan-
isms have evolved. In this respect, com-
parison of phages with other groups of
genetic components of bacteria is sug-
gestive. At least two groups of episomes
(7), the fertility factor and some of
the colicinogenic factors, make the car-
rier bacteria capable of  mating with
other bacterial cells and of acting as
donors of genetic materials (46). Pre-
sumably, these episomes control the
production of specific conjugation ap-
paratus. It is interesting to note that
the fertility factor in Escherichia coli
confers to the carrier cell a new surface
antigen, apparently part of a surface
polysaccharide (47).

The episomes (including fertility fac-
tors, colicinogenic factors, and temper-
ate phages) can shift back and forth
from chromosomal to cytoplasmic

DNA fibers emerging from the disrupted virus particles. [Elizabeth C. MacLean and
Cecil E. Hall, Massachusetts Institute of Technology]
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Particles of bacteriophage T4, one of the largest bacteriophages. Note the polyhedral

head, full of DNA, and the tail with collar, tail plate, spikes, and tail fibers. [Eduard
Kellenberger, University of Geneva, Geneva, Switzerland]

states. In doing so, some of them incor-
porate fragments of the bacterial chro-
mosome (7). A chromosomal gene, once
incorporated into an episome, becomes
transmissible to other cells as part of
the episome. Such a gene can then per-
sist with the episome, but it may also
become integrated into the chromosome
of the carrier cell by genetic recom-
bination. When the transferring episome
is a phage, the genetic transfer is
called phage-mediated transduction. The
mechanism of transduction is illuminat-
ing with regard to the general problem
of viral origin and viral function.

Transduction by Bacteriophage and
the Function of Transduced Genes

The nature of the transducing ele-
ments. A temperate phage capable of
transduction, after reproducing in a
donor bacterium with certain genetic
markers, can transfer these markers to
some of the cells of a related recipient
bacterium (48). Joint transfer of two
or more markers occurs only for close-
ly linked determinants. What is trans-
ferred by a transducing phage particle
is a single fragment of genetic material,
either from the bacterial chromosome
or from an episome (such as the fer-
tility factor). Three questions concern
us here: the relation between the trans-
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duced genes and the phage genome; the
function of the transduced genes; and
their status in the recipient cells.

The relation between host genes and
phage genes in the transducing particles
varies from case to case. Sometimes,
the transduced bacteria appear to have
received no phage genes at all. Phage
functions are missing altogether, and
the transduced bacteria are neither lyso-
genic nor immune (49). The trans-
duced host markers have simply become
integrated into the recipient cell chro-
mosome. At the opposite extreme are
instances in which all transduced bac-
teria are fully lysogenic, as though they
had received both an active phage
genome and a bacterial fragment (50).
In no case, however, has it been proved
beyond question that host genes and
normal phage genome can be trans-
ferred together by the same phage par-
ticle.

The most informative situations are
those in which the transducing particles
contain genetic elements in which a
part of the phage genome is replaced
by bacterial genes. These composite
elements are recognizable if they retain
the ability to persist as prophages in the
transduced bacteria; the transduced
genetic markers remain part of the
prophage.

Two instances have been explored in
detail: the association of the gal (galac-

tose utilization) loci with phage A [Adg
phage (51)] and that of the lac (lactose
utilization) loci with phage P1 [Pldl
phage (52)]. In both cases the resulting
phage elements are defective; the trans-
duced bacteria carry the defective ele-
ments but produce transducing phage
only if they are superinfected by a nor-
mal phage, which supplies the missing
phage functions. In the Adg phage, the
defect is due to the replacement of a
variable portion of the phage genome
with the gal region of the bacterial
chromosome (53). As a result of this
genetic loss the Adg element is unable
to initiate vegetative multiplication, but
it retains many phage genes, including
those that control maturation, lysozyme
formation, and immunity. The \dg ele-
ment can become prophage, but this is
less firmly bound than a normal .
Thus, the defective Adg element is dif-
ficult to recognize as phage-related; an
observer unfamiliar with its past history
might consider it a nonviral episome.
Some of the other episomes of bacteria
may in fact have originated from
phages in a similar manner.

The transduction of the lac genes by
phage P1dl resembles in many respects
the Adg situation. Some of its features
are interesting because they suggest a
unified interpretation of all phage-medi-
ated transductions (52).

Phage P1 can perform general trans-
duction, transferring any genetic mark-
er among many strains of the coli-dy-
sentery bacilli. Thus, the Pldl phage,
which carries the lac* genes, can give
the lac* property to a variety of lac™
strains, more or less distantly related to
one another. The P1dl phage gives un-
stable lysogeny, but the lac* genes can
become integrated into the bacterial
chromosome. If the recipient strain is
closely related to the donor (as with
two derivatives of the same E. coli
strain), integration is the rule; sub-
strains carrying P1dl prophage are very
rare among the lJlac* transductants.
When, however, donor and recipient
are less closely related (as in transduc-
tion from an E. coli strain lac* donor
to a Shigella dysenteriae strain lac™
recipient), integration is rare and the
lac* transductants are almost all car-
riers of a prophage P1dl. In these cases
the existence of the combined phage
element Pld/ as the agent of transduc-
tion is detected only because the donor
and recipient strains are sufficiently un-
related to prevent integration by genetic
recombination. It seems probable that
transductions of other host genes by
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phage P1 may be mediated by com-
bined genetic elements which are sim-
ilar to Pldl.

All the Pldl elements studied carry
the full lac region from the host cell,
but their complement of functional
phage genes varies; they are variously
defective in phage properties, as though
they missed different portions of the
phage genome. Some are almost fully
competent phages that can make almost
normal phage particles. Others, more
defective, persist and mature only if
a normal P1 prophage is also present.
Still other transducing elements give no
indication of possessing any phage
genes at all, being unable even to pro-
duce immunity; these elements can per-
sist and multiply in the transduced
clones but are readily lost. A transduc-
ing element of the last type may be a
chromosomal fragment, without any
phage genes; more probably, it may
still include some phage genes, which
make it capable of multiplying in the
transduced cells. In general, one may
suppose that certain classes of “epi-
somal” genes are required for an extra-
chromosomal DNA fragment to multi-
ply autonomously. For example, repli-
cation may be restricted to elements of
DNA that can themselves initiate the
production of a special enzyme, possi-
bly a DNA polymerase (54), and the
episomal genes may control the produc-
tion of such an enzyme.

Function of transduced genes. The
behavior of bacterial genes introduced
by a transducing phage into a recipient
bacterium can be illustrated by trans-
duction of the lac* genes into a lac”
cell by phage P1dl (22, 55).

The lac region contains at least four
gene loci (5): locus y controls forma-
tion of B-pD-galactoside permease and
transacetylase; locus z controls forma-
tion of the enzyme B-p-galactosidase;
locus i produces a specific repressor,
whose action is countered by specific
inducers; and locus o is an operator
gene (possibly part of the z locus) that
controls the function and the repressor
sensitivity of the z-y region. All these
genes are present in the transducing
P1dl elements. The course of galactosid-
ase formation after transduction of the
z* gene into a z~ recipient resembles the
formation of enzyme after entry of the
lac genes into a lac™ cell by mating (56).
If no repressor gene is present or if an
inducer is provided, enzyme synthesis
after a brief initial period of accelera-
tion proceeds at a linear rate, while the
bacteria grow exponentially. If a trans-
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ducing phage with the i* and z* genes
is introduced into an i" z” recipient in
the absence of inducer, enzyme forma-
tion starts, but it soon ceases, due to
the production of repressor by the i*
gene introduced with the phage (55,
57). Thus, the bacterial genes that are
part of the defective phage element
P1dl begin to function almost immedi-
ately in the recipient cell.

Two findings are worth underscoring.

1) The bacterial synthesis of enzyme
continues at a linear rate for several
hours after transduction. This is prob-
ably due to the fact that the z* gene is
present in nonreplicating phage ele-
ments: transduction is abortive (58).
Integration of the lac genes into the
host chromosome, or establishment of
the Pldl element as prophage, occurs
only in a minority of the recipient bac-
teria and may be delayed for many
generations.

There is an interesting difference be-
tween genes introduced into a bacterium
by a transducing phage and genes intro-
duced as bits of chromosomal DNA in
bacterial transformation experiments
(59). In transformation, the integration
between transferred genes and their
homologues in the recipient chromo-
some can occur very promptly (60),
and only those genes that have accom-
plished the integrating contact begin to
function (67). In transduction, instead,
genes introduced with the transducing
phage can function without being inte-
grated, possibly because of the influence
of episomal genes contributed by the
phage.

2) The phage-transduced genes are
subject to a dual type of regulation. On
the one hand, they are subject to their
specific repressors; when no such re-
pressors are present, the transduced
genes are immediately expressed. On
the other hand, the transduced genes
that are part of a phage element are
subject to peculiar regulatory effects.
For example, when P1dl phage carry-
ing the z* gene infects lysogenic z~ bac-
teria that are immune to phage Pl
there is much less production of galac-
tosidase than with Pl-sensitive recipi-
ents (57). Thus, the function of the lac
genes can be affected directly or indi-
rectly, by the specific phage-immunity
repressor.

More complex aspects of the rela-
tionship between immunity and repres-
sion are also observed. When Adg phage
start multiplying vegetatively (as a re-
sult of ultraviolet treatment of lysogenic
bacteria), the gal* genes in the phage

element begin to function and to pro-
duce enzymes in the absence of inducers
—that is, they are released from con-
trol by their specific repressors (62, 63).
In the Pldl case, a similar constitutive
synthesis of enzyme is observed in ir-
radiated bacteria (64) when the phage
carries the #* and z* genes. In bacteria
lysogenic for phage A, whose prophage
is attached to a chromosomal site near
the gal loci, even the chromosomal set
of gal genes begins to function constitu-
tively after ultraviolet induction of X
(62). These findings indicate that regu-
lation of gene function can be altered
by the presence of episomes. It is con-
ceivable that some instances of abnor-
mal differentiation arise from altera-
tions of gene-repression mechanisms
due to changes in state of episomes, in-
cluding latent viruses.

Role of the Host Genome
in the Course of Phage Infection

I have already mentioned the exist-
ence of phage mutations that affect the
ability of a phage to grow in one host
but not in another. In the permissive
host, apparently, the functions of the
altered phage genes are at least partial-
ly restored. There are other cases in
which the functions and sometimes even
the structure of these genes are altered
by the genetic environment of certain
host cells.

Lysogenization in chloramphenicol-
resistant mutants. One example con-
cerns the phage genes that control the
decision toward lysogenic or lytic de-
velopment. In general, the relative fre-
quencies of these alternative outcomes
are similar for a given phage in differ-
ent hosts. But in some chloramphenicol-
resistant mutants of the bacterium
Salmonella typhimurium, the temperate
phage P22 grows well but fails to es-
tablish lysogeny (65). As we have seen
above, the decision to lysogenize re-
quires repression of a critical step to-
ward lysis. In the normal bacteria,
chloramphenicol favors lysogenization
by blocking the performance of the
critical step (33); in the chloramphen-
icol-resistant bacteria the critical step
has apparently become irrepressible be-
cause of some alteration in protein syn-
thesis. This observation illustrates how
a cellular mutation can shift the out-
come of viral infection. Similar effects,
produced by developmental rather than
mutational changes in cells of multi-
cellular organisms, may explain the dif-
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ferent outcomes of infection of different
tissues with the same virus.

Host-induced variation. Another ex-
ample of host control over phage func-
tion is host-induced modification. Some-
times a phage, because of having grown
in one host strain, becomes restricted,
that is, unable to grow in another host
(66). This modification affects most of
the phage particles. The few particles
that occasionally succeed in multiplying
in the second host give rise to a prog-
eny of unrestricted phage, which again
becomes restricted en masse upon
growth on the first host strain. The
host-imposed restriction is apparently
due to the production of localized “bad
spots” in the phage genome, recogniz-
able by genetic analysis (67). Whether
the bad spots correspond to breaks,
changes, or functional blocks of the
phage DNA is not known. They may
be due to recombinational events in-
volving phage and host genome, or to
functional events, such as an irreversible
attachment of inhibitors to specific sites
in the phage genome.

Another group of host-directed
changes is that of mutations that arise
as a result of growth in specific hosts.
These host-induced mutations are easily
observed with temperate phages after
ultraviolet irradiation of both phage
and bacteria (68). For the same phage
the frequency and pattern of host-
induced mutations differ in different
hosts. Host-induced mutations, as well
as the formation of combined trans-
ducing genetic elements, suggest homol-
ogy between parts of the phage and of
the bacterial genome, but may also be
caused by recombination between an
infective phage and some unrecognized
prophage, or by mutagenic effects of
certain host-cell products on extraneous
DNA.

Conclusions

This brief survey of bacteriophage
infection has provided support for an
obvious but important generalization:
that the study of virus infection at the
cellular level is a branch of cellular
genetics. The interactions between viral
and cellular functions show that infec-
tion with a virus is not just a disrupting
intrusion; it is an addition to the cel-
lular endowment of genetic specificity.
The outcome of this addition depends
on the nature of the instructions carried
by the viral genome, on the ability of
the cellular machinery to carry out
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these instructions, and on the availabil-
ity of control mechanisms to regulate
the functions of the added element.

Inevitably, the most easily recognized
viruses are those that produce destruc-
tive events in their hosts. Even these
destructive effects of virus infections
are exerted at the genetic rather than
at the metabolic level, contrary to the
situation in infectious diseases caused
by bacteria and other pathogens. This
viewpoint need not foster pessimism in
the search for practical approaches to
the control of virus diseases, such as
antiviral chemotherapy; it simply means
that the solutions will probably be quite
different from those applicable to other
types of infectious diseases.

It may well be that in order to cure
virus diseases we may first have to learn
to affect selectively the intimate proc-
esses of gene function and regulation.
Progress in this area of biology is pro-
ceeding at a tremendous rate. Virolo-
gists find it rewarding to know that
virus research is a major contributor to
current developments in molecular
biology (69).
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