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INTRODUCTION
The viruses of bacteria are undoubtedly the

easiest living organisms to study and to under-
stand at the molecular level. Throughout the
past 25 years, the study of these organisms has
yielded information and insights concerning the
basic nature of life (especially the molecular
nature of heredity) and thus nourished the sci-
ence of molecular biology. Accordingly, inolec-
ular biologists continued to lavish attention
upon a chosen few bacteriophages, with the re-
sult that a handful of these organisms are by far

t This review includes much of the material discussed by
David Botstein in his address to the 78th Annual Meeting of
the American Society of Microbiology, Las Vegas, Nev., 14-19,
May 1978 in response to his receiving the Eli Lilly Award for
1978.

the best understood living things. It should be
emphasized that our understanding of even
these organisms is still incomplete; nevertheless,
it is true that for some bacteriophages the func-
tion of virtually every gene is known in at least
a general way; the protein products of most
genes have been identified; and, especially in the
temperate phages, there now exists a reasonably
precise understanding of the way in which the
expression of phage genes is regulated.

In this article we summarize what is known
about the temperate bacteriophage P22, whose
normal host is Salmonella typhimurium. Phage
P22 was involved in the very birth of bacterial
genetics, when Zinder and Lederberg (143) dis-
covered generalized transduction of Salmonella
genes by P22. The phage has been studied ever
since in its own right.
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The earliest studies concentrated on regula-
tion of lysogeny. Levine's work on clear-plaque
mutants of P22 showed that establishment of
lysogeny is regulated by a group of linked genes,
only one of which is required for the mainte-
nance of lysogeny (78, 79) and that these genes
have a sequential order ofaction (81, 109). These
studies, together with Kaiser's parallel studies of
clear mutants ofcoliphage A (69), led to intensive
use of P22 and A in studies of gene regulation at
the molecular level.

Other concepts in molecular biology which
were first proposed on the basis of research with
P22 include:

(i) Regulation: the idea of an "antirepressor"
which inactivates phage repressors by binding
to them in a noncovalent way (12, 82, 116); the
idea that control of the establishment of ly-
sogeny interacts with the cyclic adenosine 5'-
monophosphate/catabolite repression system of
the host, possibly through a transcription-ter-
mination mechanism (56, 100).

(ii) Morphogenesis: the idea of a "scaffolding
protein" which ensures correct assembly of cap-
sid subunits by acting as a transient major con-
stituent (one scaffolding protein molecule per
two capsid monomers) ofa head precursor ("pro-
head") (14, 74); the idea that such a scaffolding
protein, despite its stoichiometric mode of ac-
tion, can be reutilized after leaving a prohead for
the assembly of further proheads, becoming in
effect a "morphogenetic enzyme" (19, 73, 74);
the idea that deoxyribonucleic acid (DNA) en-
capsulation can proceed sequentially from a spe-
cific site on a long concatemer (127).

(iii) Genetic analysis of biological pathways:
the idea that the order of gene function in vivo
can be determined from the results of reciprocal
temperature shifts with cs-ts (cold sensitive-heat
sensitive) double mutants (65); the development
of a general method for assessing protein inter-
actions by isolating mutations that suppress cs
or ts mutations and confer new conditional-le-
thal phenotypes (66).

(iv) DNA replication: the idea that circulari-
zation of a genome by recombination can be
essential to extensive DNA replication and the
concomitant evidence that DNA concatemers
can arise as a result of replication of the DNA
(13, 130, 131).

(v) Prophage integration: the idea that pro-
phage integration is catalyzed by phage-speci-
fied site-specific recombination enzymes (111);
the idea that excision of prophage involves the
same system (108, 111).

(vi) Recombination: direct evidence that bac-
terial recombination systems are capable of dou-
ble-strand breakage and joining events (31); the
idea that R-factors contain translocatable drug-
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resistance elements capable of insertion into
nonhomologous DNAs (21, 22, 27, 76, 129).

(vii) Virus evolution: the observation that
phages ofdifferent species ofbacteria can recom-
bine in several ways to make viable, normally
regulated hybrids (i.e., that phage P22 of S.
typhimurium is a cousin to phage A of Esche-
richia coli); the resultant idea that the family of
lambdoid temperate phages (ofwhich P22 seems
now to be a member) evolve together as a group
through the independent evolution and reassort-
ment of segments of the genome specifying par-
ticular phage functions (9, 39, 47, 52).

GENETIC ORGANIZATION OF THE P22
GENOME

Gene Order and Gene Function
In 1968, Gough and Levine showed that the

genetic map of phage P22, as determined from
vegetative crosses, is circular (43). However,
when the P22 genome is integrated as a stable
prophage into the Salmonella chromosome, the
genes assume a unique linear order (20, 110).
The circular genetic map is shown in Fig. 1; the
map in the unique prophage order is shown in
Fig. 2. The two maps are related by a unique site
on the phage map, called the attachment site
(att), and a site (ataA) between the proA and
proC genes on the genetic map of the host. If
one envisions a site-specific recombination event
at these two sites between a circular phage DNA
and the host chromosome (also circular), then
one can generate the prophage orientation. This
way ofenvisioning prophage integration was first
proposed for coliphage A by Campbell (18); all
available evidence indicates that this way of
looking at the integration process applies to
phage P22 as well.

It is convenient to discuss P22 genetics in
terms of the prophage map, as shown in Fig. 2.
In this figure are listed all the known P22 genes,
the function which has been determined for each
gene from the phenotypes of mutants, and the
characteristics of the proteins specified by each
gene, where known. The most striking observa-
tion about the genetic organization of the phage
is that related functions are clustered. This gen-
eralization applies to all the vegetative functions:
DNA replication, lysis, and head assembly. This
clustering applies even to the subdivisions of the
head assembly process: prohead formation
(genes 5 and 8); prohead maturation and DNA
encapsulation (genes 1, 2 and 3); maturation of
full heads (genes 4, 10, and 26); and injection by
full heads (genes 7, 20, and 16). On the other
hand, the regulatory genes controlling mainte-
nance of lysogeny occur in two widely separated
clusters. The "superinfection exclusion" genes
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Bacteriophage P22
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FIG. 1. Circular genetic and physical map of the genome of P22. The inner circle shows the approximate
location of cleavage sites made by the specific endonucleases EcoRI (straight arrows) and BamHI (wavy
arrows). The outer circle shows the genetic map ofP22 drawn approximately to scale. Dotted lines connecting
the two circles show the assignment of genes to restriction fragments, where known (64; Weinstock, Ph.D.
thesis). The position ofgenes within fragments is not drawn to scale. The filled and open circles represent
particular insertions of Tnl (ampR) and TnlO (tete), respectively (21; Weinstock, Ph.D. thesis; Susskind,
unpublished data). For reference, a physical representation of the size and restriction sites of these insertion
elements is given at the top between the two circles. The open bars near att show the extents ofP22 material
deleted in the indicated deletion and substitution variants ofP22 (21). Finally, the patterns of transcription
and the correspondingpromoters are thought to be as shown by arrows drawn outside the genetic map.

are similarly separated; each of the two known
systems is linked to one of the regulatory re-
gions.
The second striking fact about the genetic

organization ofphage P22 is its similarity to that
of coliphage A (Fig. 3). This smlarity is neither
the result of coincidence nor the consequence of
convergent evolution; a great deal of evidence
now exists showing that P22 and A are related
phages containing some homologous DNA se-
quences (25, 107) which are able to recombine
in many places to produce viable hybrids (9, 39,
52). Thus, it is not surprising that P22 and A
share many features of genetic organization and
physiology.

If there were an organizng principle for the
P22 and A genomes, it might be the arrangement
of units of transcription so that regulatory pro-
teins can exert their effects upon a large number
of genes at a small number of sites. It appears
that the P22 late genes are all transcribed "right-
ward" (downward in Fig. 2) from a site just
beyond gene 23 (K. K. Lew, Ph.D. thesis, Mas-
sachusetts Institute of Technology [MIT], Cam-
bridge, 1975; G. Weinstock, Ph.D. thesis, MIT,
Cambridge, 1977). Late gene expression is ap-

parently dependent upon the activity of the
regulatory protein specified by gene 23 (14, 83).
Gene 23 is similar, if not identical, to the corre-
sponding A gene Q (9; S. Hilliker, Ph.D. thesis,
MIT, Cambridge, 1974). The early genes of P22
are organized into two operons which flank the
c2 repressor gene (15, 16). Transcription of each
of these operons starts at a promoter/operator
complex near the c2 gene and proceeds in the
direction away from the c2 gene. The transcrip-
tion of these operons is affected not only by the
c2 repressor, but also by the product of gene 24,
which is analogous to the A gene N (51, 52).

Correlation of Genetic and Physical Maps
of P22

Two methods of measuring physical distance
have been used in correlating genetic and phys-
ical distance on the P22 genome: electron mi-
croscopy of DNA heteroduplexes (21) and aga-
rose gel electrophoresis of DNA digested with
specific restriction endonucleases (64). These
methods have been applied to variants of P22
with insertions, deletions, and substitutions
whose positions on the genetic map are known
and to A/P22 hybrid phages which contain ge-
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heads; injection

superinfection exclusion, injection
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PROTEINS
Subunit MW. Presence in

Mature Particle

46,000 No

23,000 No

not denti f i ed

not i dentified
14,000

not identified

25,000 No

not Identified

not Identified
54,000** uncertain'

not identified

not identified
20,000* not tested

9,500 No
63,000 No
94,000 Yes

42,000 No
55,000 Yes

15,000 Yes
56,000 uncertain
23,000 Yes

18,000 Yes
50,000 Yes
67,000 Yes

not identified

not identified

27,000 No

76,000 Yes

not identified

prophage 4 P8 is in prohead precursor, but not in mature phage
*'Cannot be determined because subunit runs too close to P5,

the major capsid protein.
"'Determined from enzymatic activity, not from SDS-gel slectrophoresis.

FIG. 2. Genetic and functional map ofprophage P22. The conventional left end of the prophage (near
proAB) is at the top ofthe figure and the conventional right end (nearproC) is at the bottom. At the left ofthe
figure, operator/promoter sites are shown. At the right are listed genes, their functions, and the subunit
molecular weights ofproteins they encode. The last column indicates whether the knownproteinproducts are
found in the mature virion. The pattern of transcrption is thought to be as shown by arrows at the left. Data
on gene order and gene function are from references 8, 14, 20, 44, 88, and 117. The gene order in the erf-c2
region is from Susmkind and Gauger (unpublished data); the order of the c3 and 8ieB genes is not known.
Data on proteins are from 14, 88, and 91; data on antirepressor protein are from Susskind and Botstein
(unpublished data).
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FIG. 3. Comparison of the maps ofphage P22 and coliphage A. The inside of the circle shows the A map
and the outside shows the P22 map. A solid line connecting markers of the two phages indicates substantial
similarity in gene function. The heavy bars inside the A map indicate the extent ofmaterial substituted in the
indicated A varians. The heavy bars outside the P22 map indicate the extents ofthe immj and immC regions.

netically defined portions of the P22 genome (9).
Much of the correlation of physical distance

with genetic position has involved the use of
translocatable drug-resistance elements (10, 21,
75) inserted at genetically defined sites. These
insertions can be seen physically in heteroduplex
molecules; for example, Chan and Botstein (21)
measured the distance between a TnlO insertion
near the attachment site and the attachment
site itself by a heteroduplex between P22prol
(which has a deletion/substitution ending at the
attachment site) and P22Tc-10 (which carries
the TnlO insertion). Since the insertions are very
large (Fig. 1), they change substantially the mo-
lecular weight of any restriction fragment into
which they are inserted. This principle was used
by G. Weinstock (Ph.D. thesis) to map physi-
cally the ant gene; a Tnl insertion located ge-
netically in the ant structural gene changed the
mobility of only one EcoRI fragment, which
must therefore carry some or all of this gene.

Finally, the insertions add new cleavage sites to
the phage genome; Weinstock (Ph.D. thesis)
took advantage of the extra Bam site provided
by Tnl to measure the distance from the P22
Bam cleavage sites (Fig. 1) to the Bam sites in
Tnl insertions located in genes 16 and 20. By a
combination of these techniques it has been

possible to correlate genetic with physical dis-
tance on the P22 map to the degree represented
by Fig. 1.

ANATOMY OF THE P22 VIRION
The mature P22 virion is an icosahedral par-

ticle ca. 60 nm in diameter with a short baseplate
(ca. 20 nm wide) which shows sixfold symmetry
(2, 14, 60). A thin spike or fiber (ca. 20 nm long)
emanates from the center of the baseplate.
Phage heads lacking baseplates can easily be
prepared (60); these show a small neck and the
spike only (14).
The P22 virion consists of about equal

amounts of DNA and protein. The DNA is a

single molecule ca. 28 x 106 in molecular weight;
its genetic structure and biosynthesis is dis-
cussed in detail below. The protein consists of
eight (possibly nine) polypeptide chains present
in grossly unequal amounts. The major virion
protein species is a polypeptide (55,000 daltons)
which is the product of gene 5 (14). It is present
in about 420 copies per particle and is the major
component of the head; it accounts for about
85% of the total protein in the virion. The only
known protein of the baseplate (sometimes re-

ferred to as the tail) is the product of gene 9
(76,000-dalton polypeptide chain). It is present

attachmeni
site
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in about 18 copies per virion and probably as-

sembles as a trimer. The remaining proteins in
the virion are the products of genes 1, 4, 7, 16,
20, and 26; these are present in minor amounts
(5 to 20 copies per virion), and their anatomical
location is not known for certain. The product
of gene 10 might be a ninth polypeptide in the
virion; the uncertainty of its presence is due to
the fact that its subunit molecular weight is too
close to that of the product of gene 5 to permit
resolution with the electrophoresis methods
which have been used (19, 59).
The remaining products of genes involved in

morphogenesis and assembly of the virus have
all been identified in infected phage lysates (14,
88). From the phenotypes of mutants in each
gene, a role can be assigned in the assembly
pathway, as discussed in detail below. The abil-
ity to relate genes with their products has clearly
been a major factor in the ease with which it was
possible to work out the basic features of P22
morphogenesis.

STRUCTURE OF MATURE PHAGE DNA
The DNA found in P22 phage particles is a

single linear duplex molecule with a molecular
weight of about 28 x 106 and a terminal repeti-
tion of ca. 2% (95, 126). In a population of
molecules, the DNA sequences are circularly
permuted.
The formation of such circularly permuted

and terminally repetitious DNA molecules is
elegantly explained by a model originally pro-

posed by Streisinger and his collaborators (106,
114, 115) to account for these properties in the
DNA of coliphage T4. They proposed that the
DNA molecules which serve as the substrate for
encapsulation are repeating polymers (concate-
mers) of the phage genome. If the length of the
DNA in mature phage particles is determined
by the amount of DNA that can fit into the
head, and if the genome length is smaller than
the headful, a terminally repeated molecule will
be produced when a headful is cut from the
concatemer. Thus in the case of P22, a headful
is equivalent to the complete wild-type phage
genome plus 2%. The Streisinger model also
accounts for circular permutation of the phage
DNA if it is assumed that headfuls can be cut
from the concatemer at different points in the
DNA sequence.
The Streisinger model predicts that if the

genome size is decreased by a deletion, and the
headful size remains constant, the amount of
terminal repetition should be increased. This
prediction was confirmed for phage T4 by Streis-
inger et al. (115), who showed by genetic means
that crosses of T4 phages with large deletions
yield a greater frequency of "terminal redun-
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dancy heterozygotes" than crosses of phages
carrying short deletions or point mutations. In
the case of P22, this prediction was tested phys-
ically by examining homoduplexes ofDNA mol-
ecules from phages with varying genome size
with the electron microscope (126). P22bpl, a
P22 derivative which has a net deletion of about
5%, was found to have a terminal repetition of
about 7% (compared to a terminal repetition of
2% for wild-type P22), whereas P22bp5, which
has a net deletion of about 14%, has a terminal
repetition of about 16%. P22Tc-10 has a com-
plete P22 genome plus an insertion of foreign
DNA which is about 20% as large as the normal
P22 genome; as predicted by the Streisinger
model, molecules of this phage have a "negative
terminal repetition" of about 18%-that is, they
are each missing a portion of the oversized ge-
nome corresponding in size to 18% of the wild-
type genome. These findings constitute a direct
physical proof of the headful packaging model
for P22.
The Streisinger model does not specify

whether headfuls ofDNA are cut randomly from
the concatemeric precursor or whether headfuls
are cut sequentially once packaging begins on a
concatemer. If the DNA is cut randomly, or
sequentially starting at random initiation points,
the resulting population of DNA molecules is
expected to have randomly permuted ends. If,
on the other hand, the cutting is always initiated
at a specific site and proceeds sequentially on a
precursor concatemer that is not too long, the
resulting molecules will have limited circular
permutation. This is because each sequential
headful will have ends differing from the preced-
ing headful by the length of the terminal repe-
tition; if the concatemer is ten headfuls long and
the terminal repetition is 2%, the ends of the
first and last headfuls will be displaced with
respect to each other by only 20% of the genome.
The difference between random encapsulation
and unique site-sequential encapsulation is illus-
trated in Fig. 4.
The degree of circular permutation in P22

DNA molecules is in fact restricted; all of the
ends are clustered within a region comprising
only 20% of the genome. This was demonstrated
by Tye et al. (127) by two different electron
microscopic techniques. Though other explana-
tions can be made for the clustering of ends on
P22, the sequential encapsulation hypothesis
makes the unique prediction that the extent of
permutation is a direct function of the length of
the terminal repetition; i.e., phages with smaller
genome sizes and longer terminal repetition
should have molecules with ends that are less
clustered than those of the wild type. This pre-
diction was confirmed by showing that P22bpl,
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FIG. 4. Comparison of unique site-sequential encapsulation and random encapsulation. (a) The diagram
shows that if the concatemer is only long enough for a smaU number of headfuls, sequential encapsulation
from a unique starting site results in a restricted distribution ofends (i.e., restrictedpermutation). (b) Random
encapsulation results in a random distribution ofends (i.e., random permutation).

with a terminal repetition of 7%, has ends dis-
tributed over 60 to 70% of the map. For P22bp5,
with 16% terminal repetition, the ends of mole-
cules occur in four discrete regions of the map
which are displaced from each other by about
20%; these classes of molecules presumably cor-

respond to the first, second, third, etc., headfuls
cut from the concatemer. Tye et al. were able to
estimate the number of sequential headfuls
taken per concatemer; they found a maximum
of 10, although the usual number is probably
less.
The electron microscope evidence for limited

permutation and sequential packaging of P22
DNA has been fully corroborated by restriction
endonuclease maps of the DNA in P22 particles
(63, 64). The physical map produced with EcoRI
endonuclease shows seven cleavage sites in the
P22 genome, as illustrated in Fig. 1. The restric-
tion analysis indicates that most of the mature
DNA ends are clustered between two particular
EcoRI sites, confiing limited permutation.
This produces a pattern of eight distinguishable
fragments, two of which are variable in amount
and/or length; these are thought to have one
mature end (produced by packaging) and one

EcoRI end. The other six fragments presumably
have two EcoRI ends. The details of the restric-
tion patterns of the wild type and various dele-
tion, substitution, and insertion mutants (63) are
all consistent with the model derived from the

corresponding electron microscope data.
The analysis of mature P22 DNAs, both by

electron microscopy (127) and endonuclease
digestion (63) indicates not only that packaging
of P22 proceeds sequentially from a unique start
point, but also that it proceeds in only one

direction from that site. The direction of sequen-
tial packaging is counter-clockwise relative to
the map in Fig. 1 (63). Evidence for unidirec-
tional packaging has also been obtained by char-
acterizing the particles produced by induction of
excision-defective P22 lysogens (108, 132).
One fundamental question is the nature and

location of the unique start point for encapsu-
lation. The initiation site could be a unique base
sequence which signals the en)capsulation mech-
anism to make an endonucleolytic cut and start
packaging. Alternatively, the initiation sighal
could be a physically unique structure such as a
free double-stranded end; one possibility is that
the end of the tail of a rolling circle (40) is the
unique. free end at which DNA encapsulation
begins. An advantage of this second model is
that all encapsulation events would be mecha-
nistically identical. The fact that encapsulation
proceeds unidirectionally would simply reflect
the structure of such an asymmetric replicative
intermediate.

R. K. Chan (Ph.D. thesis, MIT, Cambridge,
1974) obtained genetic evidence that the P22
packaging initiation site is located between genes

(a) Sequential encapsulation from a unique starting site

Unique starting site
W 2 3 4 5 6

2*-

4 -
5

1~~~~~ _

Alignment of molecules Distribution of ends

(b) Random encapsulation

o 01

0~~~~~~~

Alignmt of m

Alignment of molecules Distribultion of ends
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12 and 3 on the P22 genetic map. In their EcoRI
endonuclease analysis of P22 DNA packaging,
Jackson et al. (63) concluded that the packaging
initiation site is to the right of gene 13. Weaver
and Levine (132), using genetic methods, con-
cluded that the packaging initiation site is lo-
cated near gene 3.
Thus, the evidence for the genetic location of

the origin of sequential DNA packaging indi-
cates that it is near gene 3; this would mean that
it is not near the only known origin of P22 DNA
replication, which is linked to genes 18 and 12
(52). The P22 packaging origin appears similar
in location to the unique packaging site of coli-
phage A, which packages DNA with specific ends
(Fig. 3; 63). However, this finding does not ena-
ble us to decide among the possible mechanis
of packaging. An interesting compromise possi-
bility was raised by Tye (125), who proposed
that the product of gene 3 (P3) might bind and
cut specifically at the unique site for the first
encapsulation event and stay with the DNA
through the encapsulation process. When a head
is finished, P3 would remain bound to the new
end of the DNA concatemer to initiate another
headful. All encapsulation events would be sim-
ilar in being initiated by P3 bound to a DNA
end. In addition to providing a mechanistic sim-
ilarity between first and subsequent packaging
events, this model has the virtue of easily ac-
counting for the properties of the high-transduc-
ing (HT) mutants which are alleles ofgene 3 (90;
see below).

P22 DNA REPLICATION
Evidence for Concatemers

As demanded by the Streisinger model, con-
catemeric phage DNA molecules do exist in P22-
infected cells; furthermore, these molecules ap-
pear to be precursors of the DNA in progeny
phage particles (mature DNA). Botstein (7)
showed that at early times after infection with
3P-labeled P22, some of the parental phage
DNA is extracted in a form (intermediate I)
which sediments in neutral sucrose gradients at
a rate exceeding 1,0008. Replication apparently
takes place in this fast-sedimenting form, since
it contains most of the radioactivity incorpo-
rated in a short pulse of [3H]thymidine admin-
istered at any time after the onset ofphage DNA
synthesis. The extremely high sedimentation
coefficient of intermediate I suggests that it is
formed by attachment of phage DNA to some
other cell constituent, possibly the cell mem-
brane or wall. If a short pulse is followed by
incubation in the presence of excess unlabeled
thymidine (chase), the pulse-labeled DNA dis-
appears from the intermediate I position in neu-

tral sucrose gradients and appears, eventually,
in a form indistinguishable in sedimentation
coefficient from mature phage DNA.
Sedimentation analysis of newly synthesized

DNA (native and alkali denatured) indicates
that much of it consists of strands at least two
to five times the length of the P22 genome. In
other words, newly replicated DNA (in inter-
mediate I) has all the properties expected of P22
DNA concatemers.

Maturation of Concatemers
Implicit in the Streisinger model is the idea

that cutting the phage DNA to mature size
should occur as part of the encapsulation proc-
ess, since the volume of the phage head is as-
sumed to be the extrinsic factor that determines
the length of the DNA. In the case of P22,
several observations suggest that removing
phage DNA from intermediate I and cutting
concatemers to mature size occur as an intimate
part of the encapsulation process (11, 14, 88).
P22 DNA is normally released from intermedi-
ate I and is cut to mature size during the late
stage of phage development, when assembly of
progeny virions is taking place. Mutants in the
late genes 1, 2, 3, 5, and 8 synthesize concate-
mericDNA nonnally, but do not cut it or remove
it from the replication complex. These mutants
also have in common their production of either
no normal head-related structures (genes 5 and
8) or an early precursor form (the prohead; genes
1, 2, and 3). Mutants in all the other known late
genes both cut the DNA and encapsulate it.
Thus, DNA cutting does not occur in the ab-
sence of a proper head structure; when it occurs,
it is always accompanied by encapsulation (14,
88).

Replicative Origin of Concatemers
In principle, concatemers could be formed

during phage infection by any of several mech-
anisms, all of which involve recombination
events within the terminal repetition. Streisinger
et al. (115) pointed out that recombination at
the ends of two identical daughters of the in-
fecting linear molecule would produce a dimer.
Alternatively, recombination of a molecule with
itself would produce a circular monomer. This
could produce concatemers via replication by a
rolling circle mechanism (40) or via recombina-
tion between daughter circles.

In the case of P22, recombination is essential
for phage growth, since mutants defective in the
phage-specified recombination system (erf mu-
tants, for essential recombination function) can-
not grow after infection of recombination-defi-
cient (rec-) hosts (13, 139). Circularization of
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the infecting DNA appears to be the step for
which recombination is required, since erf
phage grow normally in rec cells after induction
of a lysogen (13); in this case, the DNA presum-
ably is circularized by the prophage excision
mechanism. In rec- hosts infected with erf
phage, DNA synthesis is initially normal in tim-
ing and in extent, but does not continue beyond
about one round of replication, suggesting that
ciculariztion is topologically essential for late
replication (13). Weaver and Levine (130) car-
ried out temperature-shift experiments with erf-
ts mutant phage to show that the essential re-
combination step occurs early after infection, at
approximately the time that DNA synthesis
stops under totally recombination-deficient
(erfrec-) conditions (13). The exact nature of
the essential recombination event and the re-
quired structure it produces remain somewhat
obscure. Closed circular monomers may be the
required intermediate, since they first appear
after infection at about the same time that the
essential event occurs and fail to appear under
erfrec conditions (131). However, covalent cir-
cular molecules never account for more than
about 1% of the parental or pulse-labeled DNA
present in productive infections (96, 131). Thus,
as pointed out by Weaver and Levine (131), the

required intermediate could be a nicked circular
structure which for technical reasons could not
be detected by standard methods.

Summary Model of P22 DNA Metabolism
A simple model for the replicative origin of

concatemers is the rolling circle model of Gilbert
and Dressler (40). Current information on P22 is
clearly consitent with this kind of mechanism,
although the existence of the critical intermedi-
ate (the rolling circle itself) has not been dem-
onstrated. A consistent scheme summarizing
P22 DNA metabolism (13) is shown in Fig. 5.
Upon infection of the host, DNA replication

initiates at a specific, unique origin ofreplication
and proceeds to the end of the molecule. Phage
DNA synthesis shows an absolute requirement
for the products of genes 18 and 12 (8, 11, 80); in
the absence of either of these functions, the
infecting DNA can enter intermediate I (11), but
density transfer experiments show that it is not
replicated at all (8). In Fig. 5, replication pro-
ceeds unidirectionally to the left; however,
Weaver and Levine (132) have obtained evi-
dence that early P22 replication is bidirectional.
For DNA replication to proceed further, re-

combination must occur (crossing of the dotted
line in Fig. 5). In the case of an unreplicated
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molecule, a single recombination event within
the terminal repetition can circularize it. In the
case of partially replicated molecules (shown
with the homology lined up), recombination
events between replicated and unreplicated por-
tions of the molecules produce rolling circle
forms, which replicate to produce concatemers.
As described above, the concatemers are cut to
mature length during the sequential headful
packaging process, producing a set of permuted
and repetitious progeny molecules.
During infections leading to lysogeny, repli-

cated or unreplicated molecules must be circu-
larized to undergo integration as envisioned by
the Campbell model (18). This circularization
requires recombination events (crossing of the
dotted line). P22 18-ts and 12-ts mutants fail to
lysogenize at 370C, suggesting a requirement for
DNA replication in lysogeny (80). 18-am and
12-am mutants also fail to lysogenize su- hosts
at 370C, but they lysogenize nearly normally at
260C (51). Thus, the requirement for phage
DNA replication for lysogeny is temperature
sensitive. Since the P22 wild-type int function is
itself somewhat temperature sensitive (51, 111),
the temperature-sensitive requirement for DNA
replication may mean that the "normal" tem-
perature sensitivity of integration is exaggerated
when fewer copies of phage genomes are avail-
able as substrate for the integration system (51).

Finally, after induction of lysogens, the pro-
phage excision mechanism produces a circular
form. The rolling circle form can therefore be
produced without generalized recombination
events.

GENERALIZED TRANSDUCTION
Origin of Transducing Particles

The ability of P22 to mediate generalized
transduction (141) can be considered to be a
simple consequence ofthe packaging mechanism
of the phage. Generalized transducing particles
probably result when the host chromosome,
rather than the phage concatemer, serves as a
substrate for the sequential headful packaging
mechanism. In agreement with this view, P22
generalized transducing particles have been
shown to contain DNA molecules of the same
molecular weight as mature P22 DNA. Further-
more, the DNA in generalized transducing par-
ticles consists primarily of host DNA synthe-
sized before phage infection (30, 102).
Schmieger (102) reported that generalized

transducing particles contain a small amount of
DNA synthesized after infection which is cova-
lently attached to the host DNA synthesized
before infection. If the newly synthesized DNA
consists of phage sequences, as Schmieger pro-

posed, the mechanism of formation of general-
ized transducing particles obviously would have
to be a good deal more complicated than the
mechanism discussed above. Evidence against
the joining of host and phage sequences is that
normal numbers of generalized transducing par-
ticles are forned by erf phage in rec-
hosts-that is, in the absence of any known
general recombination system (30).

Several observations suggest that encapsula-
tion ofthe host chromosome to form transducing
particles (like encapsulation of the phage con-
catemer to form infectious phage) involves se-
quential packaging from preferred starting
points. Chelala and Margolin (23) found that a
deletion in the chromosome of a transductional
donor can alter the cotransduction frequencies
for a pair of markers located wholly to one side
of the deletion. This is true even if both the
donor and the recipient carry the deletion, so
that homology in the region of the deletion is
preserved. In one case, the effect is observed
even though the deletion is known to be too far
away to be included in the same headful of DNA
as the selected markers.
These results can easily be explained if it is

assumed that transducing DNA fragments are
formed by sequential encapsulation from a small
number of preferred starting points in the host
chromosome. If the headful cutting mechanism
were reasonably precise, each start point for
encapsulation would produce a set of transduc-
ing fragments with fixed genetic end points. The
cotransduction frequency for a pair of markers
would then be determined by the number and
efficiency of those start points that generate
transducing fragments carrying both markers,
relative to the number and efficiency of those
start points that generate fragments carrying the
markers separately. A deletion near a pair of
markers could alter the position of the markers
with respect to start-point sequences, eliminate
one or more such sequences, or create a new
start-point sequence; any of these changes could
significantly alter the frequency with which the
markers are both included on the same trans-
ducing fragment, thereby altering their cotrans-
duction frequency.
As Chelala and Margolin (23) point out, the

above model can also explain the fact that in
P22 transductions some markers are carried on
genetically homogeneous transducing fragments
(85), while others are carried on transducing
fragments of heterogeneous genetic composition
(33, 72, 86, 101). By the sequential encapsulation
hypothesis, the former would be markers carried
on transducing fragments formed primarily from
only one start point for encapsulation or from
two or more start points that have the same
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sequential register. The latter would be markers
that are encapsulated from two or more start
points of approximately equal efficiency that are
not in register with each other.
The idea that packaging of the host chromo-

some is initiated at specific sites of varying pre-
ferability could iIso explain the observation that
certain bacterial markers are transduced by
wild-type P22 at much higher efficiency than
others (30, 103). The specificity of the encapsu-
lation process is also demonstrated by the fact
that P22 encapsulates far more phage DNA than
host DNA, although there is at least as much
host DNA as phage DNA in the infected cell
(30, 102); presumably this is because P22 DNA
has more or better initiation sites than host
DNA.
The relationship of the phage DNA encapsu-

lation mechanism to generalized transduction is
most clearly demonstrated by the properties of
the HT mutants of P22 isolated by Schmieger
(103). These mutants, some of which appear to
be alleles of gene 3 (90), encapsulate a larger
proportion of host DNA than wild-type P22
encapsulates (as much as 50% as opposed to 1 to
5%) (30, 103). HT mutants display altered spec-
ificity for host sequences; different bacterial
markers are transduced at widely varying effi-
ciencies by wild-type P22, but are transduced at
a constant high frequency by HT phage (103).
The HT mutants also exhibit alterations in co-
transduction frequencies for linked markers
(104).
The altered specificity of packaging by HT

mutants extends to packaging of phage DNA as
well. Tye (125) demonstrated that phage DNA
produced by one HT mutant, unlike wild-type
DNA, is randomly permuted. This observation
suggests that the same DNA encapsulation
mechanism is responsible for the fornation of
both generalized transducing particles and infec-
tious phage particles, since the HT mutation
alters the specificity of both processes.

Mechanism of Integration of Transducing
DNA

On the basis of genetic evidence, it has long
been thought that most DNA from generalized
transducing particles, after entry into a new
(recipient) host, expresses the information it car-
ries but does not replicate or recombine with the
host chromosome (85, 113); the transducing
DNA persists indefinitely, forming "abortive"
transductants. Only a small fraction (<10%) of
the transducing particles mediate stable or
"complete" transduction, in which transducing
DNA undergoes recombination with the host
DNA. Ebel-Tsipis et al. (31) investigated the

physical fate of transducing DNA in recipient
bacteria and found that most of this DNA re-
tains its original size, does not replicate, and is
not integrated. Presumably, these molecules ac-
count for the phenomenon of abortive transduc-
tion.

Ebel-Tsipis et al. also found that a small frac-
tion (2 to 5%) of the total DNA in generalized
transducing particles becomes integrated into
the host chromosome as substantial segments of
conserved duplex DNA. Incorporation of these
segments (2 x 106 to 10 x 106 daltons) appears
to be responsible for the recombinant bacteria
called "complete" transductants. This finding
shows that the integration of DNA in general-
ized transduction (i.e., by the host recombina-
tion functions) involves double-strand breakage
and joining of DNA.

SPECIALIZED TRANSDUCTION
Specialized transduction is the process by

which bacterial genes are carried from one host
to another by becoming incorporated physically
into the genome of a temperate phage. Recipient
bacteria acquire these bacterial genes when they
are lysogenized by the specialized transducing
phage. Specialized transduction therefore usu-
ally results in gene addition; the transductant
carries the transducing material as long as the
prophage is present (either in the integrated
state or as an extrachromosomal element), but
loses the transducing material if the prophage is
lost. If the bacterial genes carried on the spe-
cialized transducing phage are homologous to
genes in the recipient chromosome, recombina-
tion can result in gene substitution, producing
transductants that are stable regardless of
whether the transducing phage remains. How-
ever, the formation of such substitution trans-
ductants via recombination is usually rare com-
pared to the formation of addition transductants
via lysogenization of the specialized transducing
phage.

Specialized transducing phages can be formed
by at least two different mechanisms: (i) aber-
rant excision ofan integrated prophage, resulting
in incorporation into the phage genome of bac-
terial genes adjacent to the prophage attach-
ment site on the bacterial chromosome; and (ii)
direct insertion into the phage genome of trans-
locatable elements. The first of these mecha-
nisms was proposed by Campbell (18) to account
for the formation of certain specialized transduc-
ing derivatives of coliphage A, but appears to
apply also in the case of some P22 specialized
transducing phages (21, 58, 67, 68, 71, 112, 137).
For example, P22pro-1 andpro-3 are derivatives
that carry the proA and proB genes which nor-
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mally are located on the S. typhunurium chro-
mosome adjacent to the P22 prophage attach-
ment site (67). Genetic and physical evidence
strongly indicates that these transducing phages
were formed by an aberrant prophage excision
event as envisioned in the Campbell model (21,
68).
The second mechanism listed above was pro-

posed by Chan and Botstein (21) and Kleckner
et al. (76) to explain the origin of P22Tc-10, a
specialized transducing phage carrnying genes for
tetracycline resistance from an R-factor (22,
129). This mechanism also seems to apply to
derivatives of other phages which have acquired
R-factor drug resistance deterninants (17).
Although formed by different mechanisms,

P22 pro-i and Tc-10 share certain properties
which can be explained by taking into account
the headful packaging mechanism of the phage
(21, 22, 68). Because of the addition of bacterial
DNA, both Tc-10 and pro-i have genomes that
are too large to fit inside the phage head. When
a lysogen of Tc-10 orpro-1 is induced, a normal
number of particles is produced, since both
phages have all of the phage genes required for
vegetative growth. Circularization of the ge-
nome, which is required for extensive DNA rep-
lication (see above), is presumably accomplished
by the prophage excision mechanism (as in rec-
lysogens of P22 erf). When the Tc-10 or pro-i
concatemers are packaged, the DNA is cut to
the usual size, so that the resulting molecules in
the progeny particles are each mising part of
the oversize genome and do not have terminal
repetition. Without terminal repetition, these
DNA molecules are unable to grow or to lyso-
genize on single infection. However, because
they are circularly permuted, different DNA
molecules in a population are missing different
regions of the genome. In a double infection, the
DNA molecules from two particles will usually
be able to form a circle by recombining with
each other. In this way the oversize genome is
reconstituted, and can either lysogenize or pro-
duce progeny particles (22).
An interesting corollary of these findings is

the idea that P22 can mediate high-frequency
specialized transduction of very large segments
of DNA. Even if the specialized tMnsducing
phage genome were almost as large as two head-
fuls, the permuted molecules in particles pro-
duced on induction of a lysogen could still oc-
casionally transduce recipients by double infec-
tion. This situation can be contrasted with that
of phages such as A, which package DNA by a
site-specific mechanism that produces molecules
with unique ends. Such phages have a much
lower limit on the size of specialized transducing
phage genomes; genomes larger than about 109%

of wild-type A are not efficiently packaged (34,
133).

LYSOGENY
Since P22 is a temperate phage, there is an

alternative to the lytic cycle of growth after
infection of a host cell. This altemative, called
lysogeny, results in the survival of the infected
cell. The survivor usually contains in its DNA
the genome of P22 in the prophage state; all P22
genes are present, but those involved in growth
of the virus (and the concomitant destruction of
the host cell characteristic of lytic growth) are
not expressed. The P22 prophage can remain in
this dormant state for an unlimited number of
host cell generations; only certain conditions
(e.g., irradiation with ultraviolet light, interfer-
ence with host DNA replication) will cause the
prophage to become active and enter into the
lytic cycle once again. The means by which this
dormant prophage state is maintained is the
subject of the next section. In the section which
follows that, we will summarize what is known
about how the lysogenic state is established by
P22.

Repression and Immunity
The primary mechanism of maintenance of

P22 lysogeny is repression of gene activity. In
principle, a repression mechanism works by the
elaboration of one or more repressors which act
to prevent the expression of genes involved in
phage reproduction and concomitant killing of
the host cell. In a cell in which repression has
been established, a superinfecting phage homol-
ogous to the prophage also cannot grow, since it
too will be sensitive to repression. This property
of lysogens is called immunity; it is defined as
prevention of growth of superinfecting homolo-
gous phage specifically by the same repression
system which prevents lytic growth of the pro-
phage.
The repression/immunity phenomenon lends

itself to genetic analysis. Several classes of mu-
tants can be found which shed light on the way
in which repression works. Mutants in the
gene(s) encoding the repressor protein(s) should
be unable to maintain the lysogenic state. In
particular, temperature-sensitive alleles in re-
pressor genes should allow maintenance of the
lysogenic state at a permissive temperature, but
repression should fail if mutant lysogens are
shifted to a nonpermissive temperature. Another
expected mutant class should be insensitive to
repression; such mutants can be recognized by
their ability to express some or all lytic functions
after superinfection of an immune lysogen. Mu-
tants which can express all lytic functions will
grow in the immune lysogen; such mutants are
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called virulent mutants. The exact phenotypes
of virulent mutants, their dominance relation-
ships, and their location on the genome have
been very informative about the nature of the
P22 repression system (Table 1).
Using such a genetic approach, the immunity/

repression system of phage P22 has been eluci-
dated in some detail (12, 15, 16, 20, 42, 45, 78, 81,
82, 116, 123, 142). P22 prophages maintain the
lysogenic state by directing the synthesis of two
repressors, both of which are continuously re-
quired for the maintenance of repression in the
cell. Each of the two repressors contributes to
immunity, and mutants insensitive to either re-
pressor are able to grow in immune lysogens. (A
technical complication in the study of P22
repression is that P22 prophages express, in ad-
dition to the repressors, several other relatively
nonspecific barriers to superinfection by related
temperate phages. These systems, called super-
infection exclusion systems to distinguish them
from immunity, act on phages whether or not
they are sensitive to the repression system elab-
orated by the prophage. Mutant P22 phages
have been isolated (called sie- for superinfection
exclusion) which are defective in the superinfec-
tion exclusion systems (92, 118, 128). Such sie-
mutants have been used in all the experiments
involving immunity and repression.)

In having two repressors, P22 differs from
coliphage A, which maintains its immunity/
repression system with a single repressor. The
molecular basis of repression and immunity in
the case ofA is quite well understood. A repressor
binds DNA specifically at two operator sites;
binding prevents essentially all transcription

Recombinotion/ DNA
integration immC synthesis

int erf 24 OLPL c2 ORPjR 18 12 23

from the A prophage, except for the transcription
of the repressor gene itself (see 32 and 48 for
reviews).
The current model (12, 82) for the mainte-

nance of P22 immunity and repression by the
two repressors is presented in Fig. 6. The inmC
region contains the gene for the c2 repressor,
which acts at two sites (OL and OR) to prevent
expression of the early genes. In this way, P22 is
like A. This view ofthe immC region is supported
by the finding that A and P22 can recombine to
form hybrids which have substituted the P22
immC region for the A immunity region; these A
inmP2 hybrids are normally regulated temper-
ate lambdoid phages (9, 39, 52). A protein which
binds specifically to P22 DNA and which ap-
pears to be the c2 gene product has been de-
tected in several laboratories (45, 105; M. Bal-
livet and H. Eisen, Universite de Geneve, Ge-
neva, Switzerland, unpublished data; A. R. Po-
teete and M. Ptashne, Harvard University, Cam-
bridge, Mass., unpublished data).
The P22 mimI region contains the gene for

the mnt repressor. It is not known how the mnt
repressor exerts its effect. However, it seems to
involve a site on the P22 DNA marked by the
Vy mutations, which are partially or completely
insensitive to the nmt gene product. The iinm
region also contains the gene for an antirepressor
(ant) which is expressed only when the mnt
repressor is absent or inactive. P22 antirepressor
is a protein which inactivates phage repressors,
including the P22 c2 repressor and the cI repres-
sor of coliphage A (116).
The model thus envisions different reasons for

the requirement .for each of the two P22 repres-

Late functions imml toils
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c2 represso

-0 Transcription
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c2 repressor function Antirepressor
inhibited by noncovolent
bindinq of antirepressor

FIG. 6. Antirepressor model for the bipartite repression and immunity system ofphage P22. The prophage
genetic map ofP22 is shown. The probable pattern of transcription is shown by thick arrows; discontinuous
arrows indicate transcription dependent on gene 23 function. Wavy arrows indicate negative control by
repressors acting at operator/promoter sites, shown in hatched boxes.
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sors in maintenance ofrepression and immunity.
When the c2 repressor is not active, the lytic
functions are expressed directly. When the mnt
repressor is not active, antirepressor is produced,
which results in inactivation of the c2 repressor
and consequent expression of the lytic functions.
This distinction between the functions of the
two repressors is reflected in the properties of
mutants in the various genes involved. The phe-
notypes of all these mutations are summarized
in Table 1; they constitute the genetic evidence
substantiating in detail the bipartite immunity
model (12, 82).

Analysis of these mutations was primarily re-
sponsible for the historical development of ideas
about the nature of P22 immunity and repres-
sion. In 1957, Levine described the isolation of
clear-plaque mutants, defined the tightly-linked
cl, c2, and c3 genes by complementation, and
showed that c2 function is required for mainte-
nance of lysogeny (78, 79). In 1958, Zinder de-
scribed a mutation (now called mntl) which is
not closely linked to Levine's c genes but which
also affects maintenance of lysogeny (142).
Campbell in 1962 was probably the first to sug-
gest that these observations might mean that
P22 repression involves more than one repressor
(18). In 1964, Levine and Smith used a temper-
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ature-sensitive clear-plaque mutation to show
more directly that c2 product is continuously
required to maintain lysogeny (81); later, Gough
used a temperature-sensitive mnt mutation to
make a similar argument about the mnt gene
product (42). Virulent mutants in the immC
region of P22 were first isolated in Levine's
laboratory; mnt-linked virulent mutants and an-
tirepressor mutants were isolated simultane-
ously in the Levine and the Botstein laboratories
(12, 15, 16, 82). Also important in the develop-
ment of the bipartite immunity model was the
discovery by Bezdek and Amati that two inde-
pendent determinants of immunity specificity
segregate in crosses between P22 and a heter-
oimmune phage (5). Further evidence for a bi-
partite immunity system was provided by Chan
and Botstein, who isolated non-overlapping pro-
phage deletions which have lost superinfection
immunity (20). Finally, it should be reempha-
sized that the characterization of mutations af-
fecting P22 immunity was possible only after
1968, when Rao isolated P22 mutants which, as
prophage, do not exclude superinfecting phage
(92).

Antirepressor

The strongest prediction of the bipartite im-

TABLE 1. Phenotypes of regulatory mutants ofphage P22

Mutation Mutant phenotype Map location Function Refer-
ence

c2-ts Failure to establish or to maintain immC c2 repressor 78, 81
lysogeny at 40°C; 30°C lysogens
are induced at 40°C

Vx Partially virulent, constitutive to left immC Operator/promoter (OLPL), 16
of c2 site of repression by c2 re-

pressor to the left

K5 Partially virulent, constitutive to immC Operator/promoter (O01P,j), 16
right of c2 site of repression by c2 re-

pressor to the right

VxK5= virB Virulent, grows on lysogens without immC 15,16
inducing prophage

mnt-ts (re- Failure to maintain lysogeny (40°C); immI mnt repressor 42
cessive) 30°C lysogens are induced at 40°C

Vy (cis domi- Virulent, inducing (sometimes weak), immI Operator/promoter (OANT- 12, 15, 82
nant) constitutive for the ant gene PANT), site of repression by

mnt repressor

Vyc2 = virA Virulent (enhanced), inducing (i.e., immI 12, 15, 82
(dominant) prophage also grows after superin-

fection of lysogen)

ant (reces- Fails to grow on immI-deletion lyso- immI Antirepressor, inactivates c2 12, 82
sive) gens; suppresses mnt and Vy mu- repressor

tations; fails to make antirepressor
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munity model for P22 is the existence of an
antirepressor protein, the product of the ant
gene. Susskind and Botstein (116) established
an assay for this protein based on its ability to
inactivate the coliphage A repressor in vivo and
in crude extracts. They examined the properties
of the antirepressor-repressor interaction and
concluded that the antirepressor exerts its inac-
tivating effect upon the A repressor by binding
to it in a noncovalent way, thereby preventing
binding of the repressor to operator DNA. The
antirepressor protein has subsequently been
purified to homogeneity and shown to consist
of subunits with a molecular weight of 30,000
(Susskind and Botstein, unpublished data).
Several properties of the antirepressor seem

worthy of comment. First, the P22 antirepressor
acts on a variety of different temperate phage
repressors, including those of the Sabnonella
phages L and P22 and the coliphages A and 21.
Second, the antirepressor does not act upon the
repressor with the same specificity or by the
same mechanism as induction by irradiation
with ultraviolet light or other interference with
DNA metabolism. The latter kind of induction
results ultimately in proteolytic cleavage of the
repressor (99). The difference in specificity is
further shown by the fact that induction with
antirepressor works in recA hosts (where ultra-
violet induction does not occur) and by the fact
that the antirepressor works on mutant repres-

sors insensitive to ultraviolet induction (12, 116).
Third, it must be stressed that the antirepressor
function is not essential to any of the normal
steps in the P22 life cycle; lysogeny and the lytic
pathway are normal in ant- mutants (12, 82)
and even in phages carrying deletions of the
entire immI region (Weinstock, Ph.D. thesis).
The only visible effects of antirepressor muta-
tions occur upon superinfection oflysogens. This
fact strongly distinguishes mutations in the an-

tirepressor gene of P22 from mutations in the
cro gene of phage A which are viable only under
special circumstances (i.e., in the presence of
moderate amounts of active A repressor). The
P22 antirepressor also differs from the A cro

product in that the latter inhibits repressor syn-

thesis and the former acts directly on the re-

pressor protein (see 32 and 48 for reviews).

Establishment of Lysogeny
After a sensitive cell is infected with P22, the

cell enters one of two pathways. One pathway
leads to phage reproduction and lysis; the other
leads to repression and ultimately the fornation
of stable immune lysogens. The "decision" be-
tween these two fates is affected by many fac-
tors, both environmental and genetic. Levine
showed that the most prominent environmental

factor is multiplicity of infection; high multiplic-
ity strongly predisposes toward lysogenization,
whereas single infections virtually always follow
the lytic pathway (78). The genetic factors in-
clude the activities of several phage genes and
several host genes. It should be emphasized that
a simple blockade (by mutation) of either the
lytic or lysogenic pathway does not necessarily
predispose the infected cell toward the alterna-
tive fate. Mutations in the lytic pathway (e.g., in
head assembly or lysis functions) result not in
increased frequencies of lysogenization but
rather in abortive lytic cycles; likewise, defects
in the genes required for prophage integration
result in abortive lysogeny and not in lysis. Anal-
ysis of phage and host mutations which alter the
normal regulation of the decision between lysis
and lysogeny has provided evidence that the
decision between the alternative fates is made
early after infection, primarily through the reg-
ulation of c2-repressor synthesis. When lysogeny
is preferred c2-repressor synthesis begins early
at very high levels; when the lytic pathway is
preferred, one finds little or no synthesis of
active repressor early after infection.
c genes. The first requirement for establish-

ment oflysogeny is that the infected cells survive
the infection. There are at least two early phage
functions whose expression is lethal to the cell;
these functions are directly controlled by c2
repressor (51; Hilliker, Ph.D. thesis). Thus, the
early synthesis of adequate amounts of c2 re-
pressor is essential to cell survival and thus
establishment of lysogeny.
Mutations in three different complementation

groups result in inadequate synthesis of repres-
sor early after infection and consequent poor cell
survival; they are easily recognized because they
form clear plaques (having no surviving cells in
the center of the plaque) (78). One of these
complementation groups (c2) represents the
structural gene for the c2 repressor. Levine
showed that mutants defective in the other
groups (cl and c3) have an intact c2 gene and
can express this gene to levels adequate for the
maintenance of lysogeny, since stable lysogens
which carry cl or c3 mutant prophages can be
formed by mixed infection with c2 mutants (78).
Thus, the cl and c3 genes are not essential for
c2 gene expression per se, but only for stimula-
tion of this expression to the early high levels
apparently required for cell survival immedi-
ately after infection. Failure of cl and c3 mutants
to synthesize high levels of c2 repressor early
after infection has been verified by direct bio-
chemical assay (45, 105).
Thus, the cl and c3 genes affect the decision

between lysis and lysogeny by strongly stimulat-
ing c2-repressor synthesis after infection. Even-

VOL. 42, 1978



400 SLISSKIND AND BOTSTEIN

tually, c2-repressor synthesis continues in the
absence of the products of genes cl and c3, since
the map positions of these genes u)dicate that
they are eventually repressed in lyJogens (15, 16,
79). It should be noted that mnt mutants do not
form clear plaques (42, 142). Cell survival is high
after mnt- infection, even though stable lysogens
are not formed (142). Thus c2 repressor, but not
mnt repressor, is involved in establishment as
well as maintenance of lysogeny.
The mechanism of cl and c3 stimulation of

c2-repressor synthesis is probably similar to that
proposed by Reichardt and Kaiser (94) to ex-
plain the same situation in coliphage A. They
proposed that there are two promoters capable
of initiating transcription of the repressor gene:
one (PpE, for promoter for repressor establish-
ment) is stimulated by cl and c3, resulting in
high levels of repressor soon after infection; the
other (PRM, for promoter for repressor mainte-
nance) is independent of the cl and c3 gene
products and results in low levels adequate for
maintenance, but not establishment, of ly-
sogeny.
There is one unusual P22 clear-plaque muta-

tion which strengthens the analogy between P22
and A repressor establishment. This mutation,
c27, appears to be defective in c2-repressor syn-
thesis during establishment, but not mainte-
nance, of lysogeny. However, it complements all
cl and c3 mutants (45, 79, 123). It is exactly
analogous in phenotype and map position to the
A cy mutants (94); both the A cy and P22 c27
mutations map beyond ORPR and presumably
lie outside the repressor structural gene (16, 79).
Like the A cy mutations, P22 c27 is a candidate
for a mutati5n in the site of cl and/or c3 gene
action and/or the PRE promoter (45, 123). Ar-
guments are presented below which suggest that
c27 is not a mutation in PRE itself.
Smith and Levine (109) showed that the pat-

terns of DNA synthesis after infection are
strongly affected by mutations in the c genes of
P22. In particular, they showed that the cl and
c3 functions are responsible for a transient
"repression" of phage DNA synthesis after in-
fection (26). This delay in DNA synthesis is not
due to synthesis of c2 repressor, since it occurs
even in c2- mutants. Botstein (Ph.D. thesis,
University of Michigan, Ann Arbor, 1967)
showed that the delay is also absent in wild-type
P22 infections if the multiplicity of infection is
low. The cl/c3-dependent delay in DNA syn-
thesis seems therefore to reflect the process of
decision between lysis and lysogeny. The mech-
anism of this DNA delay is not understood. It
has been suggested that the delay may result
because high levels of transcription leftward
from PRE prevent the rightward transcription

from PR known to be necessary for DNA syn-
thesis (16, 45).

cly mutations. Hong et al. (56) o;bserved that
wild-type P22 forms clear plaques on certain
mutants of its normal host, S. typhintrium.
Many different kinds of bacterial mutations
cause P22 to make clear plaques, and there is as
yet no obvious connection linking all of them.
Nevertheless, Hong et al. were able to find mu-
tants of P22 which have regained the ability to
form turbid plaques on such mutant hosts. The
phage mutants (called cly for control of ly-
sogeny) frequently fail to make any plaque at all
on wild-type hosts, apparently because they in-
variably choose the lysogenic pathway over the
lytic pathway after infection. The Cy mutations
map between the cl gene and gene 18 (DNA
replication) on the P22 genetic map. In mixed
infections with wild-type P22, the cy mutants
are generally dominant (i.e., the mixed infections
produce little or no progeny) (100). Biochemical
assays of c2-repressor activity show that three
different cly mutants overproduce c2 repressor;
one of them makes as much as 20 times the
normal amount of c2 repressor (124; Botstein,
unpublished data). This overproduction could
nicely account for the dominance of cly muta-
tions and suggests that cly mutations are not
simple loss of a functional protein.
Using an in vitro transcription system, Rob-

erts et al. (100) showed that the cly mutations
result in an alteration in one of the five primary
transcripts made from P22 DNA (see below). M.
Rosenberg and S: Hilliker (National Institutes
of Health, unpublished data) have evidence that
the cly3 mutation results in a base change within
this RNA.

Transcription-termination model for the
regulation of repressor synthesis during
the establishment of lysogeny. In Fig. 7, the
primary transcripts made from P22 DNA in
vitro are shown. The one marked "b transcript"
is the one altered by cly mutations. Clearly, if
one imagined that genes cl and c3 function
directly or indirectly to continue the b transcript
all the way through the c2 gene, then one could
nicely account for cl/c3 stimulation of c2-re-
pressor synthesis early after infection (100).
By this model, PRE is not the site marked by

c27 (as suggested by Gough and Tokuno, 45,
123), but is instead located further to the right
at the beginning of the b transcript. The c27
mutation would then be a mutation which cre-
ates, enhances, or renders cl/c3-insensitive a
secondary premature termination site. The cly
mutations would, by this hypothesis, either de-
crease the frequency of termination of the b
transcript or greatly increase the efficiency of
the PRE promoter.
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FIG. 7. Model for transcription ofphage P22. The line labeled "genes" shows the prophage map of P22,
including the functions ofsome of the gene clusters. Below the map are shown regulatory site mutations and
promoter sites, which are defined both by the regulatory mutations and by in vitro transcription experiments
(see text). Leftward transcription is shown above the map. The PL promoter produces a short transcript in
vitro which is thought to be extended (antiterminated) in vivo by the action of gene 24 product, thereby
allowing expression of the recombination/integration gene cluster. Roberts et al. (100) proposed that the in
vitro transcript b is the product of the PRE promoter and is extended (antiterminated) in vivo by the action of
the cl and c3 gene products. Rightward transcription is shown at the bottom of the figure. The PR promoter
produces a short transcript in vitro which is thought to be extended (antiterminated) in vivo by the action of
gene 24product, thereby allowing expression ofgenes cl through 23. The in vitro transcript a is thought to be
theproduct ofthe PLATEpromoter and to be extended (antiterminated) in vito by the action ofgene 23product,
allowing expression of all late genes, including gene 9. A fifth in vitro transcript is thought to be from the
PANT promoter, the early gene 23-independent promoter for ant which is under negative control by mnt-
repressor (12, 82). This transcript is not extended into gene 9 in vivo (Lew, Ph.D. thesis; Weinstock, Ph.D.
thesis), suggesting that a terminution site between ant and 9 is overcome bygene 23product when transcription
initiates at PLATE but not when transcription nutiates at PANT.

This model can also explain the regulation of
repressor synthesis during the establishment of
lysogeny by A. In the case of A, the corresponding
minor leftward transcript differs in size and nu-
cleotide sequence from the P22 b transcript and
has been called the A oop RNA (6). It maps
between the cHI gene (analogous to the P22 cl
gene) and the 0 gene (DNA replication)- that
is, in a position analogous to that of the b tran-
script of P22. Not only do the map positions of
these RNAs correspond, but they also have in
common a run of pyrimidines at their 3' ends. A
similar sequence has been found at the 3' end of
the "leader sequence" in the trp operon of E.
coli, which is the site at which transcription
termination is regulated by a mechanism sensi-
tive to the level of tryptophan in the cell (4, 77).
For A, this model would place PRE at the begin-
ning of the oop RNA. The cy mutations would,
like P22 c27, represent secondary transcription
termination sites. The clI and clII functions of
A (like the cl and c3 functions of P22) would
then be positive control elements preventing
termination and thereby ensuring rnsription
of the repressor gene.
This view of the biological significance of the

A oop and P22 b transcripts demands that these
RNAs be essential parts ofthe immunity regions
of A and P22, respectively. In crosses between
P22 and A, it was shown that the small RNAs
(b and oop) cosegregate with immunity specific-
ity, rather than with the genes for DNA repli-
cation (52, 100). The A oop RNA had previously
been thought to be involved in DNA replication
(46); the transcription termination model, while
not necessarily excluding absolutely a role for
the minor leftward RNAs in DNA replication,
would suggest otherwise.

It is also possible that both the region from
which the oop or b transcripts derive and the
region marked by cy or c27 can act as promoters
for repressor synthesis during establishment of
lysogeny (57, 84; I. Herskowitz, University of
Oregon, Eugene, unpublished data).
Host genes. In addition to the host mutants

mentioned above which cause P22 to prefer the
lytic pathway after infection (and thus form
clear plaques), host mutants have been found
which enhance the frequency of the lysogenic
response. One of these (pox) was isolated as a
polymyxin-sensitive mutant and displays greatly
enhanced lysogenization by P22, even at low
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multiplicity of infection; only c mutants of P22
plate on this strain (122).
Although some of these host mutations have

suggestive properties (e.g., the hosts on which
P22 forms clear plaques include mutants defec-
tive in catabolite repression genes and mutants
with known alterations in RNA polymerase
[56]), no clear conclusion about the nature of
host involvement in the decision between lysis
and lysogeny after P22 infection has yet
emerged.

Integration and Excision of Prophage
After repression and immunity have been es-

tablished, the final step in the formation of a
stable lysogen is integration ofthe phage genome
into the host chromosome. This occurs primarily
at a particular site (ataA, between proA and
proC on the Salmonella genetic map), although
secondary sites at which integration can occur
are known (93, 110). Smith and Levine (111)
showed (for the first time in any temperate
phage) that integration is under the control of a
specific phage gene, now called int. In every way
that has been examined, this process is identical
to integration of A prophage into the chromo-
some of E. coli as first understood by Campbell
(18) (see 134 for review). Mutations of P22 af-
fecting excision but not integration (xis mutants,
for excise) are also known, although little char-
acterization of these has been done (H. 0. Smith,
Johns Hopkins University, Baltimore, Md., un-
published data).
One interesting problem in integration of P22

prophage by the Campbell model is the origin of
the circular phage DNA substrate. Circulariza-
tion of P22 DNA after infection is accomplished
by recombination within the terminal repetition
(13, 130, 131); in the absence of general recom-
bination, integration ofprophage does not occur.
Smith (108) showed that integration-deficient

mutants of P22 are always also defective in
prophage excision. In the absence of int function,
induced integrated prophages replicate in situ;
sequential packaging then proceeds from the
start-point of encapsulation into the adjacent
portion of the bacterial chromosome, producing
a normal burst of defective particles which are
highly enriched for transducing particles for
nearby host genes (e.g., proC and purE) (108,
132).

Superinfection Exclusion and Lysogenic
Conversion

Like many other temperate Salmonella
phages (3, 138), P22 prophage expresses func-
tions which act to prevent superinfection of the
lysogenic cell. These functions differ in several
important respects from the phage immunity/

repression system. First, the superinfection ex-
clusion systems do not play a role in maintaining
the lysogenic state and are not specific for hom-
oimmune phages. Second, the three known ex-
clusion systems work by three different mecha-
nisms, each of which is different from the im-
munity/repression mechanism. As mentioned
above, these exclusion systems had to be under-
stood and dealt with in order to analyze geneti-
cally the immunity/repression system.
The first mechanism that Salmonella pro-

phages elaborate to prevent superinfection is
chemical modification of the cell surface com-
ponent (the 0 antigen), which is the site of
adsorption of the phage. In the case of some
phages (e.g., E'5 and e3; 3, 138), this modification
completely abolishes the adsorption site. In the
case of P22, the alteration of the adsorption site
is less drastic; P22 lysogens still adsorb P22
virions, but less efficiently (92, 118). Mutants of
P22 which lysogenize normally but which do
not, as prophages, alter the cell surface have
been isolated (140). These mutations (called al,
since they alter the antigenic properties of the
lysogenic cell) map at the righthand end of the
P22 prophage map (to the right of gene 9) (Fig.
2) (44).
The second mechanism that P22 elaborates to

prevent superinfection of P22 lysogens (sieA, for
superinfection exclusion) works by preventing
entry of the DNA of superinfecting phages into
the cell (117). Mutants of P22 which lack this
property have been isolated (92, 118, 128), and
the mutations have been mapped to a locus
immediately to the left of the mnt repressor gene
(117). SieA' lysogens exclude DNA from P22
virions regardless of its genetic content; even the
DNA in generalized transducing particles (i.e.,
host DNA) and heteroimmune phage DNA are
excluded (29, 117). The sieA exclusion system
can be saturated by high multiplicities of infec-
tion (29, 117); presumably the cell surface of
sieA+ lysogens has a limited number of sites or
molecules which are specified directly or indi-
rectly by the sieA gene and which are responsi-
ble for preventing DNA uptake.
The bipartite immunity system of P22 allows

virulent phage mutants (i.e., virA mutants,
which produce antirepressor constitutively) to
arise in a single step. In the absence of a mech-
anism to exclude superinfecting phage, such vir-
ulent mutants (which arise at a frequency of
about 10-7) would grow, accumulate, and destroy
lysogenic cultures. In fact, this phenomenon is
observed in cultures of P22 sieA- lysogens (117).
It is therefore easy to understand why the anti-
repressor mechanism of bipartite immunity is
associated with superinfection exclusion sys-
tems, and, further, why the sieA gene is so
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closely linked to the mnt and ant genes.
The third system of superinfection exclusion

(sieB) is less well understood (118, 119). It acts
upon certain heteroimmune Salmonella phages,
including phage L. Although it does not act on

wild-type P22, it does exclude some P22/L hy-
brids which have both the immC and immI
regions of P22; sensitivity to sieB exclusion is
thus separable from the immunity/repression
determinants. Superinfecting phages sensitive to
the sieB system adsorb, inject, and express their
early functions normally in sieB+ lysogens. How-
ever, they are incapable of completing a normal
lytic cycle of growth. Late functions are incom-
pletely expressed because a synchronous failure
in all macromolecular synthesis occurs approxi-
mately midway through the developmental cy-
cle. P22 mutants missing the sieB system have
been isolated; the sieB gene maps to the left of
immC (Fig. 2).
The ability of wild-type P22 to escape sieB

exclusion is due to a gene (called esc, for escape)
which also maps to the left of immC (119).
Expression of this gene prevents the premature
arrest of macromolecular synthesis and allows
even sieB-sensitive phages to grow in mixed
infection with sieB-insensitive phages. The sieB
system thus formally resembles other phage ex-

clusion systems (e.g., exclusion by the X rex

system) in that target superinfecting phages can
save themselves by expressing certain genes
(e.g., T4 rII).
P22 elaborates another function which serves

to save it from superinfection exclusion by het-
erologous prophages. The endogenous prophage
Fels-1, which is present in most S. typhimurium
strains, excludes P22 mutants defective in gene
17 (Botstein, unpublished data). Amber mutants
in gene 17 grow in su+ Fels-l lysogens but not in
su Fels-1 lysogens, and grow normally in su-
nonlysogens; wild-type P22 grows normally in
Fels-1 lysogens. Gene 17, like the esc gene, maps
to the left of the immC (M. M. Susskind and A.
Gauger, unpublished data). It is tempting to
speculate that Fels-1 elaborates a sieB-like func-
tion which is antagonized by the product of gene
17 of P22. It is known, however, that 17- mutants
are still insensitive to exclusion by the P22 sieB
system (Susskind, unpublished data), indicating
that esc and 17 are different genes.

PRIMARY TRANSCRIPTS FROM THE
P22 GENOME

In a series ofin vitro transcription experiments
with P22 DNA using purified E. coli RNA po-

lymerase with and without purified E. coli rho
(transcription termination) factor, Roberts et al.
(100; Roberts, unpublished data) has defined
five primary transcripts (Fig. 7). By hybridiza-

tion experiments using DNA from P22 prophage
deletion lysogens and separated strands of DNA
from various P22/A hybrids, the five transcripts
could be assigned to particular regions of the
P22 genome. Each ofthe five could be associated
with promoters whose existence had previously
been deduced from genetic and physiological
studies of the phage. Two of them correspond to
the transcription controlled directly by the c2
repressor from the promoters PL and PR which
lie in immC immediately to the left and to the
right, respectively, of the c2 gene itself. A third
transcript could be mapped to the immI region
and presumably represents transcription of the
ant gene from the promoter called PANT, which
is regulated by the mnt repressor. All three of
these promoters are thus negatively regulated in
vivo; each of them is associated with mutations
(presumably in corresponding operators) in
which the site of regulation is altered, making
synthesis from the promoter constitutive (12, 15,
16, 82).
The other two transcripts found in vitro are

very short (50 to 80 nucleotides) and map in
positions consistent with the idea that they are
short "leader" sequences which, when their ter-
mination is prevented by phage gene products,
result in transcription of the late genes (from
PLATE) or of the c2 gene (from PRE). The latter
transcript (called transcript b in Fig. 7) is altered
in cy mutants; as described above, these mu-
tants result in gross overproduction of the c2
repressor and abnormally high frequencies of
lysogenization.
REGULATION OF THE LYTIC CYCLE

OF INFECTION
Like most bacteriophages, P22 regulates gene

expression during lytic development. Even after
the decision between lysis and lysogeny has been
made, not all genes are expressed at once. The
first genes to be expressed (the "early genes")
are those lying immediately to the left and to
the right of the c2-repressor gene; these are
presumably made from the promoters PR and
PL in Fig. 7. These genes encode functions in-
volved in DNA replication, recombination, in-
tegration, and regulation ofgene expression. The
regulatory genes are genes 24 and 23. Gene 24 is
required for full expression even of the early
genes (51, 83, 87); gene 23 is required only for
expression of the late genes (14, 83, 87; J. Mar-
golskee and D. Botstein, unpublished data),
which include all the genes specifying the pro-
teins required for phage morphogenesis, DNA
maturation, and lysis. As is the case with many
other phages, defects in early genes (particularly
those involved in DNA replication) often result
in partial or complete failure to,express the late
genes (14).
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Early Regulation: Gene 24
Hilliker and Botstein (51) isolated mutants in

gene 24 of P22 and found that 24- mutants had
properties strikingly similar to those ofN mu-
tants of coliphage A. P22 24- mutants are pleio-
tropic and fail to express efficiently virtually all
the phage-coded proteins (83). They make very
little phage RNA after nonpermissive infection
(87; E. N. Jackson, University of Michigan, Ann
Arbor, unpublished data). The analogy with the
ANgene is greatly supported by the finding that
gene 24 of P22 can substitute for the N gene of
A in P22/A hybrids. In fact, Hilliker and Botstein
(52) and Friedman and Ponce-Campos (37)
showed that the P22 24 gene product can act at
heterologous target sites (such as those of A),
even though the A N gene product seems to be
specific for its own targets.
This kind of evidence suggests that gene 24

works in the same way that the A N gene has
been shown to work (98) by preventing termi-
nation of transcription at genetically defined
sites. Thus in the absence of gene 24 function,
the transcripts from PL and PR terminate before
the early genes are transcribed, but in its pres-
ence, the early genes are transcribed efficiently.
In this way gene 24 exerts positive control over
the two early operons adjacent to the c2-repres-
sor gene. Additional evidence that the gene 24
product is mechanistically similar to the A N
gene product has been obtained by Hilliker et
al. (53), who showed that transcriptional polarity
caused by polar insertions can be suppressed by
gene 24 product when transcription starts from
PL or PR, promoters which can be acted upon by
the gene 24 product.
The positions of the transcription termination

sites in the early P22 operons has not been
determined directly. Hilliker and Botstein (52)
obtained indirect evidence for a site between the
PROR region and the cl gene and for another
between gene 24 and c3. The other sites shown
in Fig. 7 are given by analogy with A (32, 48).

In summary, gene 24 acts positively to regu-
late expression of the early genes by preventing
termination of transcription at specific sites be-
tween the promoters PL and PR and the early
genes themselves. It should be noted that some
of the early genes (cl, c3, and the integration
and recombination genes) which are under con-
trol of gene 24 are required for lysogeny. Gene
24 can, be shown to be required for efficient
lysogeny as well as for lytic development (51).

Late Regulation: Gene 23

Mutants in gene 23 were first described by
Botstein et al. (14). None of the late proteins is
expressed to a high level in 23- infections,
whereas the early proteins are expressed nor-
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mally (14, 83). Similarly, 23- mutants make re-
duced amounts of RNA late in nonpermissive
infections (87; Jackson, unpublished data).

Like gene 24, gene 23 can substitute for its
analog (gene Q) in coliphage A (9). Furthermore,
the Q gene and gene 23 appear to be functionally
identical, in that a Q- A phage can be comple-
mented by a 23+ hybrid phage and a 23- hybrid
phage can be complemented by a Q+ A phage (9;
Hilliker, Ph.D. thesis). Even more striking, re-
combinants with normal late gene expression
can be found in crosses between 23- mutants
and Q- mutants (Hilliker, Ph.D. thesis). Thus,
gene 23 of P22 and gene Q of A seem to be
functionally identical and at least partially ho-
mologous.
Roberts (97) has proposed a model for the

mechanism of action of the A Q gene. He pro-
posed that the Q gene product acts by prevent-
ing termination of transcription of the small 6S
A RNA, which he showed is made from a pro-
moter at or very near the position predicted for
the late promoter by Herskowitz and Signer
(49). This mechanism would apply nicely to the
case of P22, since it is clear that two termination
sites must be dealt with in P22. One termination
site is at the end of the small P22 transcript
analogous to the A 6S transcript (transcript a in
Fig. 7) and the other is at the end of the ant
gene. This second termination site is inferred
from the size of the putative ant transcript made
in vitro (J. W. Roberts, Cornell University, Ith-
aca, N.Y., unpublished data) and is consistent
with the observation that gene 9 is not expressed
(even from PANT) in the absence of gene 23
function, even though antirepressor is made un-
der the same conditions (Lew, Ph.D. thesis;
Weinstock, Ph.D. thesis; Susskind, unpublished
data). Polar insertion mutations located in gene
20 or in the ant gene are polar to the same
degree upon expression of gene 9 (measured
biochemically) (Weinstock, Ph.D. thesis). Since
the insertions in gene 20 can exert their polarity
only upon transcription from PLATE, whereas the
insertions in the ant gene should affect tran-
scription both from PLATE and PANT, this result
means that little, if any, transcription of gene 9
begins at PANT, even in the presence of gene 23
function.
Thus, Roberts' transcription termination

model for the regulation of the late genes fits the
P22 case nicely if one assumes that only tran-
scripts beginning at PLATE under the influence of
the gene 23 product are capable of proceeding
through the termination sites at the end of tran
script a and at the end of the ant gene. The
model then accounts for the observation that
gene 9 transcription is absolutely dependent
upon the function of gene 23; transcripts from
PANT are not continued into gene 9, since gene
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23 product will not affect transcription from
PANT. The assumption that the gene 23 product
distnguishes among transcripts made from dif-
ferent promoters has a precedent: the same is
thought to be true for the product of gene N of
X and gene 24 of P22 (1, 36, 37).

Negative Iregulation of Antirepressor
Synthe8is During Infection

As discused above, P22 has a gene (ant) that
codes for an antirepressor protein which can
inactivate the P22 c2 repressor. During lysogeny,
the prophage mnt gene product is continuously
required to repress the ant gene of the prophage
and thereby prevent antirepressor-mediated
prophage induction (12, 82).

Recently, it has become apparent that P22
specifies another negative regulator, the product
of the arc gene (for antirepressor control), that
decreases the rate ofantirepressor synthesis dur-
ing lytic infection (Suskind, unpublished data).
Amber mutants in the arc gene have been iso-
lated; under nonpermissive conditions, these
phages vastly overproduce antirepressor protein
and fail to produce progeny phage. An analysis
of revertants which have regained the ability to
grow under nonpermissive conditions indicates
that the conditional-lethal phenotype and the
antirepressor-overproduction phenotype are
both due to the arc-am mutation; furthermore,
there is evidence that the primary phenotype of

the arc- mutants is overproduction of antire-
pressor and that the lethal phenotype is a sec-
ondary result of this effect (Susskind, unpub-
lished data). However, the exact nature of the
block to phage development suffered by arc-
phage under nonpermissive conditions is not yet
well-defined.
The arc gene maps between mnt and ant on

the P22 genetic map. Mnt and arc appear to be
different genes, since arc- mutants show no de-
fect in maintenance oflysogeny or supeinfection
immunity, whereas met- mutants (including an
amber mutant) do not vastly overproduce anti-
repressor during lytic infection (Susskind, un-
published data).

It therefore appears that negative regulation
of the P22 ant gene is essential for lytic infection
as well as for lysogeny; the arc gene product is
of paramount importance in performing this
function during infection, whereas the mnt gene
product is of paramount importance during ly-
sogeny.

MORPHOGENESIS OF THE P22 VIRION
The pathway of P22 morphogenesis has been

elucidated in some detail by Botstein et al. (14),
King et al. (74), and Poteete and King (88). This
pathway (Fig. 8) was worked out by identifying
the P22 genes involved in morphogenesis, iden-
tifying the protein products of these genes, and
characterizing the DNA and protein structures
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which accumulate in cells infected with mutants
blocked in assembly at various stages as well as
in cells infected with wild-type P22.
The earliest known structural intermediate in

P22 assembly is the prohead, a spherical struc-
ture which contains no DNA and is composed of
two major proteins (the products of genes 5 and
8-"P5" and "P8") and several minor proteins
(P1, P7, P16, and P20). P5, the major protein of
mature phage (420 copies per virion), and P8, a
"scaffolding protein" which is not found in ma-
ture phage, are present in the prohead in a molar
ratio of about 2:1 (73). Together these two pro-
teins make up most of the mass of the prohead,
and both are apparently required to determine
its correct shape and size. Mutants defective in
gene 1 produce recognizable proheads, but are
unable to carry out the next step in morphogen-
esis, DNA encapsulation. With mutants defec-
tive in genes 7, 16, or 20, proheads form and all
subsequent steps in morphogenesis proceed nor-
mally. However, the resulting normal-looking
particles, which are missing the product of the
defective gene (P7, P16, or P20), are unable to
inject their DNA after adsorption to the next
host cell.
Proheads containing P1, in the presence of P2

and P3, encapsulate and cut headfuls of DNA
from the phage DNA concatemer. P2 and P3 are
required for encapsulation of DNA, but are not
themselves stably incorporated into proheads or
phage. At about the same time that DNA enters
the prohead, the scaffolding protein P8 exits. P8
molecules are not cleaved during this process; in
fact, released P8 molecules can complex with
new P5 molecules to form new proheads in a
repeating cycle of prohead assembly. Thus, P8
is reused and can be thought of as a "morpho-
genetic enzyme" (19, 73).
Newly filled heads are stabilized by the action

of P4, P10, and P26 to form complete phage
heads. With mutants defective in gene 4, 10, or
26, DNA is encapsulated but then often is re-
leased, forming empty heads that are distin-
guishable from proheads by morphology and
sedimentation properties. P26 and P4 are found
in mature phage; it is not known whether P10 is
present in phage particles, since P10 and P5 (the
most abundant protein in the phage) are not
resolved by standard sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The last step
in phage morphogenesis is the addition of P9,
which assembles on the head to form the base
plate or tail, which is required for adsorption of
phage to host cells (60).
The most complex step in phage morphogen-

esis is the DNA encapsulation step, in which
DNA enters the prohead and P8 leaves. Physical
studies (28) reveal that proheads probably con-

sist of a thick shell or solid ball of P8 (outer
radius, 21.5 nim) surrounded by a thin shell of
P5 (radius, 25.6 nm). In mature phage, the outer
shell of P5 is larger (radius, 28.5 nm), indicating
that the P5 shell expands during encapsulation,
apparently without gross rearrangements in the
particle surface. We do not know whether these
three events-exit of P8, packaging ofDNA, and
expansion of the P5 shell-occur simultaneously
or sequentially in time or whether one process
provides a driving force for another. It is known
that treatment of proheads with sodium dodecyl
sulfate will remove P8 with concomitant expan-
sion of the remaining P5 shell (19).
Three other phage proteins-P1, P2, and

P3-perform essential functions in encapsula-
tion. Several observations suggest that P3 is the
nuclease responsible for cutting headfuls of
DNA from concatemers during encapsulation.
Botstein et al. (14) found much less intracellular
degradation of phage DNA with 3- mutants
than with other encapsulation-defective mu-
tants. Furthermore, the frequency of generalized
transduction (i.e., encapsulation of host instead
of phage DNA) is altered by mutations (amber,
temperature-sensitive, and HT mutations) in
gene 3 (90; J. Jarvik, Ph.D. thesis, MIT, Cam-
bridge, 1975). The roles of P1 and P2 are not yet
well understood.
Some information about the relationships be-

tween proteins implicated in DNA encapsula-
tion has been obtained by the reciprocal tem-
perature-shift method of Jarvik and Botstein
(65). In this method, cold-sensitive (cs) and
heat-sensitive (ts) mutations at different sites
are combined to make cs-ts double mutants. The
results of temperature shifts from one nonper-
missive temperature to the other can be inter-
preted to indicate the order of function of the
wild-type forms of the mutant proteins. Using
this method, it was found that P2 probably
functions later than P1 or P3 in DNA encapsu-
lation, a result in accord with the results ob-
tained using the in vitro DNA encapsulation
system described below.

Jarvik and Botstein also developed another
method of assessing relationships between mor-
phogenetic proteins in vivo (66). Cold-sensitive
revertants of heat-sensitive mutants (and vice
versa) were isolated and characterized. Many of
these suppressor mutants occur in genes which
code for proteins known to interact with the
protein altered by the original mutation. This
kind ofexperiment indicates that P1 functionally
interacts with P5 (the major coat protein), an
idea consistent with the observation that P1 is
a necessary component of proheads active in
vitro, and cannot be added in vitro to proheads
made in its absence (A. R. Poteete, Ph.D. thesis,
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MIT, Cambridge, 1977).
The most promising approach for analyzing

P22 morphogenesis further is to study the en-
capsulation reaction in vitro. DNA encapsula-
tion (and all subsequent steps in morphogenesis)
have been accomplished for P22 by using meth-
ods developed by Kaiser and Masuda (70) for
coliphage A. Viable P22 phage can be produced
in vitro by using highly purified active proheads
(i.e., proheads containing P1), phage DNA con-
catemers, soluble factors (including P2 and P3),
and adenosine 5'-triphosphate as substrates (Po-
teete, Ph.D. thesis). Two properties of the cur-
rent in vitro system deserve further comment.
First, the system will encapsulate host DNA and
thereby produce particles active in generalized
transduction. Second, the phage DNA in in-
fected cell lysates is greatly preferred over host
DNA as substrate for encapsulation. These and
other properties seem to verify that the in vitro
system faithfully reflects the process which goes
on in vivo.
Although encapsulation of DNA can now be

accomplished in a cell-free system, we are as yet
no nearer to understanding the basic problem of
how the DNA is compressed into the small space
within the preformed capsid. Further, attempts
to form the prohead from its constituent proteins
in vitro have not yet succeeded.

FUNCTIONS OF THE P22 VIRION:
ADSORPTION AND INJECTION

It has clearly been established that the phage
protein responsible for adsorption of P22 to host
cells is the product of gene 9 (14, 60). Particles
which lack P9 ("heads") do not adsorb to cells;
morphologically they are missing the baseplate
structure. Heads purified in CsCl equilibrium
gradients can acquire the ability to adsorb nor-
mally and infect productively by incubation in
vitro with P9 (60), even if the P9 has been
purified to homogeneity (P. Berget and A. R.
Poteete, MIT, Cambridge, unpublished data).
Particles activated in this way acquire the
baseplate and are morphologically indistinguish-
able from normal P22 virions.
The receptor site for adsorption of P22 to host

cells is the 0 antigen, a repeating polysaccharide
polymer in the lipopolysaccharide layer of the
cell surface (138). P22 adsorption is exquisitely
specific for the particular structure found in S.
typhimurium and certain other related Salmo-
nella species. When phage adsorb to cells, the
receptor polymer is hydrolyzed; heads lacking
P9 cannot catalyze this hydrolysis, but purified
P9 can (60, 62; Berget and Poteete, unpublished
data). Recently, Berget and Poteete (unpub-
lished data) have obtained evidence that hy-
drolysis is not essential for phage to adsorb to

cells, but is essential for productive infection to
ensue.
Thus P9 is a multifunctional protein: it assem-

bles onto heads to form the morphological
baseplate; by itself or as part of a phage it
adsorbs to cells and hydrolyzes the receptor
polysaccharide. In addition, P9 is the major tar-
get of neutralizing antibody made against whole
P22 phage (60; R. Shea, Ph.D. thesis, MIT,
Cambridge, 1977). It thus obeys the general rule
that the organ of adsorption is the major target
of neutralizing antibody.
Three proteins (in addition to P9) are known

to be required for successful infection. These
proteins (P7, P16, and P20), like P9, are not
required for head assembly, but are present in
normal virions and in the earliest proheads (un-
like P9) (14, 74, 88). Particles lacking any one of
these proteins adsorb normally but fail to inject
their DNA into the host (54, 55, 88; M. Osburne,
C. H. Waddell, and D. Botstein, unpublished
data; Shea, Ph.D. thesis). The DNA is ejected
(at least partially) from the defective virions, by
the criterion that the DNA of particles adsorbed
to cells is subject to hydrolysis by host nucleases.
Hoffman and Levine (54, 55) showed that par-
ticles lacking P16 can be rescued by coadsorp-
tion of normal P22 virions; this helping effect
does not occur with particles lacking P20 or P7
(Osburne, Waddell, and Botstein, unpublished
data; Shea, Ph.D. thesis). Israel (59) has ob-
tained evidence suggesting that P7, P16, and P20
(as well as P26) are ejected from virions after
adsorption.
Thus, one can envision the infection process

as having several stages: adsorption to and hy-
drolysis of the receptor (functions of P9), ejec-
tion of the DNA into the periplasm, with con-
current ejection of P16, P20, P7 and P26, and
subsequent uptake of the DNA by the cells. The
latter functions may be mediated by any or all
of the four last-mentioned proteins; P9 might
also play a role. It is interesting to recall that
particles excluded by an sieA+ prophage also
adsorb and eject their DNA, but do not succeed
in getting their DNA into the lysogenic cell
(117). The sieA gene is adjacent to the 7-20-16
gene cluster on the P22 genetic map.

EVOLUTIONARY RATIONALE FOR
THE MODULAR CONSTRUCTION OF
TEMPERATE BACTERIOPHAGES

LIKE P22

From all of the foregoing, it seems evident
that phage P22 greatly resembles the lambdoid
group of coliphages in some respects (overall
genetic organization, early and late lytic regula-
tion, the primary repressor (inimC) system, in-
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tegration of prophage), while differing markedly
in others (morphogenesis, DNA metabolism, an-
tirepressor, adsorption, and injection). The re-
semblance is fortified by the observation that
many P22 genes between the attachment site
and the lysis genes can be substituted (some-
times singly, sometimes in clusters) for their A
analogs, producing perfectly viable, nonnally
regulated lambdoid bacteriophages (9, 39, 52).
For some genes, the functional specificity of the
P22 gene is virtually indistinguishable from the
specificity of a corresponding gene from one or
another of the wild-type lambdoid coliphages.
One example of this is the c2 repressor gene of
P22, which is homologous functionally and in
nucleotide sequence to the cI repressor gene of
coliphage 21 (9); another example is gene 23 of
P22, which is functionally identical and at least
partially homologous to gene Q of A (9; Hilliker,
Ph.D. thesis). In other cases, the P22 gene is
partially or completely divergent in mechanism
and in nucleotide sequence from its lambdoid
counterparts, although it still functions perfectly
well in the lambdoid hybrid. Examples of this
include gene 24 (which seems to be mechanisti-
cally similar to gene N of A, but is totally non-
homologous at the DNA level and shows mark-
edly different specificity (9, 37, 52); gene 19 of
P22, which specifies a true lysozyme (91),
whereas the corresponding gene R of A specifies
an endopeptidase (121); and the recombination
genes of P22, which are largely nonhomologous
to those of A and have different consequences
from those of A after superinfection of cells ly-
sogenic for coliphage P2 (52; Hilliker, Ph.D.
thesis). In the latter two cases, P22 genes, while
different in phenotype from the corresponding
genes of A itself, show the same characteristics
as the corresponding genes of the lambdoid
phage 80 (24).
Thus, it would appear that P22, despite the

fact that it grows on a different species of bac-
terium, is a member of the A family. P22 has not
only retained the same genetic organization and
some of the very same genes found in its lamb-
doid cousins, but has also retained the ability to
recombine with its cousins at many points (usu-
ally between known genes) to produce healthy
hybrids. It seems difficult to avoid the implica-
tion that retention of compatibility and inter-
changeability of regions of function (even when
the functions themselves have diverged in mech-
anism and nucleotide sequence) is continually
selected in evolution. This selection seems to
have persisted even though the cousins have
separated into divergent hosts; neither phage
can directly infect the other's host. Thus the P22
lysozyme gene, although different in every way

from the A endopeptidase gene, can function in
its place and has retained enough homology
flanking it so that replacement at the correct
position can actually still occur (9). In some
ways this idea is not expected, since one might,
a priori, imagine that regions of function (i.e.,
structural genes) would have greater constraints
against divergence than the flanking regions.
The flanking regions (or linkers) serve to ensure
that genes can be replaced by their functional
analogs even when nonhomologous.
Given these considerations, it seems more rea-

sonable to think of evolution of this family of
bacteriophages in terms of the joint evolution of
a set of largely interchangeable modular ele-
ments than to think in the more classical terms
of evolution and speciation by linear progression
from common ancestors. Thus neither A nor P22
is per se the product of evolution; instead, the
individual functional segment is the unit and the
entire set ofsegments is the product of evolution.
Thus A, P22, phage 80, and phage 21 are each a
single sampling of the pool of modules selected
by the evolutionary process.

It should not be assumed that all the linkers
between segments are retained in every pair of
cousins one might try to cross; it is enough that
any pair retain some few homologous linkers. In
this way, each of the segments can ultimately
replace any of its analogs. It should not be
assumed that new combinations of segments
arise only in crosses between intact phages; new
combinations have been found as a result of
recombination between an intact phage and a
defective prophage present in the host (35, 41,
50, 144). It should also not be assumed that all
combinations of functional segments are neces-
sarily equally fit; the main pressure for the main-
tenance of the system is that fit combinations
can arise frequently enough to fill all the avail-
able niches. Finally, it should not be assumed
that all functional segments are either com-
pletely homologous or completely heterologous;
there are well-known examples of intermediate
cases (exo, 89, 120; cI, 135, 136; 0, 38).
This view of the evolution of P22 and its

cousins has the advantage of providing a ration-
ale for the existence of antirepressor and its
attendant regulation. The role of antirepressor,
according to this scheme, is to facilitate the
reassortment of the functional modular seg-
ments to fit changing environmental conditions.
Antirepressor, by inducing any prophages pres-
ent in a new bacterial host, allows prophage
replication and thereby stimulates recombina-
tion between the superinfecting phage and the
prophage. Furthermore, derepression of pro-
phage functions might sometimes be essential if
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one of P22's own functions cannot work in the
new host. The relative non-specificity of antire-
pressor for particular phage repressors is nicely
consistent with this role.
This view of phage evolution requires both a

common regulatory organization and clustering
of functions, especially where specificity for sites
or neighboring genes is important. The common
genetic organization ofP22 and A is itself instruc-
tive; repressor works at neighboring sites; gene
24 (N) works at nearby promoters; gene 23 (Q)
works at a nearby site. Regulation of most other
genes (e.g., genes for head morphogenesis or
recombination) is accomplished through regu-
lation of transcription from promoters far from
the genes themselves, thus avoiding the neces-
sity for specific regulatory sites distant from the
regulatory genes. Much of the genome is posi-
tively controlled by antitermination oftranscrip-
tion. Although the genes for the antiterminator
proteins are far from some of the termination
sites at which they act, the termination sites are
in fact relatively nonspecific; the sites which are
specifically recognized by the antiterminator
proteins are at or near the promoters (1, 36, 37),
which, as noted above, are linked to the regula-
tory genes themselves. Thus, control by antiter-
mination of transcription accomplishes specific
regulation at a distance without requiring dis-
tant specific regulatory sites. This facilitates re-
placement ofsegments while maintaining proper
regulation and can be thought of as a rationale
for the distinct preference of these bacterio-
phages for transcriptional control of very large
operons.
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