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ABSTRACT

P22pro-1 and P22pro-3 are specialized transducing derivatives of phage P22
that carry the proA and proB genes of Salmonella typhimurium. These genes
lie immediately adjacent to the prophage attachment site on the bacterial
chromosome. By examining DNA heteroduplexes in the electron microscope,
we found that DNA molecules from P22pro-f and P22pro-3 each contain a
substitution which adds length to the composite genome making the intra-
cellular replicated genome too long to fit into a single phage particle. In this
respect, and in many of their biological properties, the proline-transducing
phages resemble P22Tc-10, another specialized transducing phage with an over-
size, intracellular replicated genome which carries a tetracycline-resistance
determinant from an R-factor——Unlike P22Tc-10, however, P22pro-f and
P22pro-3 fail to integrate normally during lysogenizing infections, even when
provided with all known integration functions. These results suggest that the
proline substitutions have created a defect in the phage attachment site and
suggest that the Campbell model for the formation of specialized transducing
phages is applicable to phage P22 with the additional feature that oversize
genomes can be produced and propagated. A physical and genetic map of
the P22 genome near the prophage attachment site was constructed which
shows that the insertion from the R-factor in P22Tc-10 is not at the attachment
site: it is therefore unlikely that P22Tc-10 was formed in an abnormal pro-
phage excision event as envisioned in the Campbell model, but was instead the
result of a direct translocation from the R-plasmid to P22.

WO properties of the temperate phage P22 are important for understanding
specialized transduction by this phage:

1) P22 integrates at a specific place on the Salmonella ty phimurium chromo-
some (Smrta and LeviNg 1965, 1967; SmutH and Stocker 1966; Itikawa and
DemEerec 1968). This suggests that, after induction, improper excision of the
P22 prophage should produce specialized transducing phages carrying bacterial
genes adjacent to the prophage attachment site on the bacterial chromosome
(CampBELL 1962).

1 Present address: Department of Genetics (SK-50), University of Washington, Seattle, Washington 98195.
2 To whom reprint requests should be sent.
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2) The chromosome of P22 is a linear duplex DNA molecule (27 X 10¢
daltons) which is circularly permuted and terminally repetitious (RHOADEs,
MacHaTrrie and Taomas 1968; Tye, Cuan and BorsTeIN 1974; TyE, HUBERMAN
and Borstein 1974). The perpetuation of circular permutation and terminal
repetition during successive cycles of growth can be explained by the Streisinger
model, which states that “headfuls” of DNA (somewhat longer than one
genome in length) are encapsulated from a long DNA concatemer (STREI-
SINGER, EMrIcH and Stami 1967). Drastic alterations in the genome size of a
transducing phage resulting from the addition or substitution of host DNA do
not prevent the transducing phage DNA from being encapsulated into P22 phage
particles since the “headful” mechanism always packages a constant amount of
DNA from the concatemer.

An insertion that makes the P22 genome too long to fit into a single phage
head should result in the production of particles containing incomplete, but
circularly permuted fragments of the intracellular replicated genome. This
expectation was confirmed by genetic and physical studies on P22Tc-10, a P22
specialized transducing phage which contains an insertion of host DNA corre-
sponding to 209 the length of a wild-type P22 genome (WATANABE et al. 1972;
CHAN et al. 1972; TyE, CuAN and BorstEIN 1974; Tye, HuBerMmaN and Bor-
STEIN 1974).

Previous work on specialized transduction by P22 (Smitu-Keary 1966; Wing
1968; Jussop 1972, 1976; Horpe and Rora 1974; Kave, BaArRraveccHIO and Rotr
1974) had suggested that the Campbell model (CampBELL 1962) for the forma-
tion of lambda specialized transducing phages also applied to P22 since P22 was
able to perform specialized transduction of bacterial genes adjacent to the pro-
phage attachment site. However, the origin of P22Tc-10 appeared to be incon-
sistent with the Campbell model because the tetracycline resistance (Zet®)
gene(s) carried by P22Tc-10 were derived from an R factor (WATANABE et al.
1972) which had no known attachment site for P22. Furthermore, Rora and
coworkers (Hoppe and Rota 1974; KaYE, BaARravECccHIO and Rotr 1974) used
a procedure designed to yield transducing phages formed according to the Camp-
bell model and found that none of the P22 specialized transducing phages they
had isolated resembled P22Tc-10. Thus, we wondered if P22Tc-10 were a special
case.

The electron microscopy of P22Tc-10 DNA seemed to confirm this notion:
TyE, Caan and BorsteiN (1974) found that the ends of the Tc-10 insertion con-
tained an inverted repeat which was apparently identical to the inverted repeat
SHArp, ConeEN and Davipson (1973) had found associated with the fet® gene(s)
on the R factor.

The present study concerns two specialized transducing derivatives of P22
isolated by Jessop (1972, 1976), whose previous studies suggested that at least
one of them might resemble P22Tc-10 in having a composite genome too large
to fit into a single phage head. Both of these transducing phages (called P22pro-1
and P22pro-3) contain genes (proA and preB) normally located immediately
adjacent to the P22 prophage attachment site on the genetic map of Salmonella
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typhimurium. The origin of these phages is consistent with the sort of abnormal
excision of a prophage envisioned in the Campbell model.

Comparison of the proline-transducing phages with P22Tc-10 has enabled us
to do the following:

1. Construct a physical and genetic map of phage P22 showing the relation of
the prophage attachment site to the genes flanking it.

2. Infer that the tet® insertion in P22Tc-10 was, in all probability, not the
result of an abnormal prophage excision, but instead was the result of a direct
transposition of the drug-resistance element from the R-factor to P22.

3. Demonstrate that the biological properties associated with oversize P22
genomes (i.e., genomes larger than a phage “headful”) are independent of the
origin of the extra DNA.

MATERIALS AND METHODS

Bacterial strains

The bacterial strains used are listed in Table 1. Prophage deletion strains are described in
Figure 7 (CuAn and BorsTein 1972).

UV-induced lysates of DB5425 and DB5426, which are lysogens (sent to us by A. Jessop) of
P22pro-1 and P22pro-3 respectively, were used to transduce DB141 to pro+ at a high multiplicity
of infection (m.o.i.). All the pro+ transductants tested (about 10 for each lysate) gave the charac-
teristic dark green color of unstable lysogens on green indicator plates (Smita and LEVINE
1967). This was not surprising since DB141 contains the proAB47 deletion (SmiTH and LEVINE
1965) which removes azaA, the primary P22 prophage attachment site.

TABLE 1t

Bacterial strains*

Strain Genotype Synonym Qrigin
DB21 su” prototroph strain 18 BotstEIN (1968)
DB47 su-rec Borstein and MaTtz (1970)
DB53 su~ cysA1348hisC527 TR248 J. Rotm
DB74 sut 19 cysA1348hisC527 BorsTeIN and MaTz (1970)
DB98 proA15 proA1s Mivake and DEMEREC (1960)
DB124 DB21(L) Cuaw and BorsTEIN (1972)
DB141* [gxu proB proA ataA]V proAB47 Miryake and DEmerec (1960)
DB5000 su~rect (P22Tc-10) Tec-10 Waranage et al. (1972)
DB5055 [leuD798aral< fol-101 PM452 P. MarcoLin

his1099 trpA50

DB5202 DB21 (P22¢,-ts30m sieAlsieB1) This paper
DB5204 DB21 (P22T¢c-10 c,-1s30sieAlsieB ) CuaN et al. (1972)
DB5425* proAB47 (P22pro-1) Th(39) Jessop (1972)
DB5426 proB436 (P22pro-3) C,h(5) Jessop (1972)
DB5524 DB53 (P22Tc-10 c,-ts30sieA1sieBI) This paper
DB5732* DB141 (P22pro-1) This paper
DB5733* DB141(P22pro-3) This paper

* All strains are derivatives of Salmonella typhimurium LT-2, except for DB141, DB5425,
DB5732 and DB5733, which are derivatives of Salmonella typhimurium L'T-7.
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When these pro+ transductants were purified three times on minimal plates (i.e., selecting
for prot), the resulting colonies appeared to be stably integrated by the criterion of colony color
on green indicator plates. A stable lysogen derived from each lysogen was saved; these lysogens
(DB5732 and DB5733) are the source of all the P22pro-1 and P22pro-3 lysates used in this paper.

Phage strains

The following P22 strains, derived from the wild-type strain of LeviNe (1957) were used:
ct, the wild-type phage, c,-5, a clear-plaque mutant which does not lysogenize (LEvINE and
Curtrss 1961); inz3, an integration-deficient mutant (Smrta and LEviNe 1967) ; mnt{, a mutant
which is unable to maintain lysogeny (Gouvcw 1968); m,sieAlsieBlc,-1s30 [sieAl and sieB? are
mutations which remove the prophage superinfection exclusion system (Susskinp, WRIGHT and
BorsTeIN 1971); ¢,-1s30 makes the prophage heat-inducible]. The plaque morphology markers
m, and k,, have been described previously (Levine and Curtiss 1961).

P22bp! tet® [att int]¥/, which contains a deletion which removes the phage attachment site
and at least part of the int gene, was isolated as a non-defective, large plaque-forming revertant
from a high-frequency-transducing lysate of defective P22Tc-10 particles (Cuan et al. 1972;
TyE, CHAN and BoTsTEIN 1974).

P22¢p1 [ait]V was isolated as a large plaque-forming revertant from a P22pro-f lysate.

Phage L (Brzpex and Amatr 1968) is a temperate Salmonella phage heteroimmune to P22
but very closely related to it (BorsTenn, Crran and Wapperr 1972).

Media

LB broth, lambda agar, soft top agar, minimal top agar, dilution fluid, and buffered saline are
described in Eper-Tsipis and BorsteiN (1971). Minimal medium containing amino acids
(M9CAA) is described by Smite and Levine (1964). Minimal agar is M9 medium (no amino
acids) with 1.59 agar (w/v). Green indicator agar is described by Cuan et al. (1972).

Complementation test for lysogeny

The complementation test is essentially that described by Smrrr and LeviNe (1967). Cells
(either DB21, DB74, or DB98) were infected with each of two phages to be tested. The multi-
plicity of infection of ¢,-53, int3, mnt, bp1, and cp! was 10 PFU/ml; the multiplicity of infection
of P22pro-1 was 60 particles/cell and of P22pro-3 was 10 particles/cell where the particle titer
was estimated by determining the absorbance at 260 nm (see Table 2). The infected cells were
spread on green indicator plates and incubated at 37° overnight.

TABLE 2
The relative titer of defective particles in a P22Tc-10, P22pro-1, and P22pro-3 lysate*

Plague Plaque
Particle titer formation on a P22 formation on a
estimated by prophage deletion sensitive, nonlysogenic
Lysate Aot strain (DB147)} strain (DB21)§
P22Tc-109 1.0 .06 5.0 x 10-8
P22pro-1 1.0 .02 1.0 X 10-¢
P22pro-3 1.0 55 1.3 x 10-2

* For each lysate, the titers are normalized to the titer estimated at A, .

+ The particle titer was estimated by measuring the absorbance at 260 nm (A,;,) of CsCl-
purified particles and dividing by the optical cross section of wild-type P22 particles (1.8 X 10-12
A,4o/PFU at 1 cm path length (Smrta 1968; CraN, unpublished).

1 DB147 is a pro~ P22 prophage deletion strain (CHAN et al. 1972).

§ For P22Tc-10 and P22pro-1, only large plaques were counted because only large plaques
plate linearly. Since all plaques in a P22pro-3 lysate plate linearly, all P22pro-3 plaques were
counted.

€ The values for P22Tc-10 are taken from CuaN et al. (1972).
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Unstably lysogenized colonies appear dark green or blue on green indicator plates, whereas
stably-lysogenized or uminfected, sensitive colonies appear white or yellow. Therefore, in each
case, about 30 white colonies were tested because all the other colonies on the plate were green.
Two phages were said to complement if immune, stably-lysogenized colonies were found. The
presumptive lysogens were further tested for the ahility to produce phage upon UV-induction.

The isolation of gxu—pro— P22 prophage deletions

We developed a simple, positive selection on solid medium for P22 prophage deletions by
simultaneously selecting for 8-azaguanine-resistance (8AGR) and for survival at the nonper-
missive temperature of a temperature-inducible (c,-ts) lysogen. The rationale for this procedure
is based on the observation by Gots, BEnson and Smumas (1972) that a gene (called gzu)
required for guanine and zanthine utilization maps to the left of the proB and proA (proline
biosynthesis genes) and of afaA (the P22 prophage attachment site) on the Salmonella chromo-
some (see Ficure 7); loss of the gzu function results in resistance to 8-azaguanine.

A stock solution of 8-azaguanine (Calbiochem) at 10 mg/ml was made in 0.2 M NaOH.

Aliquots of independent overnight cultures of a P22¢,-ts lysogen were spread on minimal
plates containing 8-azaguanine (100 ag/ml) and proline (20 ug/ml), warmed to 40°, and
incubated for 2 days at 40°.

Two colony sizes are seen among the survivors on the plate: the small colonies occur at a
frequency of 108, whereas large colonies occur at a frequency of 6 X 10-8. The large colonies,
which we presume are truly resistant to 8-azaguanine (8AGR) were purified by single-colony
isolation at 40° on minimal plates supplemented with 8AG and proline and tested for pro~ and
immunity. Colonies which were pro- and nonimmune were then tested for the presence of phage
genes as described by Cran and Borstein (1972).

Preparation of phage stocks

Lysates of P22pro-1, P22pro3, and P22Tc-10 were prepared by UV-induction of the appro-
priate lysogens in MICAA as described by CuaN et al. (1972), except that purified base-plate
parts (IsraEL, AnpErsoN and LeviNE 1967; IsrarL 1967) were not added to lysates of P22pro-1
and P22pro-3 because the particles in these lysates are not base-plate-deficient.

P22mc,-5h,, was prepared by infecting DB21 (about 3 X 107 cells/ml) in LB at an m.o.i.
of 0.01 and shaking at 30° for 314 hours.

P22bp1 was grown on DB21 by the plate stock method (Apams 1959).

Preparation of phage DNA

Phage DNA was prepared from purified phage particles as described by Tyr, CHAN and
BorsTeIN (1974).
Eleciron microscopy of DNA heteroduplezes

The method of Davis, Stmon and Davinson (1971) as modified by Tyg, Cuan and BorsTEIN
(1974) was used.

RESULTS

P22pro-1 and P22pro-3 transducing genomes

Previous work (Jessor 1972, 1976) had suggested that P22pro-7, like P22Tec-
10, might have an insertion of host DNA which adds length to the composite
genome making the intracellular, replicated genome too long to fit into a single
phage head. To look for that insertion, we prepared heteroduplexes between
P22pro-1 DNA and P22Tc-10 DNA. In such preparations, heteroduplex mole-
cules can be distinguished from homoduplex molecules by the presence of the
lariat-shaped Tc-10 insertion (Tye, Cman and BorsteIn 1974); furthermore,
the location of the proline genes relative to the Tc-10 insertion is revealed by the
structure of a pro-1/Tc-10 heteroduplex.
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The pro-1/Tc-10 heteroduplex: The heteroduplex between P22pro-1 DNA and
P22Tc-10 DNA (Figure 1a) is circular because the two strands which make up
the duplex are circularly permuted with respect to each other. The character-
istic Tc-10 stem and loop structure as well as a large substitution in the hetero-
duplex due to pro-7 are traced in Figure 2a and interpreted in Figure 3a.

Ficure 1.—DNA heteroduplexes between P22Tc-10 and the proline transducing phages. (a)
P22Tc-10/P22pro-1. The limits of one single-stranded region are marked by the arrows; the limits
of the second single-stranded region are marked by the bars. (b) A section of a P22Tc-10/P22pro-1
heteroduplex which shows the structure of the pro-1 substitution very clearly. The arrow points
to the small deletion segment at the base of the pro-7 substitution. (c) P22Tc-10/P22pro-3. The
limits of the single-stranded region are marked by the arrows.

Tracings of the regions of nonhomology in these heteroduplexes are shown in Figure 2.
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(a) -
SN /Tc 10

(b)

pro-| —

(c)

Fieure 2.—Tracings of nonhomologous regions of the DNA heteroduplexes in Figure 1.

(a) & (b). P22Tc-10/P22pro-1

(c). P22Tc-10/P22pro-3

The double-stranded regions are represented by the thick solid line. The double-stranded stem
of the Tc-10 insertion is represented by the thick dashed line. The single strand belonging to
P29Tc-10 is represented by the thin dashed line. The single strand belonging to the proline phage
is represented by the thin line. In panel (b), the symbol (ds) refers to the deletion segment at

the base of the pro-7 substitution.

If the pro-1 substitution resulted in a net loss of DNA from the phage genome,
the mature pro-1 chromoscme would be expected to have more terminal repe-
tition than wild type since P22 is pack:ged by a “headful” mechanism (StrEl-
SINGER, EMricH and StanL 1967; TyE, Caan and BorsteiN 1974; Tye, HUBER-
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(a) Te-10/pro-|

(b} Tc-10/pro -3

Freure 3.—A schematic diagram showing our interpretation of the DNA heteroduplexes
between P22Tc-10 and the proline phages. The solid line represents the Tc-10 DNA strand; the
dashed line represents the proline phage DNA strand.

maN and BorstEIN 1974). However, the pro-1 chromosome appears to have no
terminal repetition at all, since no single-stranded branches are found on the
circular pro-1/Tc-10 heteroduplex. Thus, we conclude that the P22pro-1 substi-
tution, like the Tc-10 insertion, results in a net increase in the length of the
phage genome.

There are two single-siranded regions in the circumference of the circular
heteroduplex (marked by the arrows and bars in Figure la; diagrammed in
Figure 3a) ; one single-stranded region must correspond to the ends of the incom-
plete P22Tc-10 DNA strand and the other must correspond to the ends of the
incomplete P22pro-1 DNA strand (see Figure 3a).

Eleven circular heteroduplexes were photographed and measured. The pro-1
substitution, which is located near the site of the Tc-10 insertion, is composed of
a 139, insertion and a 0.49, deletion.
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We cannot rule out the possibility that the small deletion segment at the base
of the pro-1 substitution (see Figures 1b and 2b) is an artifact of the spreading
conditions since such an artificial denaturation is sometimes seen at the base of
the deletion/insertion loop in heteroduplexes of the simple deletion mutant Ab2
(M. M. GoTrTEsMAN, personal communication; R. W. Davrs, personal communi-
cation). Nevertheless, we believe that the tiny deletion segment is real since we
have seen it in photographs of 40 molecules and in many more molecules directly
in the electron microscope. In any case, either interpretation of the structure of
pro-1 is compatible with our explanation for the origin of P22pro-1.

The pro-1/wild-type heteroduplex: Heteroduplexes were prepared between P22
wild-type DNA and P22pro-7f DNA. The structure and dimensions of the pro-1
substitution in these circular heteroduplexes were identical to the structure and
dimensions of the pro-7 substitution in the pro-1/Tc-10 circular heteroduplexes
described above.

The pro-3/Tc-10 heteroduplex: The DNA heteroduplex experiments used to
determine the structure of P22pro-1 DNA were repeated with P22pro-3 DNA.
Figure 1c shows a typical pro-3/Tc-10 circular heteroduplex with the Tc-10
insertion and a substitution due to pro-3. Like the pro-1/Tc-10 circular hetero-
duplex, the pro-3/Tc-10 circular heteroduplex has no single-stranded branches.
This suggests that the pro-3 substitution, like the pro-7 substitution and the Tc-10
insertion, results in a net increase in the length of the phage genome relative to
wild type such that the “headful” packaging mechanism produces mature DNA
molecules with no terminal repetition (STREISINGER, EMRICH and StamL 1967;
Tye, Can and BorsTEIN 1974).

Knowing that the genome of P22pro-3 is longer than wild type, we can assign
the long strand in the substitution loop to P22pro-3 (see Figures 1c, 2¢ and 3b).

Eleven circular heteroduplexes were measured. The pro-3 substitution, like the
pro-1 substitution, is located near the site of the Tc-10 insertion, but consists of a
69 insertion and a 3%, deletion.

The pro-3/wild-type heteroduplex: Heteroduplexes were prepared between P22
wild-type DNA and P22pro-3 DNA. The structure and dimensions of the pro-3
substitution in these circular heteroduplexes were identical to the structure and
dimensions of the pro-3 substitution in the pro-3/Tc-10 circular heteroduplexes
described above.

The pro-1/pro-1 and pro-3/pro-3 DNA homoduplexes: The preceding experi-
ments showed that the P22pro-7 genome is 13% longer than a wild-type genome
and that the P22pro-3 genome is 3% longer than a wild-type genome, whereas a
normal headful of P22 DNA is just 29 longer than the length of the wild-type
genome (this follows from the fact that the wild-type terminal repetition is about
2% (Rmoapks, MacHaTTIE and Taomas 1968; Ty, CHAN and BorsTEIN 1974)).
Therefore, the P22pro-1 and P22pro-3 genomes are too long to fit into a single
phage head; incomplete, but circularly permuted DNA molecules will be encap-
sulated by the headful packaging mechanism. These P22pro-1 and P22pro-3
DNA molecules, like P22Tc-10 molecules (TyE, Caan and Borstein 1974), are
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able to form circular homoduplexes lacking terminally repetitious ends (data
not shown; Cuan 1974).

P22pro-1 and P22Tc-10 have similar plaque-forming properties

Now we describe the properties of P22pro-1 that originally led us to believe
that P22pro-1, like P22Tc-10, contained an insertion of host DNA which added
length to the composite genome making it too long to fit into a single phage head.
These results confirm similar observations by Jessor (1972, 1976).

When a P22pro-1 lysate is plated on a sensitive, pro- indicator strain, small
plaques and large plaques are seen; the turbid centers of small plaques contain
prot transductants, whereas the turbid centers of large plaques do not. Plaque
formation by small plaques (Figure 4a) is multiplicity-dependent. The fre-
quency of large plaques in a P22pro-1 lysate is so low (never more than 59, of
total plaques) that the high background of small plaques makes 1t difficult to
count statistically significant numbers of large plaques. To reduce the high back-
ground of small plaques, we plated the P22pro-1 lysate on a rec indicator strain
(see CuanN 1974 for details). The results plotted in Figure 4b indicate that the
large plaques from a P22 pro-1 lysate increase linearly.

Jessop (1972) showed that there were many more particles in a P22pro-1
lysate, as estimated from electron microscope counts or from assay of pro* trans-
ductants, than there were plaque-forming units, as estimated by plating on sensi-
tive cells. These defective particles can also be assayed by plating on P22
prophage deletion strains or on a lysogen of the heteroimmune phage L. Further-

1000

T T T 11T

100

Plaques

2% 23 272 7l 0 3 2 it R0
Relative Concentration of Phage
F1cure 4.—Concentration dependence of the plaque assay. (a) @ P22pro-f small plaques on
DB21; O, P22pro-3 on DB21. DB21 is a nonlysogen. (b) O, P22pro-1 on DB124; A, P22pro-3

on DB124; @, P22pro-1 large plaques on DB47. DB124 is lysogenic for the heteroimmune phage
L; DB47 is rec~. For each case, the data from an arbitrary set of serial dilutions is shown.
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more, the plaques from a P22pro-7 lysate which appear on a heteroimmune
lysogen (DB124) increase as a linear function of the concentration (Figure 4b)
in contrast to the small plaques from a P22pro-7 lysate that do not increase
linearly (Figure 4a) on a nonlysogenic indicator (DB21).

The number of particles in our F22pro-1 lysate can be estimated by measuring
the absorbance at 260 nm (Smrta 1968; see also CHAN et al. 1972). Using this
measure, we find that there are 10°-fold more particles in a P22pro-1 lysate than
there are large-plaque-forming phage (Table 2). No particular essential region
of the genome must be missing from all of these defective particles since over-
lapping prophage deletions each can support growth of a substantial number of
defective particles (data not shown; Caan 1974).

These plaque-forming properties of a P22pro-1 lysate are consistent with the
physical structure of the P22pro-7 genome. The pro-1 substitution makes the
phage genome too long to fit into a single phage head; therefore, the headful
packaging mechanism encapsulates incomplete but circularly permuted frag-
ments of the intracellular replicated genome. The particles containing these
incomplete chromosomes are defective upon single infection, but can cooperate
with each other to grow in a multiple infection, thereby producing P22pro-1
small plaques which show a multiplicity-dependence. These defective particles
can also be rescued by recombination with the phage DNA present in P22 pro-
phage deletion strains or in lysogens of the heteroimmune phage L. The large
plaques, which appear as a linear function of the concentration, arise from
revertant phages which have lost the insertion of proline genes; the genome of
these revertants has become short enough to fit into a phage particle again.

P22pro-3 does not have the same plaque-forming properties as P22pro-1 and
P22Tc-10

Unlike a P22pro-1 lysate, a P22pro-3 lysate makes small plaques that increase
linearly (Figure 4a; see also Jessor 1976); the turbid centers of these plaques
contain prot transductants. Thus, P22pro-3 might at first appear to be a non-
defective P22 specialized transducing phage. However, the titer of a P22pro-3
lysate can be increased up to 50-fold by plating on certain P22 prophage deletion
strains (CHAN 1974; see also Jessop 1976). These additional particles which are
responsible for forming plaques on prophage deletion strains can also be detected
physically by measuring the absorbance at 260 nm of CsCl-purified particles
(Table 2). Thus, about 509 of the particles in a P22pro-3 lysate can form
plaques on certain prophage deletion strains, whereas only 1% can form plaques
on a sensitive, non-lysogenic strain.

Physical and genetic mapping of the Tc-10 insertion and of the pro-1 and pro-3
substitutions

The pro-1/Tc-10 and pro-3/Tc-10 DNA heteroduplexes above showed that
both proline substitutions were located close to the site of the Tc-10 insertion. To
determine whether both proline substitutions were on the same side of the Tc-10
insertion, the proline substitutions were mapped with respect to another marker.
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For this purpose, we chose the bp? deletion, a derivative of P22Tc-10, which
removes the phage attachment site and the int gene but retains part of the tet®
insertion (CHAN et al. 1972; Tye, CHAN and BorsTEIN 1974).

T he pro-1/bp1 and pro-3/bp1 heteroduplex: Heteroduplexes between P22pro-1
DNA and P22bp7 DNA were prepared and examined in the electron microscope.
All the circular heteroduplexes observed had only one region of nonhomology
(see Figures 5a and 6a), indicating that the site of the pro-7 substitution overlaps
the region deleted by bp1.

Ficure 5.—DNA heteroduplexes between P22bp1tet® [att int]V and the proline phages.

(a) P22bp1/P22pro-1

(b) P22bp1/P22pro-3
The nonhomologous region in each heteroduplex is indicated by the arrows and is also traced in
Figure 6. The terminal repetition (TR) is also labeled.
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(a)

(b)

Froure 6.—Tracings of the nonhomologous regions of the DNA heteroduplexes shown in
Figure 5.

(a) P22bp1/P22pro-1

(b) P22bp1/P22pro-3
The double-stranded regions are represented by the thick line. The single strand belonging to
P22bp1 is represented by the thin line. The single strand belonging to the proline phage is repre-
sented by the thin dashed line. The logic of the strand assignments is presented in the piscussioN
and Figure 9.

If the pro-3 substitution is on the same side of the Tc-10 insertion as the pro-1
substitution, the pro-3 substitution should also overlap the region deleted by the
bp? deletion. Heteroduplexes between P22pro-3 and P22bpf DNA were prepared
and examined in the electron microscope. The circular pro-3/bp1 DNA hetero-
duplex has only one region of nonhomology (Figure 5b, 6b), indicating that the
pro-3 substitution, like the pro-7 substitution, overlaps the region deleted by
P22bpitet® [att int] V.

Genetic mapping of the Tc-10 insertion: The heteroduplex mapping described
above showed that both proline substitutions are close to the site of the Tc-10
insertion and that both substitutions are on the same side of the Tc-10 insertion.
In this section, we describe the genetic mapping of the Tc-10 insertion that will
enable us to determine the genetic location of the proline substitutions.

Previously, Tye, Caan and Borstein (1974) had concluded that the Tc-10
insertion must be near the inf gene and the phage attachment site because a single
deletion such as the bp? deletion simultaneously removed part of int and att as
well as part of the Tc-10 insertion. This conclusion is confirmed by our deletion
mapping of the P22T¢c-10 prophage. Figure 7 shows that every prophage deletion
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Ficure 7.—Deletion mapping of the Tc-10 insertion. The bars represent the deleted material
in these gzu~pro— P22 prophage deletion strains which were isolated from a lysogen of P22Tc-10
¢,-ts30 by simultaneous selection for resistance to 8-azaguanine and survival at high temperature
as described in the MATERIALS AND METHODs.

strain isolated (including DB5512 whose deletion falls within gene 9, the right-
most essential gene) was tet®. Thus, the tet® gene(s) are located to the right of
gene 9 on the proC side of the P22 prophage. Furthermore, all the genes required
to define the Tc-10 genotype are located there, too, because the P22Tc-10 phage
can efficiently be reconstructed by recombination between P22 wild type and the
tet® gene(s) which remain in the prophage deletion strain DB5512 (Figure 7).

Since the vegetative genetic map of P22 is circular (Gouen and LevinNe 1968),
the gene order around the phage attachment site must be 9-Tc-10-att—int. The
proline/Tc-10 heteroduplexes showed that the proline substitutions were close to
the site of the Tc-10 insertion but did not specify on which side. We can place the
proline substitutions on the att side of theTc-10 insertion because the proline/bp?
heteroduplexes show that the proline substitutions overlap the region deleted by
the bp! deletion which removes int, att, and part of the Tc-10 insertion (CHAN
et al. 1972; Tye, Caan and BorsTEIN 1974). Thus, we deduce the following map
order: 9-Tc-10-(pro-1, pro-3, att)—int.

The P22pro-1 and P22pro-3 substitutions cause a defect in prophage attachment

The preceding results suggest that the attachment site (azt) of P22 is near the
site of the proline substitutions in both P22pro-7 and P22pro-3. In the case of
coliphage A, such substitutions cause a non-complementable (i.e., cis-dominant)
defect in prophage integration. If the proline transducing phages are both actually
the result of an aberrant excision of a P22 prophage, then one might expect a
similar defect in these phages.

Although the prophage attachment site on the Salmonella chromosome is intact
in strain DB98 (a proline-requiring strain which carries the point mutation
proA15), prot transductants of DB98 made from a P22pro-7 lysate give an
“unstable” response when streaked on green indicator plates (Smrra and LEVINE
1967). If sensitive cells superinfected with P22pro-7 at a high multiplicity of
infection are plated directly on green indicator plates (i.e., no selection for prot),
the colonies still appear unstable; Jessor (1976) has made similar observations.
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Any mutation that prevents P22 from integrating will give this “unstable”
response on green indicator plates (Smire and LEvINE 1967; Goucn 1968). The
defect can be in the phage (e.g., P22mnt~ or P22int") or in the bacterium (e.g.,
a Salmonella strain deleted for the prophage attachment site on the bacterial
chromosome).

In order to characterize the defect leading to this unstable response, a P22pro-1
lysate was tested for complementation with P22¢,~ (c. is the gene for the immC
repressor; LEvINE 1957, 1972; CuanN and BorsteiN 1972), P22mni- (mnt is the
gene for a second (imml) repressor, which is required for the maintenance of
lysogeny; Goucu 1968; LeviNe 1972; CHAN and BorstEIN 1972), P22int~ (the
int gene product is required for integration of the phage into the chromosome;
Smvrte and Levine 1967), and P22bp1tet® [att int]V (P22bp! has a deletion
that removes the phage attachment site and the in¢ gene; CHAN et al. 1972; TYE,
CuanN and BorstEIN 1974). As shown in Table 3, P22pro-1 can complement
P22c,~, P22mnt-, and P22inz~ for lysogeny, but fails to complement P22bp? for
lysogeny. We conclude that P22pro-7 must have an altered or defective phage
attachment site, but that mnz, int, and ¢, genes are intact in P22pro-1.

An alteration in the phage attachment site would be expected to affect the
establishment of lysogeny but not the stability of lysogens after they have been
formed. This expectation is confirmed by the observation that the rare lysogens
(i.e., pro* transductants) which are formed after infection by P22pro-1 are as
stable as wild-type P22 lysogens. They give the stable wild-type response on
green indicator agar.

In a previous section, we concluded that the pro-1 substitution is located near
the phage attachment site because it overlaps the bp? deletion, which removes the
phage attachment site and at least part of the int gene. Thus, it seems reasonable
to assume that the defect in the attachment site of P22pro-1 is caused by the pro-1
substitution.

Like P22pro-1, P22pro-3 fails to integrate (Jessop 1976), complements P22¢,~,
P22mnt-, and P22int~ for lysogeny, but fails to complement P22bp! (Table 3).
Therefore, P22pro-3 also appears to have an altered or defective phage attach-
ment site, while retaining the ¢,, mnt, and int genes intact.

TABLE 3

Complemeniation* for lysogeny

Alone P22¢,-5 P22mntt P22int3 P22bptt
Alone 0 0 0 0
P22pro-1 0 - -+ -+ 0
P22pro-3 0 + -+ + 0
P22cpt 0 + + + 0

* The complementation was performed as described in MATERIALS AND METHODS. 0 = no stable
lysogens found among the 100-200 colonies scored. | — at least one stable lysogen found.
P22¢p1 is a large-plaque-forming phage derived from P22pro-1.

+ P22bp1 has a deletion that covers the phage attachment site and the int gene.
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A large plaque-forming revertant (designated P22cp?) isolated from a P22
pro-1 lysate no longer transduces pro*, but resembles the P22pro-1 lysate in its
ability to complement P22¢,~, P22mnt-, and P22int-, but not P22bp1 for lysogeny
(Table 3). We conclude that P22¢p?, like P22pro-7, must have an altered or
defective phage attachment site and an intact mnt, int, and c, gene. P22cp1 is
therefore a useful tester phage since it is the first plaque-forming P22 phage that
is att-int*, and thus resembles Ab2 (KeELLENBERGER, Zicuicul and WEIGLE

1961).

DISCUSSION

In previous work (WATANABE et al. 1972; CHAN et al. 1972; TyE, CaAN and
BorsTEIN 1974) on specialized transduction with P22Tc-10, we described how a
phage with a headful mechanism for the encapsulation of DNA (STREISINGER,
EmricH and StaHL 1967) could accommodate a large insertion of host DNA that
made the composite genome too long to fit into a single phage particle. In par-
ticular, we showed that P22Tc-10 could package incomplete, but circularly per-
muted fragments of its intracellular replicated genome. In order to show that
the major properties of P22Tc-10 were not restricted to P22 specialized trans-
ducing phages carrying insertions derived from R factors, we began the study of
P22pro-1 and P22pro-3 reported here.

Our results can be briefly summarized: P22pro-1 and P22pro-3 each contain
a substitution of host DNA that adds length to the composite genome, making it
too long to fit into a single phage particle. Nevertheless, incomplete and circularly
permuted fragments of these intracellular replicated genomes are encapsulated
by the headful packaging mechanism. The plaque-forming properties of P22pro-1
are similar to those of P22Tc-10. Using physical and genetic methods, we have
determined the following map order in the vicinity of the phage attachment site:
9-Tc-10-(pro-1, pro-3, att)—int. Thus, the pro- and pro-3 substitutions are
located close to, but not at, the same site as the Tc-10 insertion. Unlike P22Tc-10,
P22pro-1 and P22pro-3 behave as though they are defective in the phage attach-
ment site.

Physical mapping of the P22 genome

Summary of measurements: Our measurements of the pro-7 and pro-3 DNA
heteroduplexes are summarized in Figure 8, Within the limits of error, the
dimensions of each proline substitution are identical whether proline phage DNA
was reannealed with Tc-10 DNA (Figures 8a, b) or with wild-type phage DNA
(Figures 8¢, d). Likewise, the dimensions of the Tc-10 insertion are identical in
our two preparations (Figures 8a, b) and are identical to those reported by TyE,
Cuan and Borstein (1974).

In the heteroduplexes between P22bp! DNA and proline phage DNA, we
assigned the long strand in the region of nonhomology to the proline-transducing
phage (Figures 8e, {) because the circular bp? /pro DNA heteroduplexes had only
one single-stranded branch (see Figures 5a, b and 9a, b) which must correspond
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{a) Te-10/pro-1|

131 1.5

{(b) Tc-10/pro-3

129 £ 1.7

4+3
~
sexi2 S [N
13.0% 1.8
(c} WT/pro-| (d) WT/pro-3
21,04 35+.9
A —"—
6.5%.7
13.3%£1.5
(e} bpl/pro-| (f) bpl /pro-3
12.3x3.2 9.7 +L7
" "
17.6 £ 3.1

30.1+ 6.1

Ficure 8.—A summary of measurements of the regions of nonhomology in circular DNA
heteroduplexes involving P22pro-1 and P22pro-3. In each case the lower DNA strand belongs to
the proline-transducing phage. The measurements pertain to the segments marked by the arrows.
The segment lengths (given as the mean =+ standard deviation) are expressed as a percent of the
heteroduplex circumference. The circumference of the Tc-10/pro-1, Tc-10/pro-3, WT/pro-1,
WT/pro-3 heteroduplexes is equivalent to the length of a wild-type genome. The circumference
of the bp?/pro-1 and bp?/pro-3 heteroduplexes is equivalent to the length of the bp! genome
which is 59 shorter than a wild-type genome (Tve, Caan and Borstein 1974). The number
of molecules measured for each heteroduplex is as follows: (a) 11, (b) 11, (¢) 7, (d) 7, (e) 7,
) 10.

to the terminally repetitious end of the bp? chromosome (Tye, CHAN and Bot-
sTEIN 1974). Since each mature P22 DNA molecule must be the same length
(i.e., one headful), the long strand in the nonhomology loop must belong to the
proline phage. The length of each strand in the nonhomology region of the
pro/bp! heteroduplexes is also consistent with what we already know about the
size of the proline substitutions and the size of the bp? insertion-deletion. TYE,
Cuan and BorsteEIN (1974) showed that the length of the wild-type strand in
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(o) bpl/ pro-i

Ficure 9.—A schematic diagram showing our interpretation of the DNA heteroduplexes
between P22 bpf tet® [att int]V and the proline phages. The solid line represents the bp7 DNA
strand and the dashed line represents the proline phage DNA.

the nonhomology region of a bpf/wild-type heteroduplex is 159, representing
the P22 DNA which is deleted in bp?, whereas the length of the bpf strand in
the nonhomology region of the same heteroduplex is 109, representing the
remainder of the Tc¢-10 insertion left in bp7.

Knowing the size of the pro-1 insertion (e.g., from Figure 8c), we can predict
that the length of the bp? strand in the nonhomology region of a bpf/pro-1
heteroduplex should still be 109, representing the remainder of the Tc-10 inser-
tion. The length was measured and found to be 12.3 + 3.29, (Figure 8e). The
length of the pro-7 strand is expected to be 159% + 13% = 289, representing the
P22 DNA deleted from bp? (15%) and the proline genes (13%) added in
P22pro-1 for which there is no homology in bp?. The length of the pro-1 strand
as determined by measuring is 30.1 = 6.1% (Figure 8e). Within the limits of
error, there is agreement between predictions and the actual measurements.
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We can make the same calculations for the pro-3/bp! heteroduplex. The length
of the bp! strand in the nonhomology region of a pro-3/bp1 heteroduplex should
be 10%, representing the remainder of the Tc-10 insertion; the measured length
for that strand is 9.7 += 1.7% (Figure 8f). The length of the pro-3 strand in the
nonhomology region of a pro-3/bp1 heteroduplex is expected to be 159 + 3% =
189%, representing the P22 DNA deleted from bp/ (159 ) and the proline genes
(3%) added in P22pro-3; the measured length for that strand is 17.6 = 3.1
(Figure 8f). Again, the agreement between predictions and the actual measure-
ments is well within experimental error.

The P22pro-1 and P22pro-3 substitutions are at the phage attachment site:
P22pro-1 carries the proA and proB genes (Jessop 1972) which are located to the
left of the P22 prophage attachment site on the Salmonella typhimurium chro-
mosome (SmrtH and LeviNe 1965; SmitH and StocKER 1966; ITikawa and
Demerec 1968); thus, we could imagine that P22pro-1 was formed in an
abnormal excision event (Figure 10) as envisioned by CampBeLL (1962). The
hybrid attachment site formed by such an abnormal excision might account for

[ p22 pro-l|

v v
proAB_ int immC immI 9

A B-P'

Ficure 10.—A model for the formation of P22pro-1 and P22pro-3 by abnormal excision
(CampBELL 1962) of the P22 prophage.
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the failure of P22pro-1 to integrate normally. The formation of P22pro-3, which
also contains a substitution of the proline genes and fails to integrate normally,
can be explained in the same way (Figure 10).

If P22pro-1 and P22pro-3 were formed by the mechanism outlined in Figure
10, the hybrid attachment site (B-P’), which marks the endpoint of the proline
substitution, should be located at the same place in P22pro-1 and P22pro-3. The
distance between the Tc-10 insertion and the distal endpoint of the pro-1 substi-
tution [ (5.8 = 1.2)% + (0.4 = 0.3)% = (6.2 = 1.5)%] (see Figure 8a) is iden-
tical to the distance between the Tc-10 insertion and the distal endpoint of the
pro-3 substitution [ (3.0 = 1.4)9% + (3.1 £ 0.8)% = (6.1 = 2.2)9%] (see Figure
8b), strongly supporting the idea that P22pro-1 and P22pro-3 were indeed
formed by an abnormal excision as envisioned by CampBELL (1962) and that
B-P’, the hybrid attachment site, is located at the distal endpoint of the proline
substitution.

Since the 69, insertion of bacterial genes in P22pro-3 carries proAB+, the proA
and proB genes must be located within 69, (the length of the wild-type P22
genome) of the attachment site, assuming that P22pro-3 was formed by the single
excision pictured in Figure 10.

Constructing a physical map of the region of the P22 genome near the prophage
attachment site: In the previous section, we concluded that the distal endpoint
(relative to the Tc-10 insertion) of the proline substitutions represented the site
of B'P, the hybrid attachment site (see Figure 10). Knowing that the Tc-10
insertion is located a distance of 69, (the length of a wild-type P22 genome)
from the distal endpoint of the proline substitutions (see Figures 8a, b), and that
the Tc-10 insertion is located on the gene 9 side of the attachment site (see Figure
7), we place the Tc-10 insertion on the gene 9 side of a point 6% from the attach-
ment site (Figure 11).

Defining the position of the Tc-10 insertion allows us to estimate the extent of
the deletions which remove part of the Tc-10 insertion as well as some phage
DNA in P22bp1 tet® [att int]V and P22bp5 tet® [att int]V (CHAN et al. 1972).
TyEe, CaAN and Borstein (1974) found that P22bp! deleted 159 of wild-type
P22 and retained a segment of the Tc-10 insertion equivalent to 10% of the wild-
type P22 genome. Assuming that P22 bp! was formed by a single continuous
deletion, we can locate the left endpoint of the bp? deletion so that a segment of
the Tc-10 insertion equivalent to 109, of the wild-type P22 genome is retained.
In order to account for the 159 deletion of P22 genes by the bp! deletion, the
right endpoint of the bp! deletion must be located 9% to the right of the attach-
ment site (Figure 11).

The genetic properties of P22bp! (CHAN et al. 1972; Tye, CaAN and BorsTEIN
1974) are consistent with these physical endpoints:

1) P22bpi still carries the tet® gene. Smarp, ConEn and Davinson (1973)
showed that the tet® gene is located in the loop; this physical map leaves P22bp?
with half of the loop.
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Ficure 11.—A physical map of a portion of the P22 genome near the phage attachment site.
The solid bars superimposed on the circular P22 genetic map represent portions of the P22 genome
which are deleted in P22bp?, P22bp5, P22pro-1 and P22pro-3. The site of the P22Tc-10 insertion

is also indicated.

The region near the phage attachment site (P-P’) is drawn in greater detail showing the
insertions, deletions and substitutions. The sequence (a b ¢) represents the stem sequence (i.e.,
the inverted repeat) of the Tc-10 insertion. The scale at the bottom gives the dimensions as a
percentage of the P22 wild-type homoduplex circumference or as kilobases.

The lengths are based on measurements from this paper and from Tyr, CHAN and BoTsTEIN

(1974).



454 R. K. CHAN AND D. BOTSTEIN

2) P22bp! behaves as if it were azt-. This map shows that the bp? deletion has
removed 6% of wild-type P22 DNA to the left of att and 9% of wild-type P22
DNA to the right of atz.

3) P22bp! is int~. Since the int gene is the closest known gene on the right side
of att, this map suggests that the int gene must lie within 99, of the attachment
site.

4) Since P22bp1 is erft, the erf gene which is the closest gene to the right of
int (BorsTEIN and Matz 1970) must be at least 9%, to the right of the attachment
site.

We can also estimate the extent of the deletion in P22bp5. P22bp5 has deleted
169 of wild-type P22 and retained a segment of the Tc-10 insertion equivalent
to 2% of the wild-type P22 genome (TyE, CHaN and BorsteIiN 1974). The right
endpoint of the bp5 deletion must be close to the endpoint of the bp? deletion
(Figure 11). However, the left endpoint of the bp5 deletion must lie in the reverse
duplication (in order to leave a segment of the Tc-10 insertion equivalent to 29,
of the wild-type P22 genome behind). This physical map is also consistent with
the genetic properties of P22bp5 (Cuan et al. 1972; TyE, CaaN and BoTSTEIN
1974). Like P22bp1, P22bp5 is att- and int~. Since P22bp5 has deleted the entire
loop of the Tc-10 insertion, which presumably contains the zet® genes, P22bp5
should be ze®, which it is.

The DNA contained in the 6% segment between the site of the Tc-10 insertion
and the attachment site is dispensable for normal P22 growth since both P22bp?
and P22bp5 grow perfectly well, in spite of the fact that this region is completely
deleted in both phages. Striking similarities were found in the genetic maps of the
coliphage A and the Salmonella phage P22 (BorsteiN, CHAN and WADDELL
1972) ; this nonessential region in the P22 genome between the tail gene (gene 9)
and the phage attachment site thus seems to be analogous to the A 52 region.

The origin of P22pro-1 and P22pro-3

All the evidence presented in this paper strongly suggests that P22pro-7 and
P22pro-3 were formed by an abnormal excision of the P22 prophage as envisioned
by CameBELL (1962). Especially compelling is the observation that the pro-7 and
pro-3 substitutions share a common endpoint, the existence of which is explicitly
predicted by the Campbell model.

The formation of P22pro-1 and P22pro-3 in Salmonella can be considered
analogous to the formation of A gal specialized transducing phages in E. coli since
the proAB genes and the gal genes occupy similar positions with respect to the
integrated prophage. Therefore, it is not surprising that P22pro-1 and P22pro-3
also share the afz~ phenotype characteristic of the A gal phages (WeisBeRG and
GotrEsMan 1969). This result implies that P22, like A, requires an intact right-
hand phage attachment site (P- in Figure 10) for efficient integration into the
attachment site on the bacterial chromosome.

In our analysis of the heteroduplex structure of the pro-7 substitution, we could
not rule out the possibility that the pro-7 substitution was actually a simple inser-
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tion rather than an insertion-deletion. This alternate structure for the pro-1 sub-
stitution is still compatible with the mechanism suggested above.

Jessop (1972) reported that P22pro-1 and P22pro-3 were isolated from a stock
of P22 which had been grown lytically using the agar plate method. However,
our model for the origin of P22pro-1 and P22pro-3 necessarily assumes that the
parental P22 phage was integrated prior to the abnormal excision event. Thus,
it seems reasonable to assume that some of the phage must have integrated and
excised during growth on the plate.

The origin of P22Tc-10

According to the Campbell model (CampBeLL 1962), the Tc-10 insertion should
be located next to the phage attachment site since the model assumes that the
specialized transducing phage is generated next to the genes of interest (c.f.,
Figure 10). Instead, we find that the Tc-10 insertion is 6% of the length of a
wild-type P22 genome away from the prophage attachment site (Figure 11).
Furthermore, the Tc-10 insertion, as seen in heteroduplexes, has an unusual
lariat-like structure which suggests that the insertion contains a nontandem
reverse duplication. These observations suggest that the formation of P22Tc-10 is
not consistent with the Campbell model.

Instead, we believe that P22Tc-10 was formed by the translocation of the intact
tet® element (including the inverted repetition) from the R factor chromosome
to the P22 chromosome, since the structure of the Tc-10 insertion (TyE, CHAN
and BorsTtEIN 1974) is identical to the structure of the zet® element on the R
factor (Smarp, Conen and DavipsoN 1973) from which P22Tc-10 was derived.
More recent results (KLECKNER et al. 1975) suggest that the Tc-10 element can
be excised from the P22 chromosome and inserted into different sites on the
Salmonella chromosome.

How is the Tc-10 element translocated from one piece of DNA to another? We
believe that the stem sequences (i.e. the sequences in the inverted repeat) are
responsible for the integration and excision of the Tc-10 element since PrasaNE
and CoueN (1975) have shown that the stem sequence of Tc-10 is identical to a
known IS sequence—a piece of DNA which is known to insert into different sites
on the bacterial chromosome (Fianor, SzyBarski and Maramy 1972; HirscH,
STARLINGER and Bracurr 1972; MaLamy, Fianpr and SzyBarskr 1972).
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