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A physical gene map of the late region of the P22 chromosome has been constructed
by genetic analysis of restriction enzyme fragments of P22 DNA cloned in a plasmid vector.
Cleavage sites for restriction endonucleases Sall, SstI, Smal, Xhol, and BgiI were mapped
on P22 DNA to provide physical reference points in addition to the EcoRI, HindIll, and
BamHI cleavage sites previously mapped. Restriction enzymes KpnlI, BglIl, and Xbal
were found to have no cleavage sites on P22 DNA. Fragments of P22 DNA produced by
cleavage with EcoRI, BamHI, or EcoRI plus BamHI were cloned in Escherichia coli
using the plasmid vector pBR322, and the resulting recombinant plasmids were introduced
into Salmonella typhimurium. The genes present on a cloned fragment were identified by
the ability of the hybrid plasmid to complement or recombine with P22 amber mutations
in known genes when mutant phage were used to infect S. typhimurium strains carrying
the recombinant plasmids. These experiments place all phage genes required for P22 head
morphogenesis except gene 3 on the physical map between coordinates 0.000 and 0.318.
The coding capacity of this interval is in close agreement with the molecular weights of
the proteins assigned to it. The single gene for the P22 base plate protein is placed between
coordinates 0.376 and 0.420 on the physical map. These results also show that distances on
the recombination frequency map are significantly distorted relative to the physical gene map
of the late region. The recombination frequency map is expanded in the region of the physical
gene map where terminally redundant ends of the circularly permuted mature chromo-

somes fall.

INTRODUCTION

A chromosome map which shows the physi-
cal location of genes on the DNA molecule
is an invaluable aid to the study of genetic
organization and function. However, the cir-
cularly permuted and terminally redundant
form of the mature linear P22 chromosome
poses some difficulties for biochemical and
physical studies of P22 chromosome strue-
ture, since the ends of the molecules are
not convenient physical reference points.
Restriction endonuclease cleavage sites do
provide physical markers independent of
chromosome permutation, but construction
of restriction fragment maps is complicated
by the appearance of minor fragments de-
rived from chromosome ends (Jacksonet al.,
1978a). Permuted genomes also present
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special problems in the isolation of specific
chromosome fragments. While restriction
enzyme cleavage generates specific frag-
ments which can be separated by gel elec-
trophoresis, preparations of such fragments
are often contaminated by heterogeneous-
sized pieces derived from permuted chro-
mosome ends. In addition, identification of
the genes present on a particular fragment
is impeded by the fact that the recombina-
tion frequency map is distorted in the region
of molecular ends (Botstein et al., 1972;
Jackson et al., 1978b). Thus genes cannot
be assigned to restriction fragments by
simply overlaying the genetic map on the
physical map of restriction sites.

Our investigations of regulatory mech-
anisms controlling bacteriophage P22 late
gene expression required construction of
the P22 physical gene map presented here.
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In earlier work, cleavage sites of restric-
tion endonucleases EcoRI (Jackson et al.,
1978b) and HindlIII (Deans and Jackson,
1979) were located to provide physical refer-
ence points on P22 DNA. The physical map
was initially oriented with the recombina-
tion frequency map by use of early region
substitutions or deletions which were geneti-
cally defined and could be related to the
cleavage site map (Jackson et al., 1978b).
Subsequently, Tnl insertions located in late
region genes 20, 16, ant, and 9 were as-
signed to individual EcoRI or BamHI frag-
ments (Weinstocek, 1977). No substitutions,
deletions or insertions in the remaining late
region genes are available, and the recom-
bination frequency map is significantly dis-
torted with respect to gene size in this
region. In order to locate late genes more
precisely on the P22 physical map, we have
cloned fragments of P22 DN A in the plasmid
vector pBR322, and then have identified the
genes on the cloned P22 fragments by their
ability to complement or recombine with
known P22 amber mutations when mutant
phage are used to infect plasmid-bearing
cells. These experiments have produced a
physical gene map of the late region of the
P22 chromosome. The physical gene map
and the cloned P22 DNA fragments de-
seribed here will be valuable tools in future
genetic and biochemical studies of P22 gene
regulation and P22 chromosome maturation.

MATERIALS AND METHODS

Bacterial and bacteriophage strains. P22
cI-7 obtained from M. Levine was the source
of P22 DNA for all experiments. P22 amber
mutants used are from the collections of D.
Botstein or M. Levine. Escherichia coli K12
strain ED8654 met 1, “my *supEtyrTtrpR-,
obtained from N. Murray, was used as the
host in the cloning experiments. E. coli
strain RR1 carrying pBR322 (Bolivar et al.,
1977) was obtained from H. Boyer. Salmo-
nella typhimurium LT2 strains DB5289
r-mcysAl348am hisC527am and DB5297
rm-suppE sull cysAl1348am hisCh2T7am
were obtained from D. Botstein.

DNA preparations. Bacteriophage P22
DNA was prepared from virus particles as
previously described (Jacksonet al., 1978b).
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Cells containing pBR322 (Bolivar et al.,
1977) or recombinant plasmids were grown
in M9-casamino acids medium (Miller, 1972)
to midlog phase (Ags0 = 0.75-0.9), at which
point chloramphenicol was added to 150
pg/ml to amplify the plasmid (Clewell, 1972).
Plasmid DNA was isolated from cleared
lysates prepared as described by Clewell
(1972) followed by phenol extraction and
equilibrium centrifugation in CsCl-ethidium
bromide density gradients. Ethidium bro-
mide was removed by extraction with NaCl-
saturated isopropanol, and the DNA was
extensively dialyzed against 10 mM Tris-
HCI, pH 8.1, 1 mM EDTA, 10 mM NaCl
Restriction endonuclease cleavage analy-
sis. Restriction endonuclease EcoRI was
prepared according to the procedure of
Thomas and Davis (1975). EcoRI digestions
were carried out in 6 mM Tris~-HCl (pH
7.4), 6 mM MgCl,, 50 mM NaCl, and 50
ug/ml gelatin. BamHI and Sall were puri-
fied by an unpublished procedure of R.
Roberts. BamHI cleavage reactions were
performed in 6 mM Tris—HCI (pH 7.4), 6
mM 2-mercaptoethanol, 6 mM MgCl,, as
were BamHI/EcoRI double digestions. The
reaction conditions for Sall cleavage were
6 mM Tris—HCI (pH 7.4), 6 mM MgCl,,
0.2 mM EDTA, 150 mM NaCl, and 50
pg/ml gelatin. Xhol and Smal were pur-
chased from New England Biolabs. Xhol
digestions were performed in reaction con-
ditions described for BamHI. Smal reac-
tion conditions were 20 mM KCl, 6 mM Tris-
HCI (pH 8.1), 6 mM MgCl,, 6 mM 2-mer-
captoethanol, 100 ug/ml gelatin. Kpnl,
Xbal, Bgll, and BgllI were purchased from
Bethesda Research Laboratories and used
in the reaction mixtures specified by the
supplier. All reactions were incubated for
1 hr at 37°, then terminated by the addition
of 0.10 vol of 25% Ficoll, 100 mM EDTA,
2% SDS, and 0.0025% bromophenol blue.
Products of the restriction reactions were
analyzed by agarose and polyacrylamide gel
electrophoresis as previously described
(DeLeys and Jackson, 1976; Deans and Jack-
son, 1979). DNA in gels was visualized by
staining in 1 ug/ml ethidium bromide for 30
min, then destaining in distilled water for
30 min. Fragment sizes were estimated
from comparisons of their electrophoretic
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mobilities with those of standard DN A mole-
cules of known size.

Construction of hybrid plasmids. Frag-
ments of P22 DNA produced by digestion
withEcoRI, BamHI, or EcoRI plus BamHI
were inserted into the plasmid vector pBR-
322 (Bolivar et al., 1977) by ligation of the
cohesive restriction enzyme termini. One
microgram appropriately digested pBR322
DNA was mixed with a 5- to 10-fold molar
excess of P22 restriction fragments in a
100-ul reaction mixture consisting of 66 miM/
Tris-HC], pH 7.4, 10 mM MgCl,, 66 uM
ATP, 10 mM dithiothreitol, 50 ug/ml auto-
claved gelatin. T4 polynucleotide ligase (0.1
unit) (purchased from Bethesda Research
Laboratories) was added and the mixture
incubated 4 hr at 16°. In some experiments
the restricted pBR322 DNA was first
treated with bacterial alkaline phosphatase
to prevent ligation of recircularized pPBR322
molecules (Ullrich et al., 1977). DNA in 25
mM Tris—-HCl (pH 8.1) was incubated at
65° for 10 min with 0.1 units bacterial al-
kaline phosphatase/ug DNA. The phos-
phatase reaction was terminated by phenol
extraction. ~

Transformation of host cells. The prod-
uets of the ligation reactions were intro-
duced into E. coli K12 strain ED8654 by a
modification of the procedure of Cameron
et al. (1975). Cells were grown in L-broth
(Miller, 1972) to an Ags of 0.7, recovered
by centrifugation, and then resuspended in
half the original volume of ice-cold CTG (50
mM CaCl,, 50 ug/ml thymidine, 10% glye-
erol). Following a 20-min incubation on ice,
cells were pelleted and resuspended in 0.05
vol cold CTG and kept on ice until used
(a maximum of 24 hr). Recombinant plasmid
DNAs were introduced into bacterial hosts
by mixing 0.2 ml CaCl,-shocked cells and
0.1 ml ligation mixture. This mixture was
held 5 min on ice, incubated at 45° for 2 min,
then returned to ice for an additional 5 min.
One milliliter of L broth was then added
and the mixture incubated at 37° for 45 min
to permit expression of the plasmid encoded
antibiotic resistance. Aliquots (0.1 ml) of
this culture were then plated onto tryptone
plates containing 50 ug/ml ampicillin.

In situ colony hybridization. 3P-Labeled
P22 DNA, prepared by nick translation

(Rigby et al., 1977) to a specific activity
of 5.0 to 50 x 10° cpm/ug, was hybridized
to colonies grown on nitrocellulose disks
(Schleicher and Schuell BA85) and lysed in
situ as described by Grunstein and Hogness
(1975), except that filters were processed
by placing them on 9-cm Whatman No. 1
circles saturated with the appropriate solu-
tions. The filters were baked at 80° a mini-
mum of 2 hr in vacuo then incubated in
6 x SSC (1 x SSCis 0.15 M NaCl, 15 mM
sodium citrate), 0.02% polyvinyl-pyrroli-
done, 0.02% Ficoll-400, 0.02% bovine serum
albumin (Denhardt, 1966). Up to six filters
were placed in a 9-cm petri dish and covered
with 30 ml of hybridization solution con-
sisting of 1.5 x 10° cpm/filter of P22 [*2P]-
DNA in 6 x SSC, 0.5% SDS, and 0.02%
each polyvinyl-pyrrolidone, Ficoll-400, and
bovine serum albumin. Mineral oil was lay-
ered on top of the hybridization solution
to prevent evaporation. Hybridization was
carried out for 18 hr at 65°. Following hy-
bridization, the filters were subjected to five
sequential 30-min washes with 2 x SSC,
0.5% SDS, 10 mM glycine (pH 9.5) at 65°.
Finally, the nitro-cellulose filters were
rinsed in 2 x SSC and air dried. Autoradio-
grams of the filters were prepared by ex-
posing them to Kodak X-Omat X-ray film
in Dupont Cronex intensifier screens for 18
hr at —70°.

Electron microscopy. Length measure-
ment of recombinant plasmid molecules was
performed using a Zeiss EM-10A electron
microscope and the aqueous procedure of
Davis et al. (1979). Either SV40 form II
DNA (5.22 kb; Fiers et al., 1978) or pBR-
322 form II dimer (8.72 kb; Sutcliffe, 1978)
DNA was present in all samples as-an in-
ternal length standard.

Recombination and complementation of
P22 mutants with cloned fragments of P22
DNA. Plasmid DNA containing cloned P22
fragments was isolated from E. coli and in-
troduced into S. typhimurium LT2 strain
DB5289 as described above except that thy-
midine (50 pg/ml) was added to the growth
medium of cultures at Ags = 0.3. About 1 ug
plasmid DNA in 0.1 ml1 0.1 M Tris—HCl (pH
7.4) 50 pg/ml thymidine, was incubated with
0.2 m] prepared cells, and ampicillin resistant
transformants selected as described above.
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The efficiency of transformation by this
procedure is much lower for S. typhimurium
than for E. coli (Lederberg and Cohen,
1974). Only 30-60 ampicillin resistant
colonies are recovered from transformation
of S. typhimurium DB5289 by 1 ng pBR322
DNA, while transformation of E. coli ED-
8654 by the same DNA yields 5-20 x 10*
ampicillin resistant colonies.

S. typhimurium strains containing the
recombinant plasmids were grown over-
night in L broth + 50 wug/ml ampicillin,
diluted 10-fold with fresh L broth and grown
2 hr with shaking at 37°C. These cultures
were used as lawns for measuring the plat-
ing efficiency of P22 amber mutants.

To test the ability of plasmid-containing
strains to complement P22 amber mutants,
cultures were grown in L broth at 37° with
shaking to about 3 x 10# cells/ml, and then
P22 particles were added to a multiplicity
of infection of 3 phage/cell. Incubation and

EcoR I Smal SalI

B 1.96
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aeration continued at 37° for 40 min, at which
point CHCIl; was added to lyse the culture.
Progeny phage were titered on DB5289
(Su~) and on DB5297 (Su*), and the burst
sizes of wild-type plus amber progeny and
of wild-type progeny only were calculated.

RESULTS

Location of Sall, Sstl, Smal, Xhol, and
Bgll Cleavage Sites in P22 DNA

The cleavage sites for several restriction
enzymes which make a small number of cuts
in P22 DNA have been located relative to
the previously identified EcoRI and HindIII
targets in the P22 chromosome (Jackson
et al., 1978b; Jackson and Deans, 1979).
When P22 DNA is digested with Sall, two
bands are obtained (see Fig. 1). The smaller
fragment is present in low molar yield rela-
tive to the larger fragment. A similar low
molar yield band present following digestion

XhoI SstI

Bgl I

F1G. 1. Agarose gel electrophoresis of P22 DNA fragments produced by digestion with various
restriction endonucleases. The letter designation for each fragment and its size (in kb) determined
from electrophoretic mobility is shown to the left of each track. Bands are designated by capital
letters in order of increasing electrophoretic mobility. Fragments in bands marked with an
asterisk are derived from a single restriction enzyme cleavage and a mature chromosome end at
pac (see text for explanation). These fragments are present in less than equimolar yield (see Jackson
et al. (1978) for details). Fragments labeled A’ are heterogeneous shortened derivatives of intact
fragments designated A in Fig. 2 which are produced by headful packaging. Restriction endo-
nucleases Kpnl, Bglll, and Xbal did not cleave P22 DNA when tested in parallel with
digestions of ADNA which produced the A cleavage fragments expected for each of these enzymes

(gels not shown).
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of P22 DNA by EcoRI has been shown to
be a consequence of P22 DNA packaging
(Jackson et al. 1978a). Because mature P22
DNA molecules are linear and circularly
permuted, the cleavage map is circular
(Jackson et al., 1978b). These mature chro-
mosomes are generated by sequential head-
ful packaging from a unique initiation site
called pac (Jackson et al., 1978a; Tye et al.,
1974). The fragment present in low molar
yield in the EcoRI digest has been shown
to arise from a chromosome end at pac and
EcoRI cleavage at the first site counter-
clockwise from pac (Jackson et al., 1978a).
The smaller Sall fragment (Sall B) (see
Fig. 1) is derived in an analogous fashion
from a molecular end at pac plus a single
Sall cleavage. Double digestion with EcoRI
plus Sa!l generates two new fragments (3.6
and 5.6 kb) which do not correspond to any
EcoRI or Sall digestion product. The EcoRI
B fragment (9.2 kb) is lost, while the other
EcoRI fragments are not cleaved by Sall.
The sum of the sizes of the two new double
digestion fragments equals the size of EcoRI
B, indicating a single Sall site is located
in EcoRI B. Because the Sall B fragment
represents sequences from pac counter-
clockwise to the Sall site, the size of Sall B,
together with the sizes of the EcoRI1/Sall
double digestion fragments, locate the Sall
cleavage site at coordinate 0.183 on the P22
map (see Fig. 2).

Digestion of P22 DN A by SstI is analogous
to Sall digestion. Two fragments, one a low
molar yield packaging fragment, are pro-
duced upon SstI digestion (see Fig. 1). Eco-
RI/Sstl double digestion places the Sstl
cleavage site in the EcoRI B fragment. As
with Sall, the size of the packaging frag-
ment (12.8 kb) locates the SstI site at 0.309
P22 map units (see Fig. 2).

As shown in Fig. 1, Smal digestion pro-
duces two fragments. Smal A’ is hetero-
geneous in length as a result of the counter-
clockwise movement of packaging cleavages
relative to the genetic map, as sucecessive
terminally redundant headfuls are cut from
the concatemer (Jackson et al., 1978a).
Smal B is 2.0 kb long. In an EcoRI/Smal
double digestion the only EcoRI frag-
ments altered are EcoRI A and the pack-
aging fragment EcoRI D (which is a seg-

ment of EcoRI A). Smal B remains intact.
Two double digestion fragments, 13.9 and
3.8 kb, are seen. The two Smal sites are
therefore located 13.9 and 3.8 kb into EcoRI
A from the ends. Because the 4.0-kb EcoRI
D fragment is cleaved by Smal, the 3.8-kb
EcoRl/Smal fragment must originate at
EcoRI site 1, placing Smal site 1 at 0.005.
Therefore Smal site 2 is located at the other
end of the 2.0-kb Smal fragment at P22
map coordinate 0.958. A packaging fragment
extending from pac to Smal site 1 should
be present. However, due to the small size
(less than 200 base pairs) and low yield of
this fragment, it has not been detected.

Xhol digestion of P22 DN A also produces
two bands (Fig. 1). Again, the upper band
contains fragments which are heterogene-
ous in length. The size of the other frag-
ment (Xhol B)is 12.8 kb. Upon Xkol/EcoRI
double digestion only the EcoRI A (and
the EcoRI D segment of EcoRI A) are
cleaved, resulting in the 12.8-kb Xkol frag-
ment and two double digestion products,
3.9 and 2.9 kb in length. Consequently the
two Xhol sites are located 3.9 and 2.9 kb
from the ends of EcoRI A which are de-
fined by EcoRI sites 1 and 7. Placement
of an Xhol cleavage site 2.9 kb from EcoR1
site 7 would cause Xhol cleavage of P22
Hindlll fragment C (see Fig. 2) whereas
an Xhol site at 3.9 kb into EcoRI A from
EcoRI site 7 would not. Analysis of the
HindIIl/Xhol double digestion products of
P22 DNA indicates HindIII C is absent
(data not shown). The two Xhol cleavage
sites are thus located at map coordinates
0.002 and 0.692, placing Xhol cleavage site
1 less than 100 base pairs from pac.

Four Bgll cleavage sites have been placed
on the P22 chromosome by digestion of P22
DNA in combination with EcoRI, HindIII,
BamHI, Xhol, and Sstl. The products of
BglI cleavage of P22 DNA are shown in Fig.
1. In a BamHI/Bgll double digestion, the
Bgll C fragment is lost, and the BamHI B
fragment (see Fig. 2) is intact (data not
shown). Therefore, Bgll C must overlap
both BamHI cleavage sites. Double diges-
tion with HindIIl places one terminus of
Bgll C in the HindlIl A fragment at co-
ordinate 0.335. EcoRI fragments F and H
are both cleaved by Bgll, while EcoRI G
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F1G. 2. Restriction endonuclease cleavage site map of P22 DNA. EcoRI, BamH]I, Smal, Xhol,
Bgll, and HindIII cleavage sites are shown to scale in six concentric rings. Positions of the single
cleavage sites for Sall and Sstl are indicated by arrows. Kpnl, BglIl, and Xbal do not cleave P22
DNA. The cleavage sites for each restriction endonuclease are numbered sequentially in a counter-
clockwise direction starting with the first site counterclockwise from pac. The EcoRI and HindIII
cleavage site maps have been reported previously (Jackson et al., 1978b; Deans and Jackson, 1979a),
except that Youderian and Susskind (manuseript in preparation) have shown that the order of HindIII
fragments H and I were reversed and the correct order is shown here. The BamHI sites were
mapped by Weinstock (1977). Physical map coordinates are fractions of the length of the P22 genome
(41.6 kb; Jackson et al., 1978a). The coordinate system has been reoriented, with the origin now
placed at pac. Previously the origin of the coordinate system was defined at EcoRI site 1 (Jackson
et al., 1978b). The coordinates of each cleavage site are reported in Table 1.

is not. The size and map positions of these
fragments (Fig. 2) demand that BglI frag-
ment D must be generated by cleavage at
Bgll sites 2 and 3 in EcoRI F and H, re-
spectively (Fig. 2). Map coordinates of Bgll
site 2 (0.598) and Bgll site 3 (0.618) were
determined by Bgll/HindIIl double diges-
tion. Bgll/Sstl double digestion indicates
Bgll A overlaps the Sstl site as shown in
Fig. 2 and is generated by cleavage at Bgll

sites 1 and 4. The exact location of BglI site
4 (0.916) was determined from the sizes of
Bgll/HindIII double digestion products. As
can be seen in Fig. 1, the Bgll A’ fragment
appears heterogeneous and smaller in size
than predicted. Since the pac site is located
internal to Bgll A, this fragment is never
intact, and it appears heterogeneous in size
due to the varying positions of chromosome
ends.
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The location of the cleavage sites of the
five restriction endonucleases used here are
shown in Fig. 2 in relation to the positions
of EcoRI, HindIll and BamHI sites pre-
viously mapped (Jackson et al., 1978a; Deans
and Jackson, 1979; Weinstock, 1977). The
locations of the restriction sites displayed
in Fig. 2 provide useful physical markers
in all regions of the P22 genome, and in
particular facilitate the physical subdivision
of the genome as described below.

Cloning of P22 EcoRI Fragments

The utility of the physical map shown in
Fig. 2 can be increased by location of specific
P22 genes relative to the known restriction
targets. In previous work, some early P22
genes (Jackson et al., 1978b) and genes 20,
16, ant, and 9 (Weinstock, 1977) have been
located with respect to particular restriction
fragments. To facilitate the ordering of ad-
ditional P22 genes, and particularly late
genes, with respect to the physical map, we
have cloned fragments of P22 DNA pro-
duced by cleavage with EcoR1 or BamHI or
BamHI plus EcoRI. In our initial cloning
experiments, unfractionated EcoR1I limit di-
gest fragments of P22 DNA were inserted
by ligation into the EcoRI site of the
plasmid vector pBR322, and the products
introduced into E. coli by transformation.
Because the pBR322 vector EcoRlI linear
DNA was treated with bacterial alkaline
phosphatase to eliminate ligation of re-
circularized pBR322 linears (Ullrich et al.,
1977), all Ap* and Tcr clones obtained were
expected to contain inserted P22 EcoRI
fragments. Comparison of EcoRI digests of
plasmid DNA prepared from these clones
and P22 DNA allowed initial identification
of the cloned P22 EcoRI fragments. Clones
pP22-1, pP22-2, pP22-3, pP22-4, pP22-6,
and pP22-7 which contain P22 EcoRI
fragments H, F, D, B, E and G respectively
were obtained in this manner (see Figs. 3
and 4). The identity of the cloned fragments
was confirmed in two ways. First, each
recombinant plasmid was digested with
EcoRI and the resulting fragments sepa-
rated by electrophoresis in agarose, then
transferred to nitrocellulose by the method
of Southern (1975) and hybridized with 32P-

TABLE 1

PHYSICAL MAP COORDINATES OF RESTRICTION
ENDONUCLEASE CLEAVAGE SITES ON P22
DNA“

Restriction Restriction
endonuclease Map endonuclease Map
cleavage site  position  cleavage site  position
EcoRI 1 0.096 BamHI 1 0.420

2 0.318 2 0.481
3 0.376
4 0.550 Sall 1 0.183
5 0.576
6 0.603
7 0.623 Sstl 1 0.309
HindIII 1 0.353 Smal 1 0.005
2 0.360 2 0.958
3 0.368
4 0.530
5 0.554
6 0.566
7 0.573 Xhol 1 0.002
8 0.596 2 0.692
9 0.699
10 0.79% Bgll 1 0.335
11 0.832 2 0.598
12 0.876 3 0.618
13 0.894 4 0.916
14 0.982

¢ Physical map coordinates are fractions of the P22
genome (41.6 kb; Jackson et al., 1978b). Coordinates
of EcoRI cleavage sites were determined previously
(Jackson et al., 1978b) but values given here reflect
realignment of the coordinate system to originate at
pac. HindI1I site coordinates were reported previously
(Deans and Jackson, 1979), and Bam HI site coordinates
were calculated from the data of Weinstock and
Botstein (Weinstock, 1977). Coordinates for cleavage
sites for the other enzymes in the table were deter-
mined as described in the text.

labeled P22 DNA. As shown in Fig. 3, the
fragments derived from the recombinant
plasmids hybridize with P22 DNA and
migrate at the positions characteristic of
P22 EcoRI fragments, supporting the initial
identification of the cloned P22 DNA
fragments. Digestion with additional re-
striction enzymes was used to further
characterize each of the recombinant plas-
mids. Beside providing further evidence for
the identity of the cloned P22 segment, this
analysis defines the orientation of the
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inserted P22 fragments relative to pPBR322.
Figure 4 illustrates the structure and
orientation determined for each recombi-
nant plasmid.

The contour length of each recombinant
plasmid was measured by electron micros-
copy, and the molecular weights calculated
from these results compared with the mo-
lecular weights predicted from the known
sizes of the vector and inserts (Fig. 4). As
can be seen from the data in Fig. 4, the
calculated and measured sizes of the recom-
binant plasmids are in good agreement, ex-
cept in the case of pP22-6, for which the
calculated size is only one half that deter-
mined by electron microscopy. EcoRI diges-
tion of pP22-6 yields only two fragments,
the pBR322 EcoRI linear and the cloned
P22 EcoRI E fragment. This result indicates
that pP22-6 is a dimer consisting of two
copies each of the pBR322 EcoRI linear and
the P22 EcoRI E fragment. HindIII diges-
tion shows this plasmid to consist of two
monomeric units (pBR322 linked to P22
EcoRI E) in a head to tail orientation.

Neither the EcoRI A nor EcoRI C frag-
ments of P22 were obtained in the shotgun
experiment described above. This result
may suggest that these segments of P22
encode functions lethal to the E. coli host.
Attempts to clone these fragments from
DNA enriched for these specific fragments
were therefore undertaken. The P22 EcoRI
C fragment has been cloned (J. Yoder, E.
Jackson, and D. Jackson, in preparation)
in a A gt phage vector (Murray and Murray,
1974; Thomas et al., 1974). EcoRI digestion
of this recombinant phage produces three
fragments, only one of which—P22 EcoRI
C—has two EcoRI termini. Following liga-
tion and transformation into E. coli, all
plasmids carrying P22 sequences should
have EcoRI C inserts. A 10-fold molar ex-
cess of EcoRI digested Agt-P22 EcoRI C
hybrid phage was mixed with EcoRI di-
gested pPBR322, ligated, and introduced into
E. coli. Colonies carrying P22 sequences
were then identified by colony hybridization
using P22 *2P]DNA as the probe. A single
P22 positive colony was obtained from this
experiment. The plasmid obtained from
these cells, pP22-10, contains an EcoRI in-
sert which hybridizes with P22 DNA (see

Fig. 3), comigrates in gel electrophoresis
with EcoRI C, and yields a BamHI diges-
tion pattern indistinguishable from that of
EcoRI C. Because of the very low yield of
plasmids containing EcoRI C in this experi-
ment and because of our inability to recover
EcoRI C plasmids (but not plasmids con-
taining other P22 EcoRI fragments) in
other clonings from DNA fragment pools
enriched for EcoRI C, there may be some
question as to whether the EcoRI C insert
in pP22-10 is the wild-type sequence.
Several attempts to clone the P22 EcoRI
A fragment have been unsuecessful despite
the use of DNA pools enriched for P22
EcoRI A DNA. P22 DNA consisting of 65
mol% P22 EcoR1 A DNA was obtained by
preparative sucrose gradient centrifugation
of EcoRI digested P22 DNA and ligated
to EcoRI digested pBR322 DNA. Since the
EcoRI A fragment carries the P22 early
promoters controlled by phage repressor,
the ligation mixture was also introduced
into an E. coli host (ED8654) lysogenized
with a Mmm21 phage which encodes a re-
pressor able to repress P22 early functions
(Botstein and Herskowitz, 1974). No recom-
binant plasmids containing EcoRI A were
obtained from these experiments. Other
P22 EcoRI fragments, present as minor com-
ponents of the enriched EcoRI A prepara-
tion, have been cloned from these pools,
suggesting that a function or functions
coded for by P22 EcoRI A may be lethal
for the host cells, even in a Aimm21 lysogen.

Cloning of P22 BamHI and BamHI/EcoRI
Double Digestion Products

As can be seen from Fig. 2, the EcoRI C
fragment of P22 is cleaved at two sites by
BamHI, to produce three new fragments,
one having two BamHI termini, and the
other two having one EcoRI terminus and
one BamHI end each (Weinstock, 1977).
The BamHI site in pBR322 is located in
the tetracycline resistance gene, 375 bases
from the EcoRI site (Sutcliffe, 1978). Inser-
tion of a DNA fragment at the BamHI site
of pBR322 therefore inactivates the tetra-
cycline resistance phenotype. Recombinant
plasmids containing either BamHI or Bam-
HI/EcoRI fragments can thus be readily
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TABLE 2
PLATING EFFICIENCY OF P22 AMBER MUTANTS ON S. typhimurium Su~ STRAINS
CONTAINING CLONED FRAGMENTS OF P22 DN A¢
Su- lawns
P22 strain 5289/pBR322 5289/pP22-3 5289/pP22-4 5289%/pP22-201 5289/pP22-250
wild type 1.0 1.0 1.0 1.0 1.0
19-amN11 8.2 x 10-¢ 10 x 10-% 21 x 10—
3-amH314 84 x 10-8 4.3 x 10 27 x 10-°
3~amH317 21 x 10~ 2.5 x 108 7.7 x 105
2-amH303 0.3 x 10-¢ 1.1 0.2 x 10
1-amN109 2.6 x 10°8 1.1 4.7 x 10-¢
8amN123 16 x 10— 0.044 76 x 10-¢
8-amH304 5.8 x 10-% 7.8 x 107° 0.0019
8 amH202 1.1 x 10-* 1.5 x 10~ 0.0045
8-amN125 55 x 10-¢ 56 x 10°¢ 0.0065
5 amN8 24 x 10-% 21 x 10-% 1.1
5amN114 4.2 x 108 3.6 x 10 0.84
5amN3 3.1 x 10-% 2.5 x 1078 0.91
7-amN1375 15 x 10-° 11 x 10-® 0.1
16-amN121 2.3 x 10-* 1.4 x 108 0.31
9 amH1272 87 x 108 0.005 67 x 10-
9 am H840 0.7 x 10 0.004 10 x 10—
9-amH1014 0.4 x 10-¢ 0.002 22 x 10~*

@ The plating efficiency is the ratio of the titer on the plasmid-containing strain to the titer on DB5297 (Su*).
When several different amber alleles of a gene are used, the order in the table corresponds to the genetic map
order determined by tests for recombination of the markers with prophage deletions of varying lengths within
the gene. Gene 8 and gene 5 mutations were ordered by F. Winston and D. Botstein (unpublished experiments)
and gene 9 mutations were ordered by P. Berget (unpublished experiments). Gene 8 amber alleles H202 and
N125 fall in the same group. Gene 8-amN123 lies nearest the end of the gene encoding the amino terminus
of the protein (King et al., 1978). Gene 9-amH1272 represents the promoter-proximal and 9-amH1014 the
promoter-distal groups of gene 9 amber mutations (Berget, unpublished experiments).

identified by screening Ap" colonies for
tetracycline sensitivity (Bolivar et al., 1977).
Using this method, the BamHI B fragment
and both BamHI/EcoRI double digestion
fragments were cloned. Figure 4 shows the
characteristics of the three plasmids ob-
tained. Plasmids pP22-201 and pP22-203
contain the large and small BamHI/EcoRI
fragments, respectively, and pP22-250 con-
tains the BamHI-B fragment. Each of these
plasmids was analyzed as described above
for the EcoRI inserts (see Figs. 3 and 4).

Physical Location of P22 Late Genes

Genes required for morphogenesis of the
P22 particle are expected to lie from about
coordinate 0.2 counterclockwise to about
coordinate 0.4 of the P22 physical map

(Jackson et al., 1978b; Deans and Jackson,
1979; Weinstock, 1977). In order to define
further the physical location of P22 genes
in this region, we have mapped known P22
late genes to individual cloned fragments.
Plasmids containing P22 DN A inserts were
introduced into S. typhimurium DB5289
(see Materials and Methods). P22 amber
mutants defective in known genes were then
plated on these Su~ strains carrying the
recombinant plasmids. The P22 inserts in
the plasmids were derived from wild-type
DNA. Therefore recombination between an
infecting amber mutant phage and the
chimeric plasmid will produce phage able to
grow in the Su~ host if the cloned P22 DNA
fragment carries the wild-type allele of the
defective gene. Recombination between
P22 amber mutants and cloned fragments
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TABLE 3

BursT S1zE oF P22 AMBER MUTANTS IN S.
typhimurium Su- STRAINS CARRYING CLONED
FrRAGMENTS oF P22 WiLD-TYPE DNA®

Burst size

on indicator
Host P22 Strain Su- Su*
5289/pBR322 Wild type 500 682
1-amN109 0.015 0.075
2-amH303 0.018 0.056
8-amN123 0.024 0.059
8-amH202 0.008 0.059
5-amN8 0.015 0.074
5-amN114 0.0005 0.006
7T-amN1375 0.031 2.58
16-amN121 0.011 0.079
9-amH1014 0.0004 0.128
5289/pP22-3 Wild type 328 352
(EcoRI D) 1-amN109 4.0 131
2-amH303 3.7 122
8-amN123 0.7 4.5
5289/pP22-4 Wild type 466 403
(Eco RI B) 8-amH202 0.13 0.25
5-amN8 2.3 18.5
5-amN114 0.84 10.1
T-amN1375 2.24 11.2
16-emN121 1.89 14.1
5289/pP22-201 Wild type 439 453
(EcoRI/BamHI b)  9-amH1014 0.0046 0.204

@ The ability of plasmid-carrying Su- strains to complement
P22 amber mutations was measured as described under
Materials and Methods.

should be detected by an increase in plating
efficiency on the Su~ host carrying the plas-
mid (Campbell et al., 1978). Table 2 shows
that plating efficiencies of amber mutants
are increased two to six orders of magnitude
by the presence in the Su~ host of a cloned
fragment carrying the wild-type allele. The
data of Table 2 indicate that P22 EcoRI
fragment D (plasmid pP22-3) contains wild-
type alleles of 2-amH303, 1-amN109, and
8 amN123, while P22 EcoRI fragment B
(plasmid pP22-4) carries the wild-type alleles
of the other 8~ amber alleles tested, as well
as the 5=, 77, and 16~ amber alleles used.
All three 9~ amber mutants plate with in-
creased efficiency on the Su~host containing
plasmid pP22-201, and therefore these
markers lie in the P22 Bam HI/EcoR1 frag-
ment between BamHI site 1 and EcoRI
site 3.

Certain of the amber mutants plate on a
particular plasmid-containing Su~ host as effi-
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ciently as on the Sut* host (see Table 2).
Such high plating efficiency would be ex-
pected if the plasmid produced the phage
protein defective in the amber mutant. To
determine whether these plasmids can com-
plement P22 amber mutants, the burst size
of amber and wild-type progeny produced
by infection of the plasmid-bearing Su- cell
was measured (Table 3). A sizeable burst
of phage which are still genetieally amber
indicates complementation is occurring.
Table 3 shows that pP22-3 provides the gene
1 and gene 2 proteins. (The efficient com-
plementation observed is not due to produe-
tion of p2 by the few wild-type recombinant
phages produced since another fragment
containing gene 2 inserted at the PstI site
of pBR322 does not allow growth of P22
gene 2 amber mutants even though the num-
ber of wild-type recombinants is as high as
in infection of the pP22-3 strain; J.Rutila,
unpublished data.) The results of Table 3
therefore suggest that gene 2 as well as
gene 1 is wholly contained in P22 EcoRI
fragment D. Gene 8 protein is not produced
by either pP22-3 or pP22-4, as expected
since gene 8 alleles are rescued from both
fragments D and B (Tables 2 and 3). Gene 9
protein is not produced by pP22-201. The
data of Table 3 suggest that pP22-4 may
provide genes 5, 7, and 16 polypeptides,
since significant numbers of amber mutant
progeny are produced. The burst sizes of
the 5, 7, or 16 amber progeny are low, per-
haps because the plasmid does not produce
the required large amounts of these phage
structural proteins. However, we cannot
exclude the possibility that the low levels
of complementation observed are due to
production of functional proteins 5, 7, or 16
by the small number of wild-type recom-
binant phage produced in the infection.

DISCUSSION

Restriction Endonuclease Cleavage Site
Map of P22 DNA

Seven EcoRI cleavage sites and 14 Hind-
II1 cleavage sites were mapped on P22
DNA by previous work in this laboratory
(Jackson et al., 1978b; Deans and Jackson,
1979). These 21 sites define a map of the
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P22 chromosome having precisely located
physical markers in most regions of the
genome. In order to provide additional
physical markers in some regions of special
interest, we have determined the locations
of cleavage sites for five additional restric-
tion enzymes. Certain of these deserve
comment.

Both SstI and Sall cleave P22 DNA at
separate, single sites within the EcoRI B
fragment, a segment about 20% the size of
intact P22 which was not previously sub-
divided (Fig. 2). The Sall site was inde-
pendently mapped by Weinstock and Bot-
stein (Weinstock, 1977).

The Sall site proves useful in the analysis
of P22 DNA packaging. We have proposed
that P22 initiates headful packaging of phage
DNA at pac and that headfuls are packaged
sequentially in a counterclockwise direction
from that site (see Fig. 2). EcoRI cleavage
of a linear P22 chromosome encapsulated
at pac therefore yields a fragment having
one end at pac and one end at EcoRI site 1
(coordinates 0.000—0.096 in Fig. 2). By this
scheme, a Sall digest of P22 DNA should
contain an analogous fragment having one
end at pac and one at the Sall site. The
fact that such a fragment (Sall B) is found
and is present in low molar yield provides
additional evidence for the position of pac
and the counterclockwise direction of se-
quential packaging proposed earlier (Jack-
son et al., 1978a).

Xhol and Smal each cleave P22 DNA
close to pac and should be useful aids to
further study of the phage DNA packaging
initiation region. Bgll provides an additional
cleavage site in EcoRI E, and so further
subdivides the interesting regulatory re-
gion imml (Botstein et al., 1975; Levine
et al., 1975; Susskind and Botstein, 1975).
Three restriction endonucleases which do
not cleave P22 DNA have been identified:
Xbal, Bglll, and Kpnl. Weinstock and Bot-
stein (Weinstock, 1977) report Xbal, Bglll,
Kpnl, and Xhol do not cleave P22 DNA.
Although our results are in agreement for
the first three enzymes, we find that Xhol
cleaves P22 as shown in Fig. 1. Our results
are summarized in the physical map of P22
DNA diagrammed in Fig. 2.

Restriction Fragments of P22 DNA Cloned
in Plasmid Vector pBR322

The original physical map of EcoRI sites
could be aligned approximately with the P22
genetic map, but the method by which some
P22 early genes were assigned to individual
restriction fragments (Jackson et al., 1978b)
could not be extended to map late genes
relative to particular cleavage sites. Our ap-
proach to placing P22 late genes on the P22
physical map was to clone individual P22
restriction fragments in a plasmid vector,
and then to determine the P22 genetic mark-
ers present on the resulting recombinant
plasmid by a marker rescue procedure.
Fragments which together represent 60%
of the P22 chromosome, including the entire
late region, have been cloned in pBR322.
Shotgun cloning of a P22 EcoRI digest
yielded each of the EcoRI fragments B, D,
E, F, G, and H as individual inserts in pBR-
322. Cleavage of each recombinant plasmid
with appropriate restriction endonucleases
served to identify the orientation of each
insert in the vector.

Two P22 EcoRI fragments, A and C,
were not recovered as inserts in the plas-
mid from the shotgun cloning experiment.
Attempts to clone EcoRl1 A from DNA
preparations enriched for this fragment
were also unsuccessful, although other P22
EcoRI fragments present as minor con-
taminants in this preparation were cloned
in these experiments. This result is not
surprising, as the P22 early promoters are
located on EcoRI A (Botstein and Hersko-
witz, 1974; Jackson et al., 1978b), and
expression of P22 genes on the fragment
might interfere with plasmid replication or
cell growth. The amount of phage re-
pressor in the Aimm21 lysogenic host might
be insufficient to repress multiple copies of
the cloned fragment. Isolation of P22 EcoRI
A clones may also be hindered by both
the large size of the fragment and the re-
duced proportion of intact EcoRI A result-
ing from circular permutation.

One plasmid containing P22 EcoRI C was
obtained from an experiment utilizing a
DNA preparation in which the only DNA
fragment having two EcoRI termini was
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fragment C. A single recombinant plasmid
was isolated in this experiment. The low
frequency at which P22 EcoRI C is re-
covered in a plasmid raises the possibility
that this fragment may also encode func-
tions deleterious to the host. If so, the
single EcoRI C clone obtained may carry a
mutation inactivating this function. All of
the sequences of EcoRI C were readily
cloned in three separate segments as frag-
ments BamHI B (pP22-250), EcoRl/BamHI
a (pP22-203), and EcoRl/BamHI b (pP22-
201). Therefore, if a lethal funetion is ex-
pressed when EcoRI C is inserted at the
EcoRI site of pBR322, it is not expressed
from any of these three subsegments of
EcoRI C.

The most surprising result of the shot-
gun cloning experiments was the recovery
of P22 EcoRI D from a recombinant
plasmid, since previous results predict that
fragment D has only one EcoRI terminus
and that the other end derives from the
pac site (Jackson et al., 1979). However,
EcoRI cleavage of chimeric plasmid pP22-3
(Fig. 3) generates a P22 fragment which
comigrates with fragment D in an EcoRI
digest of P22, and which has the expected
restriction pattern when digested with
Smal and Xhol. This result led us to con-
sider whether some of the fragment D
formed in a P22 EcoRI digest might be
generated by EcoRI-specific cleavage at a
site very near pac. Since D is found in
low yield in a wild-type P22 EcoRI digest,
the postulated EcoRI site near pac would
have to be partially blocked. To test this
model we have measured the molar yield of
the packaging fragment B observed in a
Sall digest of wild type P22 DNA (Figs.
1 and 2). The yield of the pac-Sall site 1
fragment is in good agreement with the
vield of the pac-EcoRI site 1 fragment
(EcoRI D) (R. J. Deans, 1979). There-
fore EcoRI fragment D is not generated
by EcoRI—specific cleavage near pac. The
cloning of P22 EcoRI D thus suggests
that the pac terminus has one or more
nucleotides in common with the EcoRI
recognition sequence. Experiments to de-
fine the pac terminus further are in
progress.

Physical Gene Map of P22

In order to place late genes on the P22
physical map, restriction fragments of wild-
type P22 DNA were tested for ability to
recombine with or to complement P22 mu-
tants defective in known late genes. When
a S. typhimurium Su~ strain carrying a
chimeric plasmid is used as a host for plating
a P22 amber mutant, an increase in plating
efficiency on this host over the Su~ control
indicates the plasmid carries the wild type
allele of the amber lesion (Table 2). Some
P22 late genes were found to be expressed
when carried on a plasmid insert, since Su-
strains containing the plasmid pP22-3 com-
plemented P22 amber mutants defective in
genes 1 or 2 (see Table 3). The plating
efficiency of these P22 amber mutants on
the complementing host (17 or 2 am on
DB5289/pP22-3) was equal to the plating
efficiency on the Su* host (Table 2). The
ability of P22 amber mutants to plate on
noncomplementing hosts (e.g., 8~am on
DB5289/pP22-3 or DB5289/pP22-4; 9~am on
DB5289/pP22-201) must be due to recom-
bination, and the plating efficiencies are
lower. It is not yet clear whether the
high plating efficiencies and low burst sizes
of P22 late mutants on the Su~ strain
carrying pP22-4 are due to complementa-
tion or recombination of cloned EcoRI B
with the infecting amber mutant phage.

From the data of Tables 2 and 3, all P22
morphogenetic genes except gene 3 can be
placed on the physical map of EcoRI,
HindIIl, and BamHI sites. Assignment of
a mutational allele to a restriction fragment
is based on the plating efficiency test (Ta-
ble 2). Furthermore, complementation for
a particular gene indicates the gene is
intact on the cloned fragment. P22 EcoRI D
therefore contains intact genes 1 and 2 as
well as a small portion of the amino-
terminal end of gene 8. The coding capacity
of fragment D is estimated as 1.5 x 10°
daltons of protein, and the sums of the
molecular weights of the gene 1 and 2 pro-
teins is 1.6 x 10° (Botstein et al., 1973).
Although most of the coding capacity of
EcoRI D has been accounted for, gene 3
protein (0.1 x 10° daltons) which is en-
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coded adjacent to gene 2 in the clockwise
direction, could be accommodated. Gene 3
amber mutants do not plate with increased
efficiency on Su~ strains carrying pP22-3
(EcoRI D insert). However, any gene 3
sequences would be quite close to the junc-
tion of P22 and vector sequences, and the
frequency of the recombination required
to rescue the markers might be very low.
The possibility that some gene 3 sequences
might be on EcoRI D cannot therefore be
excluded.

The plating efficiency tests (Table 2)
shows that EcoRI site 1 is located in
gene 8 with most of gene 8 included on
EcoRI fragment B. Gene 16 is on EcoRI B
(Table 3), so that all genes which map be-
tween 8 and 16 (genes 5, 4, 10, 26, 7, 20;
Poteete and King, 1977; Botstein et al.,
1972) lie on EcoRI B. Weinstock and Bot-
stein (Weinstock, 1977) have isolated Tnl
insertions in genes 20 and 16 and have
shown that these insertions are located in
P22 EcoRI Bin agreement with our results.

EcoRI fragment B can code for about
3.4 x 10° daltons of protein, and the sum
of the molecular weights of the proteins
now known to be encoded on Bis 3.3 x 10°,
We have no information to indicate whether
any sequences corresponding to sie A, the
next known gene counterclockwise from
gene 16 (Susskind ef al., 1974), are pres-
ent on fragment B, but sieA is not ex-
pressed by the plasmid clone since P22
plates on strains containing pP22-4.

Amber mutants in gene 9 have been
placed in six ordered groups by deletion
mapping (P. Berget, personal communica-
tion). A mutant from the most N-terminal
group (9—am H1272) and another mutant
from the most C-terminal group (9-amH1014)
plate on an Su~ strain carrying pP22-201.
Therefore, both these alleles are located on
EcoRl/BamHI fragment b (Table 2). The
coding capacity of this fragment is about 6.7
x 10* daltons, while the molecular weight of
the gene 9 protein has been measured as
7.6 x 10* (Botstein et al., 1973). Thus gene
9 is unlikely to be wholly contained on
EcoRl/BamHI b. Weinstock and Botstein
(Weinstock, 1977) and Berget (personal
communication) found that four of the Tnl
insertions which inactivate gene 9 are lo-

cated in the BamHI B fragment. Berget
(unpublished results) has examined dele-
tions extending from gene 20 to various
sites in gene 9, which localize most of gene
9 to EcoR1/BamHI fragment b, and a small
segment of gene 9 to the BamHI B frag-
ment. These results, together with the data
of Table 2, indicate that BamHI site 1 lies
in gene 9, probably near the C-terminal end
of the gene. The distance between the end of
gene 9 and the att site is therefore less
than 10% of the P22 genome, or a maximum
of 4.2 kb, about half the size of the analogous
nonessential region of the A chromosome
(Davidson and Szybalski, 1971).

The physical gene map of the P22 chromo-
some in Fig. 5 summarizes the positions of
late genes relative to EcoRI, HindlIIl, and
BamHI sites. Comparison of this map with
the recombination frequency map of P22
(Botstein et al., 1972) shows that distances
in the late region of the recombination fre-
quency map are distorted relative to the
physical gene map. Genes 2 through 16
represent about 50% of the recombination
frequency map, but only about 30% of the
physical gene map (Fig. 5). Most of the
expansion of the recombination frequency
map occurs in genes 3, 2, 1, 8, and 5.
Since the molecular ends of mature P22
chromosomes fall in this portion of the map
(Jackson et al., 1978), these genes are often
located in a terminally redundant region of
the mature chromosome. In a cross be-
tween phages mutant in this region, a
significant proportion of the progeny will be
heterozygotes which will score as wild-type
recombinants in a standard cross, thus
increasing the apparent recombination
frequency.

Genetic recombination and complementa-
tion between cloned fragments of P22 DNA
and phage mutants is a simple and power-
ful way to correlate the physical and genetic
maps of the P22 chromosome. As demon-
strated here for the case of gene 8, this
method can be used to map individual mu-
tational alleles in a single gene relative to
restriction sites, thereby generating a
physical map of a single gene. Mutations
in many P22 genes are available, and 33
restriction targets have already been
mapped on P22 DNA (Fig. 2). The avail-
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ability of fragments cloned in pBR322, a
vector for which the nucleotide sequence is
known (Sutcliffe, 1978), should facilitate
mapping many additional restriction sites in
specific regions of P22. Furthermore, the
plating efficiency test can be used as a
simple method to detect and characterize
additional plasmid clones. Thus the methods
described here can be applied to facilitate
P22 physical gene mapping to a high degree
of resolution.

The availability of cloned fragments of
P22 DNA will be important to a wide
variety of future studies of P22. The use of
strains carrying cloned fragments as per-
missive hosts should be a useful preliminary
step in characterization and mapping of new
mutants. Appropriate sets of overlapping
cloned fragments can be used to quickly
screen for mutations in a specific region.
Plasmid bearing strains which complement
P22 mutants can also serve as permissive
hosts for isolation and propagation of classes
of phage mutants not previously accessible,
such as deletions in essential genes. Com-
plementing strains will also be useful
sources for phage protein isolation. Cloned
fragments are currently serving in this
laboratory as valuable sources of specific
DNA segments for use as probes in nucleic
acid hybridization experiments. Use of the
clones and physical map information de-
scribed here to generate transcriptional
maps of P22, together with measurements
of P22 gene function on cloned fragments,
will be powerful approaches to studying
control of P22 gene function.
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