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An extensive genetic map of coliphage P1 has been constructed for 113 amber
mutants, using primarily a modification of the conventional complementation
spot test. These spot tests failed to classify the mutants into cistrons, but when
they were quantitated they permitted assignment of the mutants into 10 linkage
clusters. Furthermore, a linear order could be deduced for most of the mutants
within each cluster. This strongly suggested that recombination was the pre-
dominant event generating plaques and that, for the practical purpose of rapid
genetic mapping, such spot tests could be considered as a series of two-factor
crosses. Six of the 10 linkage clusters correlated with the P1 genetic map
established by Scott (1968). The locations of the remaining four clusters were
determined by three-factor crosses and by prophage deletion mapping. The
nonrandom occurrence of termini for 14 deletion prophages, which we estab-
lished previously (Walker and Walker, 1975), and the coincidence of these
termini with five out of the ten regions demarcating the linkage clusters are
discussed. Complementation tests in liquid frequently gave ambiguous results.

Vol. 20, No. 1
Printed in U.S.A.

Therefore, cistron designations were not assigned.

Since the discovery of conditional lethal mu-
tations, extensive genetic maps have been con-
structed for a considerable number of bacterio-
phages. Among temperate phages alone, A
(10), P22 (2, 18), Mu (13), and P2 (1) are the
subjects of continued genetic study because of
their individually unique properties. Phage P1,
although widely used as a general transducing
phage for fine structure mapping of the Esche-
richia coli chromosome, has itself only been the
subject of somewhat sporadic interest over the
years primarily because of considerable techni-
cal difficulties in working with it. The elegant
proof by Ikeda and Tomizawa (14) that the P1
prophage exists as an autonomous plasmid has
generated considerable interest in the control of
establishment and maintenance of the lyso-
genic state (24-26, 28) and, recently, in the
control of P1 prophage DNA replication (5).

As regards the lytic cycle of P1, we wish to
understand those events that control and deter-
mine head size formation and DNA packaging.
Our interest derives from the fact that P1 ly-
sates contain mature virions with at least three
different isometric head sizes (33). There is con-
vincing evidence that the two virions with the
largest head sizes (only one of which is infec-
tious) can contain less than full heads of DNA
(33). Since P1 DNA is circularly permuted, this
is at variance with the Streisinger head-full
hypothesis (31) for T4, which has also been
invoked to explain the encapsidation of DNA

for P22 (32) and P1 (21). To analyze the morpho-
genetic pathway of P1 virion assembly, an ex-
tensive genetic map, from which the appropri-
ate conditional lethal mutants can be studied,
will clearly be useful.

Scott (24) generated the first genetic map of
P1 and it provides the framework upon which
we have positioned most of our mutations. The
isolation and mapping of 110 amber mutants
into nine deletion segments by prophage map-
ping has been described previously (34). This
paper reports our finding that, for P1 amber
mutants, a modification of conventional spot
complementation tests showed primarily re-
combination. Using these tests, we were able to
order the mutants into 10 linear arrays, which
we call linkage clusters, and within each clus-
ter an unambiguous linear order could be de-
duced for many of the mutants. Six of the link-
age clusters could be positioned on Scott’s first
map by including her mutants in the spot tests.
A seventh cluster was added by deletion map-
ping (34) and by Scott’s three-factor crosses (27);
the remaining three clusters were added by
three-factor crosses described in this paper.

Liquid complementation tests gave a consid-
erable number of ambiguous results so that the
assignment of mutants to cistrons was not pos-
sible.

MATERIALS AND METHODS
Phage strains. The 113 P1 amber mutants used
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for genetic mapping were previously described by
Walker and Walker (34). Mutants with letter desig-
nations, e.g., amA, have been changed to numbers,
as indicated in the legend to Fig. 1. P1 amber mu-
tants 1.4, 2.17, 3.6, 3.21, 4.7, 5.19, 6.2, 6.5, 7.14, 8.13,
9.16, 10.1, and 10.11 were generously provided by
June R. Scott. The numbers preceding the decimal
points refer to Scott’s assignment of cistron numbers
1 through 10 (24). Plvir is the supervirulent mutant
Plkc virs of Sarkar, which grows on strains lysogenic
for P1 (24). Most tests were done using vir am mu-
tants, but the vir notation is used only in three-
factor crosses where the distinction is important.

Bacterial strains. The Su*(supD) and Su~ hosts
used were E. coli K-12 strains DW103 and DW101
(34). A polarity-suppressing (suA) E. coli K-12
strain, DM1013 (20), obtained from M. Sunshine,
was used for some complementation tests in broth.
The Su~ streptomycin-resistant strain of Shigella
dysenteriae, Sh16, was used to distinguish clear and
turbid plaques of Plam* recombinants from three-
factor crosses (24).

Media, phage assays, and preparation of phage
stocks. Media, phage assays, and preparation of
phage stocks were described previously (34).

Cross-streak test for “complementation.” A mod-
ification of the cross-streak test of Scott (24) was
used. The surface of a soft-agar overlay containing
~2 x 108 cells of an Su~ strain (DW101 or Sh16) was
dried, and a loopful of an amber mutant (~10° or 10°
PFU/ml) was streaked down the plate. When this
had dried, loopfuls of this and other amber mutants
(at the same concentrations) were streaked across it.
After overnight incubation at 37°C, mutants that
complement should produce an area of clearing at
the intersection of the streaks. However, contrary to
expectation, these tests showed primarily recombi-
nation rather than complementation (see Results),
as did the spot tests described next.

Spot test for “complementation.” A total of 2 x
108 PFU of one amber mutant was plated in a 2.0-ml
soft-agar overlay with 5 x 10® Su= DW101 cells,
giving a multiplicity of infection (MOI) of ~0.4. The
overlays were allowed to harden at room tempera-
ture for 40 to 60 min (the first 10 min with the lids
off), and then phage droplets were deposited from
grid wells using a multiprong replicator as previ-
ously described (34). Twenty-four different amber
mutants plus one control (the same mutant as in the
background) were stamped onto the overlay. The
test was quantitative in that the number of PFU
deposited in any given spot gave an approximate
MOI of 0.4 with respect to the host cells within the
area of the spot. After overnight incubation at 37°C,
extensive cross comparison was made of the spots on
the same and on different overlays: P1 plaques are
quite small (but discrete) under these plating condi-
tions and >500 PFU are required to produce a con-
fluent lysis spot; when there are <500 PFU, twofold
differences are easily distinguishable. With these
tests, as with cross-streak tests, most PFU are prob-
ably formed as a result of recombination leading to
am* phage. The validity of these tests depends on
the quantitation possible. Accurate dilutions of re-
cently titered stocks must be used. The droplets on
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the replicator prongs are visually inspected for uni-
formity of size before deposition onto the overlay.
Although the droplet size can vary by 20%, this is an
extreme variation based on how slowly or rapidly
the replicator is lifted from the grid well. This was
the most limiting step in quantitating the procedure
and was minimized by having the same person per-
form the replicating for a given set of plates on a
given day.

After mutants were assigned to linkage clusters
defined by these tests (see Results), further testing
of mutants within each cluster was done using the
original and a 10-fold dilution of each mutant for
replicating onto overlays, resulting in MOlIs of ~0.4
and ~0.04. The amber in the Su~ background re-
mained at MOI ~0.4. Countable numbers of PFU
were obtained in the spots where the higher and/or
lower dilutions were applied.

Broth test for complementation. DW101 was
grown to log phase (~2 x 108 cells/ml) in WLB (34)
and chilled. CaCl, was added to a final concentra-
tion of ~10~2 M, and the two mutants to be tested
were added. The final cell concentration was ~1.5 x
108/ml, and the MOI for each phage was 5 to 10. As
controls, each mutant alone (MOI, 10 to 20) was
used. After 15 min at 37°C (required for optimal
phage adsorption), anti-P1 serum was added at a
final £ value of 2/min. After 5 min at 37°C, the
contents of each tube were diluted 1,000-fold into
37°C broth. After 60 min (or 80 min in some tests) at
37°C, chloroform was added and the lysate was as-
sayed on DW103 for total progeny and on Sh16 for
am* recombinants. The total time was 80 to 100 min.
Unadsorbed phage was assayed at ¢ = 15 min before
addition of the anti-P1 serum. Usually 80 to 95% of
the phage were adsorbed. DM1013 (suA) was used as
the host in some complementation tests in an at-
tempt to determine if polarity existed.

Three-factor crosses. The method was the same
as for the broth test for complementation, except
that Su* strain DW103 was used as the host and the
wild-type recombinants were selected by plating on
Sh16 and scored as turbid or clear to determine the
percent that carried vir as the unselected marker.
The rationale of this procedure has been described
by Scott (24).

RESULTS

“Complementation” spot tests. For many
phages, e.g., A (3), T4 (6), T5 (9), and T1 (7),
amber mutants have been assigned to cistrons
by putting overlapping droplets of any two mu-
tants onto an overlay of Su~ cells. In these tests
the criterion used to decide that the mutants
are not in the same cistron is that the region of
overlap will be clear due to complementation.
However, a clear region due to complementa-
tion in the overlap area (or in the spot area in
our test) would only be obtained if the concen-
tration of mutants used is sufficiently high,
because at lower concentrations, although com-
plementation may occur in the isolated cells
which happen to be coinfected with the two
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mutants, formation of a visible plaque would
require surrounding cells to be coinfected with
one of each type of mutant. Thus, at lower
phage concentrations one would not expect to
obtain visible plaques on the Su~ lawn unless a
recombinational event had occurred leading to
the formation of wild-type (am*) phage, and
such visible plaques would indicate recombina-
tional events, even though some complementa-
tion may be occurring in the spot also. Such
recombination would indicate that the mutants
are in different cistrons, unless high frequen-
cies of intracistronic recombination occur. (In
similar spot tests with P22 [32], intragenic re-
combination frequencies as high as 10% have
been obtained.) Absence of clearing or visible
plaques in the spots at both phage spot concen-
trations (MOI, ~0.4 and ~0.04) would indicate
that the mutants being tested are in the same
cistron.

Initially, the phage backgrounds that we
used were representatives of each of the 10
cistrons designated on Scott’s genetic map (24).
Mutants from the different cistrons did not al-
ways show complete clearing, notably am5.19
on am6.2 (and vice versa) and am9.16 on
aml0.1. (am5.19 and am6.2, and am9.16 and
am10.1, are known to be closely linked from
three-factor cross data [24].) Also, there was
less than complete clearing between am7.14
and am5.19 or am6.2 and between am2.17 and
am3.6.

This suggested that, with P1, perhaps we
were detecting primarily recombination and
not complementation. To test this hypothesis,
three two-factor crosses were done in broth with
DW103 and DWI101 (isogenic Su* and Su~
strains): am3.6 X am9.16,am3.6 x am10.1, and
am9.16 x am10.1. The Su* cells were permitted
to lyse, the progeny were plated on Su* and Su~
overlays, and the am* recombinants were
found to be 8.7, 9.6, and 0.23%, respectively.
The infected Su~ cells were not allowed to lyse,
but were diluted and plated on Su* and Su~
overlays as infective centers. Considerably
fewer PFU appeared on the Su~ overlays: (PFU
on Su~) x 100/(PFU on Su*) gave 9.3, 8.2, and
0.2%, respectively. Results from infection of
Su* cells measured percentage of am* recombi-
nants, and results from infection of Su~ cells
measured percentage of bacteria producing
am* recombinants. These two sets of observa-
tions need not be strictly comparable, but the
fact that the percentages are so similar in this
instance suggested that an Su~ cell coinfected
with ambers from different cistrons cannot
form a plaque unless a recombinational event
leading to the production of am* phage has
occurred. Therefore, if quantitated to the extent
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described in Materials and Methods, these spot
tests could be considered as two-factor crosses.
(From the spot tests, plugs of agar from both
clear and less than clear spots were removed
and the progeny phage had the same efficiency
of plating on Su* and Su~ hosts, showing that
these phages were am* recombinants; this re-
sult would be expected, however, even if some
complementation were occurring, since am*
phage would rapidly outgrow am mutants
within spots on Su~ lawns.)

Results of spot tests obtained using our 100
P1 mutants and 13 representatives of Scott’s 10
cistrons were unusual in that the mutants
could be grouped into 10 linkage clusters (see
Fig. 1,1 through X, am8.13 being the sole mem-
ber of “cluster” IX). We define a linkage cluster
as being comprised of those amber mutants
that, in the spot tests, show less than complete
clearing with each other in all pairwise combi-
nations and that in many cases can be linearly
ordered as described below.

Mutants in different linkage clusters show
complete clearing with each other in those spot
tests. If lower phage concentrations are used,
these mutants can show less than complete
clearing, but the degree of clearing is about the
same for mutants in one cluster with respect to
mutants in any other cluster; hence, no linear
ordering of mutants is possible by this method
using mutants in different clusters.

About 75% of our mutations showed linkage
with Scott’s amber mutations, which had been
linearly ordered by three-factor crosses. By our
tests the 10 cistrons mapped by Scott were in
different linkage clusters, except for 2 and 3; 5,
6, and 7; and 9 and 10. Scott could not deter-
mine the order of genes 5 and 6 with respect to
the other genes on her map through the use of
three-factor crosses. One advantage of our spot
test was that this order could be established,
because the data obtained in this test were
derived from a considerably larger number of
mutants than were used in her crosses.

The remaining 25% of our mutations consti-
tuted four different linkage clusters, none of
which were linked to mutations on Scott’s map.
These were inserted into the map as described
in the section on three-factor crosses.

Once a group of mutants had been assigned
to a given linkage cluster, we determined their
order within that linkage cluster as shown by
the example in Table 1. In the case of cluster
III, which has five mutants, two dilutions of
each of the five were spotted on the five differ-
ent phage-Su~ backgrounds. For each mutant,
the relationship of the other four was estab-
lished by comparing the relative numbers of
PFU in each spot: presumably, the fewer the
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TaBLE 1. Ordering of amber mutants in linkage
cluster III by two-factor plate crosses (spot tests)®

Mutants

23 - 144 - (73, 134) - 20 - - - (31, 108)
144 - (23, 73) - 134 - 20 - - - (31, 108)
13 - (134, 144) - (20, 23) - - (31, 108)
134 - 73 - (20, 23, 144) - - - (31, 108)
20 - (73, 134) - (23, 144) - - (31, 108)

Order: 23-144-73-134-20

2 Plate crosses were done as described in Materi-
als and Methods. The background overlay consists of
the nonpermissive host, DW101, mixed with the
underlined amber mutant. For example, plate 23
has a background of P1am23; the spot with the least
number of PFU is am144; the spots with next lowest
PFU are am73 and am 134 which give indistinguish-
able results, as indicated by parentheses; the am20
spot has still more PFU. By comparing all the com-
binations in reciprocal “crosses” using five test
plates, an unambiguous order can be deduced. Mu-
tants 108 and 31 (in adjacent linkage clusters II and
IV) give complete clearing within their spots, indi-
cating no detectable linkage (dashed lines) under
the conditions of these tests.

PFU, the less the recombination, and, there-
fore, the closer the mutants to the test mutant
in the overlay. This procedure does not give
order but only relative distance of mutants
from one another. For example, in the sequence
23-144-(73, 134)-20, am144 is the mutant closest
to am23; am73 and am 134 are roughly the same
distance away (farther than am144 and not as
far as am20), but they could be: (i) on opposite
sides of am23; (ii) near each other but on the
opposite side to am144; or (iii) near each other
and on the same side as am144. By comparing
the 23 pattern with the other four patterns,
however, only one unambiguous order results
which is consistent with the five patterns.

That unambiguous orders are obtained attests
to the validity of this method for determining
order of mutants. Supporting evidence for use
of the method in this way comes from deletion
mapping in linkage cluster IV. The mutants in
this cluster were ordered before defective lyso-
gens became available to divide cluster IV into
four deletion segments (D, E, F, and G); the
results of rescue tests with the four relevant
defective lysogens (34) showed no inconsisten-
cies with the order indicated by the spot test
method.

As might be expected, ambiguities in linear
ordering did occur when mutants were very
closely linked. These are indicated on the map
(Fig. 1) by parentheses and brackets. When
little or no difference between mutants could be
discerned either by spot tests or by cross-
streaks using 10° PFU/ml, the hash marks are

J. VIRroL.

placed very close together and the mutants are
listed vertically below, indicating that they are
in the same cistron. In each instance this was
confirmed by complementation tests in broth
(see below). Mutants in linkage cluster X be-
haved as two subgroups (X-1 and X-2); i.e.,
although mutants in X-1 and X-2 showed some
linkage to each other, and no linkage to mu-
tants in any other cluster, there was stronger
linkage between mutants within each subgroup
than between mutants from the different
subgroups. The order of these subgroups and
their orientation to each other could not be
established by this method, but the order was
determined by Scott (29) using rescue tests with
the defective prophage P1d91¢et, which rescues
c1* and am10.1* but not am9.16* or am10.70*.
Extensive two-factor crosses in broth might
clarify the order of mutants in parentheses in
X-1 and X-2 as well as in several of the other
linkage clusters.

Three-factor crosses. Linkage clusters III,
V, VII, and VIII could not be added to the P1
map of Scott by two-factor spot tests. Cluster III
was located on the map after defective lysogens
(34) became available from Scott, Stodolsky,
and Rosner. Figure 1 shows that the am™ alleles
of the mutants in cluster III are rescued by the
defective lysogens K140(Plcry), ACM2, PL0148,
and PL0200, but not by 8a (see Walker and
Walker [34] for details).

Marker rescue tests with defective lysogens
(34) showed that the remaining three clusters
(V, VII, and VIII) were located in deletion seg-
ment H (see Fig. 1) and therefore must be adja-
cent to linkage cluster VI on one side or the
other. Using vir (located in cluster IV) as an
outside and unselected marker, three-factor
crosses were done using an amber mutant from
linkage cluster VI and one from each of linkage
clusters V, VII, and VIII. am8.13 (cluster IX)
was used as an outside marker on the right to
confirm the location of clusters VII and VIII.
am* progeny phage were scored as clear or
turbid, and these crosses (Table 2) were set up
in such a way (with vir as an outside marker)
that clear plaques would be obtained from sin-
gle or odd numbers of crossovers and turbid
plaques from double or even numbers of cross-
overs, or vice versa. Reciprocal crosses using
am107 or am180 and am7.14 with vir and
crosses of vir am107 or vir am180 x am79 (first
set of crosses, Table 2) located linkage cluster V
between clusters IV and VI. The second set of
crosses in Table 2 located linkage cluster VIII
between clusters VI and IX. The third set of
crosses located linkage cluster VII between
clusters VI and IX also. The last pair of crosses
established the order of clusters VII and VIII.
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TaBLE 2. Three-factor crosses with vir as the outside
(and unselected) marker

Cross g;t[?l % am* 9‘2 Cl";‘"

scored am?*)
vr t_amlld 339 55 89
vromlfl L 292 58 16
vir am+180 amZ'M 3,101 7.9 90
vir aml®0 _+ . 4121 60 14
vir aml07__t. 2488 65 31
drami8 to  1s59 155 34

Order indicated: vir-(am107, am180)-(am79, am7.14)

YAt s 21 m
vremlld % 3895 15 38
vir am;.lil am: = 4,182 1.9 72
vir amz.l4 am+151‘ 3,521 1.2 37
vr 4. amil g7 52 76
ur o omlSl 466 30 63
or amil % 2265 66 30
vir am151  + 3,437 3.7 29

+ + am8.13

Order indicated: vir-(am79, am.14)-(am71, am151)-
am8.13

vr__+_am3) 235 1.9 91
vr = amil 378 1.4 94
Yr am¥0 - 1,348 6.0 30
vir amd0 _+ 1,360 4.4 28

+ + am8.13

Order indicated: vir-am79-(am30, am40)-am8.13
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Total

% Clear
Cross sl::;l:d % am* (am*)
vir + aml5l
r——— gl ¥ 1,716 0.8 73
vir  + amT1 807 0.3 76

+ amT8 +

Order indicated: vir-am78-(am151, am71)

Order indicated from all crosses: vir-(am107,
am180)-(am79, am7.14)-(am78, am30, am40)-(am-
151, am71)-am8.13. (Results of broth complementa-
tion tests show that am78, am30, and am40 are in
the same cistron.)

The orientation of these clusters with respect to
mutants in adjacent clusters could not be deter-
mined from the crosses.

Complementation tests in broth. Once the
order of the mutants was established on the
map by the methods indicated above, allocation
of the mutants to cistrons was attempted using
classical complementation tests in broth. Three
criteria were used in deciding whether comple-
mentation had occurred in mixed infection with
any two mutants: burst size, increase in prog-
eny compared to progeny obtained in single
infections with each mutant separately, and
percentage of wild-type (am*) recombinants.
Initially, we tested those groups of mutants
(containing from two to six mutants) that gave
little or no recombination in spot tests (or cross-
streaks) on the assumption that they probably
would not complement and we could gradually
narrow down the potential number of cistrons.
Such groups are represented on the map in Fig.
1 as: (i) vertically stacked under very close hash
marks, (ii) within parentheses, or (iii) a combi-
nation of (i) and (ii), e.g., mutants 173, 57, 76,
176, and 129 in linkage cluster 1. In all such
cases, no complementation was observed: burst
sizes, measured as percentages of a Plvir con-
trol, were usually <0.1, and the total number of
PFU was generally <10-fold above background.
The proportion of am* recombinants was usu-
ally <1% in these instances. Exceptions were
with some pairs of mutants in the following
groups where percentages of am* recombinants
were 13 to 29%: am72, am114, and am149 in
cluster IV; am162, am2, am6l, and am79 in
cluster VI (am5 was not tested); and am48,
amb58, and am131 in cluster X-1. We tentatively
conclude that these higher proportions of am*
recombinants are due to high levels of intracis-
tronic recombination, because low burst sizes
and little or no increase in PFU over back-
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ground were obtained. Based on these argu-
ments, we would anticipate that with each of
these groups the mutants are in the same cis-
tron.

In subsequent complementation tests we
used mutants from different putative cistrons
within a linkage cluster. In all instances (ex-
cept am7, am62, am150, and am174 in linkage
cluster IV [see below]) the proportion of am*
recombinants was usually <1% and not >4%
and did not appreciably alter the amount of am
progeny obtained. Table 3 shows complementa-
tion data of some mutants in linkage cluster I.
Those mutants in the same group (4, 128, 132,
and 165) gave, unambiguously, no complemen-
tation: burst sizes for all six combinations were
<0.02 phage/cell, and the total progeny from all
combinations was only 0.6 to 2.3 background.
Similar results were obtained from combina-
tions 57, 76, 129, 173, and 176 (data not shown).
Combinations of mutants in adjacent groups
(e.g., am129 x am165), however, gave a burst
size of only ~0.25 (~10% background) and were
considered not to complement under the condi-
tions of the test. The outermost marker in link-
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age cluster I is am47. Complementation of
am47 with am129 and am165 was considered
very weak and therefore was interpreted as
ambiguous because the burst sizes, although 5-
to 10-fold higher than for am129 x am165, were
only 1 to 2/infected cell, whereas the total prog-
eny were 70 to 140x background. Only trans
tests were done, and from the data we can
tentatively conclude either that all 14 mutants
in linkage cluster I belong to only one cistron or
that polarity exists. Normal complementation,
in terms of burst size, occurs between am129
and am23, which are in different linkage clus-
ters.

The results of complementation tests with
some of the mutants in the F and G deletion
segments of linkage cluster IV are shown in
Table 4. Mutants 38 and 74 clearly do not com-
plement but with am75 give very weak or am-
biguous complementation (bursts of 1 to 2
phage/infected cell and increases above back-
ground of 350 and 38%). am74 gives a similar
result with am49, but am49 with am38 and
am'75 gives bursts of 9 and 16, both being signif-
icantly above background (450 and >1,000x).

TaBLE 3. Complementation matrix of am mutants in linkage cluster I*

Mutant 129° 4 128 132 165 47 23¢
129 0.04
4 0.01

128 0.08 (<0.2) 0.003

132 0.01 (<0.2) 0.004 (<0.6)  0.003
165 0.25 (3.0) | 0.016 (<0.2)  0.002 (<1.0)  0.008 (<0.3) 0.004

47 1.97 (3.0) 1.25 (4.0 0.014

23 44.4 (7.0) 1.18

¢ Burst sizes are given as percentage of the Plvir control (19), which averages 100 to 150 phage/infected
cell. The MOI was 5 to 10 for each phage. Percentage of am* recombinants (number in parentheses) was
calculated by dividing PFU per milliliter obtained on the Su~ host by PFU per milliliter obtained on the Su*
host and multiplying by 100.

® am129 and mutants 57, 76, 173, and 176 showed no complementation in all pairwise combinations.

¢ am23 is located in linkage cluster III.

TaBLE 4. Complementation matrix of some am mutants in linkage cluster IV

Mutant 49 38 4 5 35
49 0.03
38 9.12 (1.5) 0.01
T4 1.38 (1.0) 0.07 (0.3) 0.06
75 15.85 (3.0) 1.95 (1.2) 1.18 (0.2) 0.001
35 80.45 (0.5) 0.09

e See footnote a of Table 3. ) )
b All five mutants listed under gene 2 in Fig. 1 showed no complementation w1th‘each other. However
complementation of am2.17 with am8.13 (cluster IX) gave a burst size of ~30, which was greater than

1,000x background.
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These last two results indicate definite but
weak complementation. Normal complementa-
tion occurs between am74 x am3.35 where the
burst is 80 (~1,000x background).

In linkage cluster II, am7, am62, am150, and
aml174 gave am* recombinant percentages of up
to 13% in pairwise combination. These high
percentages were considered to be due to high
intracistronic recombination because burst
sizes were <0.2 (and =2x background). These
results suggest that these mutants are in the
same cistron. am 117 was not tested but am62 x
am108 gave a burst of ~2 (~270x background)
which, like some of the cases in clusters I and
IV, may be construed as ambiguous or very
weak complementation. The mutants in cluster
III have not been tested, nor have those in
cluster V. In cluster VI, results were similar to
those described for the mutants tested in dele-
tion segments F and G of cluster IV in giving a
gradation of normal, weak, ambiguous, and no
complementation In cluster VII all five mu-
tants show no complementation. Cluster X-1
shows very weak complementation among mu-
tants of its four subgroups.

Linkage cluster X-2 gave ambiguous results
in two different tests with Su= DW101. Nine of
the 10 mutants (am10.11 was not included)
were tested in pairwise combinations using the
suA strain DM1013, with the expectation that
any existing polarity might be suppressed. This
strain, however, not only failed to suppress any
polarity, but reduced burst sizes by about 10-
fold (from ~2 to ~0.2 between the subgroups
and from ~0.1 to ~0.01 within each subgroup).
The burst sizes of the background controls were
reduced 20 to 1,000x, however, so that if one
considers just the increases of “crosses” over
background the complementation matrix (not
shown) gave patterns consistent with the al-
ready established groupings on the map. If all
figures could have been multiplied by 100, it
would have appeared as if polarity had been
suppressed, but the actual result obtained may
be due to the relative increase in recombinants
appearing among the progeny (as high as 10%
am? in one case).

The conclusion from all our complementation
experiments is that we are unable to assign
mutants to cistrons with any degree of cer-
tainty (partially because of obtaining ambigu-
ous results and partially because much more
extensive data are needed). Our previous esti-
mate of 50 to 55 cistrons (34) is undoubtedly too
high. (Note: We do not feel justified in using
previous tentative cistron numbers, the follow-
ing of which have been published: 34.62 by
Scott and co-workers [4, 27-29], Rosner [23],
and D’Ari et al. [5]; 35.23, 36.E [E = 73], and
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37.20 by Scott and co-workers [4, 27]; 36 by
Walker and Walker [35]; and 56.32 and 66.43 by
D’Ari et al. [5].)

DISCUSSION

Use of a modification of the conventional
complementation spot test enabled us to assign
113 P1 amber mutations to 10 linkage clusters.
The fact that, for the most part, unambiguous
linear orders could be obtained for the muta-
tions within each linkage cluster using this
spot test attests to its usefulness for determin-
ing order of mutations for P1. In addition, it
provides a fairly rapid method for mapping mu-
tations once they have been assigned to one of
the nine deletion segments. This is particularly
useful for segment H, which consists of four
linkage clusters and contains almost 40% of the
amber mutations thus far mapped. The main
limitation of the spot test is that when the
mutations are very closely linked their order
relative to adjacent mutations cannot be deter-
mined.

Groups of mutations that could not be or-
dered in these spot tests were shown to be in the
same cistron by complementation broth tests.
However, all of the mutants in each linkage
cluster have not been tested in all combinations
in broth tests to see whether closely linked
mutations (e.g., in adjacent groups as deter-
mined by results of spot tests) are in the same
cistron, the linkage being due to high intracis-
tronic recombination (as shown for am7, am62,
am150, and am174), or whether they are in
adjacent cistrons. Because more extensive data
are needed and because results interpreted as
ambiguous were obtained from several comple-
mentation broth tests, cistron numbers have
not yet been assigned to the amber mutations
shown on the map in Fig. 1, except for Scott’s 10
original designations.

Results of complementation tests in broth
were considered to be ambiguous when low
burst sizes were obtained even when, with the
mixed infection, there was a large increase in
PFU over background. The reason for the ambi-
guities is unknown. It may be that mutants
giving such results are in the same cistron.
Another possibility is that mutants giving such
low burst sizes are affected by polarity. cis tests
(30) and further testing with suA hosts are
required to test this possibility. It is also possi-
ble that recombination and complementation
are connected in some way. Such a connection
might be elucidated by determining the propor-
tion of cells giving rise to exclusively am™* re-
combinants, only amprogeny, or a mixture of
am* and am phage. The role of recombination
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in these broth complementation tests is un-
clear. Ideally, one would like to examine if and
to what extent complementation occurs under
conditions where all recombination systems
have been blocked; unfortunately, such tests
would be difficult to do since the normal burst
size of P1 is drastically reduced in both recA
and recB hosts (11).

The phenomenon of linkage clusters may be
related only to the spot test procedure, but this
seems unlikely because of the high coincidence
of deletion prophage termini with regions de-
marcating the linkage clusters. Of the 14 dele-
tion prophages used for mapping, only five
have a terminus that ends within a linkage
cluster (see Fig. 1, defective lysogens PL0148,
PL0200, 1a, 3a, and 8a). Plcry and ACM deriva-
tives have a terminus between VIII and IX, and
the deletion prophage of PE0414 has a terminus
between IV and V. Of the remaining termini,
three occur at the end of the vegetative map
(between I and X-2 if the genome is represented
as a circle), four occur between I and II, and 11
occur between III and IV where cam' is inserted
in some of the deletion prophages (34). These
coincidences of termini and regions demarcat-
ing linkage clusters are striking and suggest
the possibility of recombination hot spots. Some
of these coincidences may simply be due to
occurrence of large segments of silent DNA in
these regions, or regions for which there are no
known mutants, but such segments would be
unlikely to account for all of these coincidences.

If recombination hot spots do occur, some
type of site-specific recombination may be re-
sponsible. The region (III-IV) at which cam’ is
inserted in P1ICM (15), and some of the deletion
prophages derived from P1CM, is a likely can-
didate for a recombination hot spot as described
previously (34) and may be the location of an
insertion sequence as has been suggested by
Chesney and Scott (4). In this connection, an
inverted repeat of 0.62 kilobases has been found
in P1 by Lee et al. (17) but is not at the same
location where cam’ inserts. Naturally occur-
ring chi mutations (8, 16) are another possibil-
ity for production of recombination hot spots. It
is also conceivable that P1’s own restriction and
modification system may affect recombination
in some way. The relative intensity of recombi-
nation in these regions is not known but can be
tested genetically by performing extensive two-
and three-factor crosses among mutants within
and between adjacent linkage clusters.

Another factor influencing the occurrence of
hot spots could be the interaction of P1 with the
rec systems of the host, which have been stud-
ied by Hertman and Scott (11). They found that
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recombination is significantly reduced in both
recA and recB hosts. They conclude that vege-
tative recombination in P1 is promoted primar-
ily by the recArecB pathways but that residual
recombination does occur. Whether it is due to
the recF pathway (12) or to a P1-coded pathway
is not known.

ACKNOWLEDGMENTS

We gratefully acknowledge collaboration with John Bay-
lis and Matthew Rudden during the initial stages of this
work. We thank Lung-Chin Wu, Jackie Bickenbach, and
Doug Armstrong for their technical assistance and Marcia
Reeve for secretarial assistance.

This investigation was supported by National Science
Foundation grant GB-34242.

LITERATURE CITED

1. Bertani, L. E., and G. Bertani. 1971. Genetics of P2 and
related phages. Adv. Genet. 16:199-237.

2. Botstein, D., R. K. Chan, and C. H. Waddell. 1972.
Genetics of bacteriophage P22. II. Gene order and
gene function. Virology 49:268-282.

3. Campbell, A. 1961. Sensitive mutants of bacteriophage

- A. Virology 14:22-32.

4. Chesney, R. H., and J. R. Scott. 1975. Superinfection
immunity and prophage repression in phage P1. II.
Mapping of the immunity-difference and ampicillin-
resistance loci of P1 and ¢amp. Virology 67:375-384.

5. D’Ari, R., A. Jaffe-Brachet, D. Touati-Schwartz, and
M. B. Yarmolinsky. 1975. A dnaB analog specified by
bacteriophage P1. J. Mol. Biol. 94:341-366.

6. Edgar, R. S., G. H. Denhardt, and R. H. Epstein. 1964.
A comparative genetic study of conditional lethal
mutations of bacteriophage T4D. Genetics 49:635-
648.

7. Figurski, D. H., and J. R. Christensen. 1974. Func-
tional characterization of the genes of bacteriophage
T1. Virology 59:397-407.

8. Henderson, D., and J. Weil. 1975. Recombination-defi-
cient deletions in bacteriophage A and their interac-
tion with chi mutations. Genetics 79:143-174.

9. Hendrickson, H. E., and D. J. McCorquodale. 1971.
Genetic and physiological studies of bacteriophage
T5. J. Virol. 7:612-618.

10. Hershey, A. D. (ed.). 1971. The bacteriophage lambda.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

11. Hertman, L., and J. R. Scott. 1973. Recombination of
phage P1 in recombination deficient hosts. Virology
53:468-470.

12. Horii, Z-1., and A. J. Clark. 1973. Genetic analysis of
the Rec F pathway to genetic recombination in Esche-
richia coli K12: isolation and characterization of mu-
tants. J. Mol. Biol. 80:327-344.

13. Howe, M. M., and E. G. Bade. 1975. Molecular biology
of bacteriophage Mu. Science 190:624-632.

14. Ikeda, H., and J. Tomizawa. 1968. Phage P1, an extra-
chromosomal replicator unit. Cold Spring Harbor
Symp. Quant. Biol. 33:791-798.

15. Kondo, W., and S. Mitsuhashi. 1964. Drug resistance of
enteric bacteria. IV. Active transducing bacterio-
phage P1CM produced by the combination of R factor
with bacteriophage P1. J. Bacteriol. 88:1266-1276.

16. Lam, S. T., M. M. Stahl, K. D. McMilin, and F. W.
Stahl. 1974. Rec-mediated recombination hot spot ac-
tivity in bacteriophage lambda. II. A mutation which
causes hot spot activity. Genetics 77:425-433.

17. Lee, H. J., E. Ohtsubo, R. C. Deonier, and N. David-
son. 1974. Electron microscope heteroduplex studies



VoL. 20, 1976

18.

19.
20.
21.
22.
23.

24,
25.
26.
217.

of sequence relations among plasmids of Escherichia
coli. V. ilv deletion mutants of F14. J. Mol. Biol.
89:585-597.

Levine, M. 1972. Replication and lysogeny with phage
P22 in Salmonella typhimurium. Curr. Top. Micro-
biol. Immunol. 58:134-156.

Lindahl, G. 1971. On the control of transcription in
bacteriophage P2. Virology 46:620-633.

Morse, D. E., and P. Primakoff. 1970. Relief of polarity
in E. coli by “suA.” Nature (London) 226:28-31.

Ozeki, H., and H. Ikeda. 1968. Transduction mecha-
nisms. Annu. Rev. Genet. 2:245-278.

Rosner, J. L. 1973. Modification-deficient mutants of
bacteriophage P1. Virology 52:213-222.

Rosner, J. L. 1975. Specialized transduction of pro
genes by coliphage P1: structure of a partly diploid
Pl-pro prophage. Virology 67:42-55.

Scott, J. R. 1968. Genetic studies on bacteriophage P1.
Virology 36:564-574.

Scott, J. R. 1970. Clear plaque mutants of phage P1.
Virology 41:66-71.

Scott, J. R. 1972. A new gene controlling lysogeny in
phage P1. Virology 48:282-283.

Scott, J. R. 1973. Phage P1 cryptic. II. Location and

28.

29.
30.

31.

32.

33.

35.

P1 GENETIC MAP 187

regulation of prophage genes. Virology 53:327-336.

Scott, J. R. 1974. A turbid plaque-forming mutant of
phage P1 that cannot lysogenize Escherichia coli.
Virology 62:344-349.

Scott, J. R. 1975. Superinfection immunity and pro-
phage repression in phage P1. Virology 65:173-178.

Stahl, F. W., N. E. Murray, A. Nakata, and J. M.
Crasemann. 1966. Intergenic cis-trans position effects
in bacteriophage T4. Genetics 54:223-232.

Streisinger, G., J. Emrich, and M. M. Stahl. 1967.
Chromosome structure in phage T4. III. Terminal
redundancy and length determination. Proc. Natl.
Acad. Sci. U.S.A. 57:292-295.

Tye, B-K., J. A. Huberman, and D. Botstein. 1974.
Non-random circular permutation of phage P22 DNA.
J. Mol. Biol. 85:501-532.

Walker, D. H., Jr., and T. F. Anderson. 1970. Morpho-
logical variants of coliphage P1. J. Virol. 5:765-782.

. Walker, D. H,, Jr., and J. T. Walker. 1975. Genetic

studies of coliphage P1. I. Mapping by use of pro-
phage deletions. J. Virol. 16:525-534.

Walker, D. H., Jr., and J. T. Walker. 1976. Genetic
studies of coliphage P1. II. Relatedness to P7. J. Vi-
rol. 19:271-274.



