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The genetic basis of superinfection exclusion by bacteriophage T4 was investi-
gated by using incomplete genomes derived from the gene 66 mutant E920g. In-
complete genomes, which included a region of T4 between genes 42 and 44, were

able to exclude superinfecting phage with an efficiency similar to that of com-

plete genomes. Those genomes which did not include this region were unable to
exclude superinfecting phage. A mutant with reduced ability to exclude super-

infecting phage was isolated after mutagenesis with hydroxylamine. The mu-

tation maps midway between amN122 in gene 42 and amB22 in gene 43. The
efficiency of exclusion of superinfecting phage (as measured by the percentage
of superinfected cells which failed to release any phage carrying selected mark-
ers of the superinfecting phage) by this mutant was 50 to 60%, whereas for wild
type it was 85 to 95%. Uptake of 3H-leucine by cells infected with the mutant
was inhibited by superinfection with ghosts and it has therefore been designated
imml, for lack of immunity to superinfecting phage and ghosts. The formation
of infective centers by cells infected with imml or another imm- mutant (imm2)

was not inhibited by superinfection with ghosts.

If Escherichia coli is infected with bacterio-
phage T4 and then superinfected with T4 a few
minutes later, the superinfecting phage is
unable to function or contribute markers to the
progeny, and 40 to 60% of its deoxyribonucleic
acid (DNA) is broken down to acid-soluble frag-
ments a few minutes after superinfection.
These processes are known as superinfection
exclusion and superinfection breakdown, re-
spectively (9, 13). Exclusion is not the result
of DNA breakdown, i.e., in endonuclease 1-
mutants of E. coli, superinfecting phage is ex-
cluded as efficiently as in endonuclease+
strains, but its DNA is not broken down (1, 11).
To investigate the genetic basis of superinfec-

tion exclusion, incomplete particles of T4 were
used in this study. As incomplete genomes
can induce some early enzymes and carry out
limited DNA replication in single infection
(16, 17; A. H. Doermann, personal communica-
tion), it seemed likely that at least some in-
complete genomes could also exclude super-
infecting phage. This prediction has been
confirmed and has permitted the localization of
the region responsible for superinfection exclu-
sion in T4.

MATERIALS AND METHODS
The methods and media employed are those used

by Chase and Doermann (3) and Doermann and Parma
(7), except where otherwise noted.

Bacterial and bacteriophage strains. These were
obtained from A. H. Doermann, except T4 amE142-
(39) imm2 and imm2 from M. Vallee, and E. coli BC-
251-(Xh) from M. Russel. This E. coli strain restricts
T4 amber and rII mutants. All experiments were per-
formed at 30 C, and plates were incubated at 37 C.
Incomplete particles of T4 were obtained from lysates
of the gene 66 mutant E920g. Bacteriophage stocks
were prepared by adding a single plaque, grown for 4
hr, to 10 ml of H broth containing log-phase E. coli
CR63 (0.2 ml of overnight culture diluted into 10 ml
of broth and aerated for 3 hr at 30 C). After 15 min of
aeration, the culture was diluted 10-fold and aerated
overnight. Bacterial debris was then removed by cen-
trifugation at 3,500 x g for 30 min. Stocks of E920g or
E920g os2 (osmotic shock resistant), prepared in this
way, normally contained three to five incomplete
particles for every complete particle as measured by
the method of Parma (18). The incomplete particles
normally contained an average of about 70 to 72% of
the T4 genome as measured by a modification of the
genetic method of Mosig (5). Incomplete particles
were separated from complete particles by cesium
formate in heavy water density gradients. These gra-
dients give improved separation of incomplete parti-
cles from complete particles compared to cesium
chloride gradients. Also, osmotic shock-resistant T4
is inactivated by storage at 4 C in cesium chloride
solution (15) but not in cesium formate solution.

Exclusion experiments. E. coli at 2 x 109 cells per
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ml was mixed with an equal volume of the primary
phage at a multiplicity of infection (MOI) of 0.001 to
0.05. After incubation at 30 C for 2 min, 0.1 ml of this
mixture was added to 0.8 ml of prewarmed broth and
aerated for 10 min. Then 0.1 ml of the secondary
phage at 2 x 109 particles per ml (MOI = 2) was
added, and after a further 10 min of aeration the cul-
ture was diluted into ice-cold broth and plated for in-
fective centers. The bacterial strains used for both
adsorption of the phage and for plating restricted
both the primary and secondary phages. Thus, to
form infective centers, the superinfecting genome had
to complement the primary genome, and wild-type
recombinants had to be produced. These bacterial
strains varied in different experiments and are given
in the text. As a control, all additions were made
simultaneously in the presence of 1 mm NaCN and
aerated for 20 min at 30 C. The efficiency of exclusion
(E) was calculated from the following equation.

E

titer of infective centers after
delayed superinfection

Ix 100
titer of infective centers after

simultaneous infection

Preparation of ghosts. These were prepared from
JC11O (rb5O imml) by the method of Duckworth (8),
except that the ghosts were not collected by centrifu-
gation after shock treatment. The preparation was

contaminated with 4% viable phage.
Infective center formation in the presence of

ghosts. E. coli CR63(Xh) was used to restrict viable
phage in the ghost preparation. Ghosts and phage
were added at a MOI of 5 with a final bacterial con-

centration of 8 x 107 cells per ml at the times indi-
cated in Table 6. Unabsorbed phage were inactivated
by a 5-min treatment with antibody added 7 min after
the final addition of ghosts or phage.

RESULTS
Exclusion by imcomplete genomes. A pre-

liminary experiment was performed to deter-
mine whether incomplete genomes could ex-

clude superinfecting phage. A lysate of E920g
(gene 66) amE355 (gene 24), consisting of ap-

proximately five amE355 incomplete particles
to one whole particle, or a lysate of only whole
particles of amE355 was used for the primary
infection, and amN52 (gene 37) was used for
the secondary infection in E. coli B. Infected
bacteria were plated with E. coli S/6. The ef-
ficiency of exclusion (as measured by the per-

centage of superinfected cells which failed to
release any am+ phage particles) was 70% for
E920g amE355 compared with 90% for amE355.
The latter is typical for superinfection exclu-
sion experiments with T4 (1, 10). This showed
that at least some incomplete genomes could
exclude superinfecting phage but that the
average efficiency of exclusion was lower than
that for whole genomes. The lower efficiency
of exclusion could be the result of a decreased

ability to exclude by all incomplete genomes
or only by some of them. The latter would be
the case if there was a gene responsible for ex-
clusion and if only genomes which included this
gene could exclude.
To distinguish between these two alterna-

tives, the ability of incomplete genomes to ex-
clude different superinfecting amber mutants
in E. coli B was tested. If the only incomplete
genomes able to exclude are those which carry
an exclusion gene, then the efficiency of exclu-
sion of any amber mutant will depend on the
probability of an incomplete genome carrying
both the am+ allele and the exclusion gene.
This probability decreases from nearly 100%,
for an amber mutation adjacent to the exclusion
gene, to a minimum depending on the maxi-
mum length of the incomplete genomes. For
incomplete particles containing 70% of the T4
genome, which comprise the majority in lysates
of E920g (5, 10, 18), it can be calculated from
equation 5 of Mosig (14) that this probability
decreases to 57% for a separation of more than
30% of the T4 genome. It follows that incom-
plete genomes should be able to exclude a su-
perinfecting amber mutant with greatest effi-
ciency where the amber mutation is adjacent to
the exclusion gene. This should decrease to a
minimum value for amber mutations at dis-
tances greater than 30% of the genome from the
exclusion gene.
The efficiency of exclusion by E920g amE355

is greatest for amber mutants defective in genes
41 and 42 and only slightly less in the adjacent
genes 56, 44, and 46 (Table 1, Fig. 1). The
lowest efficiency of exclusion is for amber mu-
tants defective in genes 1, 7, 25, and 31. Each
of these genes is more than 30% of the T4 ge-
nome from genes 41 and 42, except for gene 1
(28.4%) (5). This indicates that there is one
region of T4 responsible for exclusion of super-
infecting phage by incomplete genomes and it
is located close to genes 41 and 42. The effi-
ciency of exclusion of amber mutants defective
in genes 41 and 42 (87 to 89%) indicates that
incomplete genomes which carry this region can
exclude as efficiently as whole genomes.
The efficiency of exclusion by genomes which

do not include the gene 41 and 42 region can
be calculated approximately from the data for
amber mutants defective in genes 7, 25, and 31.
The lysate used for the primary infection con-
tained one complete genome for every five
incomplete genomes which contained an am+
allele for gene 7, 25, or 31, that is 16 and 84
genomes per 100, respectively. It can be calcu-
lated (see above) that, of these 84 incomplete
genomes, 48 contained, in addition to am+
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alleles for genes 7, 25, or 31, the region respon-
sible for superinfection exclusion near genes 41
and 42, and 36 incomplete genomes did not con-
tain this region. Thus, 64 genomes per 100 (16

TABLE 1. Exclusion of amber mutants by incom-
plete genomesa

Secondary infection Map position
(% distance % Ex-

Mutant Gene no. from rIIB clusion
clockwise)

amE51 56 9 84.6
amN81 41 12 87.1
amN122 42 14 88.9
amN82 44 17 85.7
amN130 46 19 81.7
amlys882 e 38 61.9
amC42 1 43 58.2
amB23 7 48 48.2
amS52 25 67 54.8
amN54 31 76 56.1
amN52 37 94 68.5
Strain no. JC82:
amN81 amN82 41, 44 91.6
a A stock of E920g amE355 containing a ratio of

five amE355 incomplete particles for every complete
particle was used for the primary infection of E. coli
B. Infected bacteria were plated with S/6. The map
position given for each amber mutation used for the
secondary infection is the percentage of the T4 ge-
nome from rIIB from the map of Childs (5).

(NI30) 46
(N82) 44

(822) 43
(Nl22) 42 85.7

(N81) 41.88.9

complete and 48 incomplete) contained the
region responsible for superinfectiion exclusion
and 36 genomes per 100 did not. In superinfec-
tion exclusion experiments using amber mu-
tants defective in genes 7, 25, or 31 as the sec-
ondary infection, there were an average of 47
infective centers per 100 primary infections
(Table 1). Of these infective centers, only 6.4
infective centers should have been derived from
the 64 primary infections with genomes which
contained the region responsible for superinfec-
tion exclusion, if the efficiency of exclusion by
these genomes was 90%. The remaining 40.6
infective centers must have been derived from
an almost equal number of primary infections,
that is, from the 36 infections by the genomes
which did not contain the region responsible
for superinfection exclusion. This indicates
that these genomes are unable to exclude su-
perinfecting phage.
The ability of these genomes to exclude su-

perinfecting phage was measured directly by
using a purified preparation of incomplete par-
ticles from E920g amH39 (gene 30) os2 with less
than 1% contamination with complete particles
and helper phages JC86 and JC117. These
carry amber mutations in genes 5, 25, and 34,
and 1, 5, 25, and 34, respectively, which are
located within 46% and 47% of the T4 ge-
nomes, respectively. More than 90% of incom-
plete genomes which carry am+ alleles for all

e (1ys882)

(ESI ) 56.

(EI42,S2) 39
48.2 7 (823)

(rbSO) rIlB 69.0
-11 (N93)

14 (820)
(N52) 37 68S8 (E18)

(925) 34 23 (817)
66(E9209)

54.8 24 (E355)
25 (S52)56.1 4~8(N85)

31 (N54) 30(H39)
FIG. 1. Map of T4 showing mutations used in this study. The mutation numbers are given in parentheses

next to the number of the gene in which they are located. All are amber mutations except rb5O (gene rIIB) and
E920g (gene 66). The numbers inside the circle are the efficiencies of exclusion, of those mutations tested, by
incomplete genomes (see Table 1 for amber mutations and Table 3 for rb5O).
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of these genes should lack the gene 41 and 42
region (5). As predicted, incomplete genomes
failed to exclude JC86 and JC117, and, un-

expectedly, rescue of incomplete genomes by
superinfection appeared to be slightly more

efficient than when infection was simultaneous
(Table 2). The number of incomplete genomes
rescued by simultaneous infection with these
helper phages was also less than expected, be-
ing 14 to 16% of those rescued by amN52 com-

pared with an expected 32 to 35%. A possible
reason for the latter may have been the require-
ment for four crossovers between the incom-
plete genome and helper phage, one on either
side of gene 30 and one on each of the distal
sides of genes 5 and 34 or 1 and 34. These
would be required in the initial infection to form
a wild-type recombinant able to grow on S/6.
The efficiency of exclusion of amN52 and JC82
by incomplete genomes in this experiment was

similar although slightly less than that found in
the previous experiment (Tables 1 and 2).
To map the exclusion region more precisely,

the method used by Childs (5) to map T4 was

modified to permit incomplete genomes to ex-

clude the helper phage. Incomplete genomes
were rescued by delayed superinfection (in-
stead of simultaneous infection) with strain
JC 25, which carried rb5O and 20 amber mu-

tations (see Table 3), in CR63(Xh). Infective
centers were tested for am+ alleles derived
from the incomplete genomes by the replica-
plating technique of Doermann and Boehner
(6). From this it was possible to locate the ends
of each incomplete genome rescued between
pairs of amber mutations of the helper phage.
As all the incomplete genomes rescued were r+,
they each had one end in a clockwise and one in
a counterclockwise direction from rII on the

map of T4. Incomplete genomes with a clock-
wise end between rII and the exclusion region
should be rescued with nearly 100% efficiency,
whereas those with a clockwise end on the rII
distal side of the exclusion region should be
rescued with only 10% efficiency. The location
of the exclusion region should therefore be re-

vealed by an abrupt change in the efficiency
of rescue of incomplete genomes with clock-
wise ends on either side of a single amber mu-

tation, or on either side of the pair of amber
mutations which span the exclusion gene.

The efficiency of rescue was calculated as

the ratio of the number of ends between mark-
ers after delayed superinfection to the number
found previously in the absence of exclusion
(5). In this experiment, the average efficiency
of rescue of incomplete genomes was 31% (401
incomplete genomes were rescued after de-
layed superinfection compared with 1,292 in-
complete genomes after simultaneous infec-
tion). The expected distribution of the ends of
1,292 genomes was calculated from the data
given by Childs (5). For example in that study,
of 3,104 incomplete genomes tested, 791 had
a clockwise end between amN130(46) and
amlys822(e), which is equivalent to 329 out of
1,292. In this study only 33 genomes had a

clockwise end in this region from the equivalent
number of input incomplete genomes, the re-

maining 296 presumably having been lost by
superinfection exclusion. The ratio of 33: 329
(= 0.10) is therefore the efficiency of rescue of
genomes with a clockwise end between amN130
(46) and amlvs822(e). Similar calculations were
made for each interval.
An abrupt change in this efficiency of rescue

was apparent on either side of gene 44 (Table
3). Between rII and gene 41 the ratio of recovery

TABLE 2. Exclusion of amber mutants by incomplete genomesa

Delaved
Secondary intection Simultaneous infection superinfection

r Recovery of incomplete
Strain no. am mutations Genes genomes % Exclusion

Observed Expected

N52 37 100 100 59.2
JC82 N81 N82 41, 44 94.7 93.0 81.3
JC86 N135 S52 B25 5, 25, 34 15.5 34.7 -4. 1
JC117 C42 N135 S52 B25 1, 5, 25, 34 14. 1 32.3 -25.7

a A purified preparation of incomplete particles of E920g amH39(30) os2 contaminated with less than 1%
whole particles was used as the primary infection in E. coli B. Infected bacteria were plated with S/6. The
recovery of incomplete genomes by simultaneous infection with the multi-amber helper phages is given as a
percentage of that obtained with amN52. The expected percentage of recovery (R) was calculated from the
equation R = [(L - D)/L] x 100, where L (length of incomplete genomes) = 70% and D = shortest distance
separating the amber mutations of the helper phage. The results are the average of three experiments using
JC117 and four experiments using amN52, JC82, and JC86.
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TABLE 3. Distribution of ends of incomplete genomes rescued by superinfecting phagea
Secondary infection Counterclockwise ends Clockwise ends

Mutation Gene Observed Expected Efficiency Observed Expected Efficiency
(no exclusion) of rescue (no exclusion) of rescue

rb5O rIIB 0 0 36 56.6 0.64
amS2 39 1 | 159 164.4 0.97

amN82 4

8 8.2. 0.98 45 89.1 0.51amN82 44 ~~4 423 32.5 0.09amNl3O 46 130 168.1 0.77 33 329.2 0.10
amlys882 e 63 85.7 0.74 6 83.2 0.07
amC42 1 14 29.6 0.47 7 34.5 0.20
amNl35 55 62.4 0.08 12 83.3 0.14
amB23 710 55.4 0.18 18 58.3 0.31
amN93 11 5 43.7 0.11 16 54.9 0.29
amB2o 14 9 62.0 0.15 16 62.0 0.26
amEl8 18 2 27.1 0.07 24 71.2 0.34
amBl7 23 3 42.5 0.07 1 31.6 01
amE355 24 9 91.6 0.10 11 75.3 01
amS52 25 9 46.2 0.19 9 37.0
amN85 48 23 131.9 0.17 3 18.7
amN54 31 70 250.6 0.28 2 8.5 0.22
amB25 3414 70.3 0.20 0 1.7
amN52 3722115 00rb5O rIIB22115 000

Total 401 1,292 401 1,292
a Incomplete genomes from two lysates of E92Og os2 (245 from one lysate and 156 from another) were res-

cued by superinfecting phage JC25 in an infection in CR63(Xh). JC25 carried rb5O and 20 amber mutations,
all of which are listed in the table, except amA455(34) and amB252(35). The ends of r+ incomplete genomes
were divided into clockwise and counterclockwise from rII on the genetic map of T4, and the total number be-
tween each pair of markers is given. The expected total number of incomplete genomes (in the absence of ex-
clusion) was based on the ratio of plaques found after superinfection exclusion to the number found after simul-
taneous infection. The expected distribution of the ends of these genomes was then calculated from the data in
Table 1 of Childs (5). The efficiency of rescue of genomes with ends in each region is the observed number
divided by the expected number.

of incomplete genomes with clockwise ends be-
tween markers after delayed superinfection
compared with simultaneous infection was 0.64
and 0.97 (average 0.88), on the rII distal side
of gene 44 this ratio was 0.09 to 0.34 (average
0.16), and between genes 41 and 44 it was 0.51.
This indicates that the exclusion region is prob-
ably between genes 41 and 44, or possibly be-
tween genes 44 and 46.
The experiment was repeated using a helper

phage, JC53, with two additional markers be-
tween genes 41 and 44, amN122 in gene 42 and
amB22 in gene 43. Infective centers were

tested, first to determine whether they con-
tained phage with gene 41+ but not gene 44+
alleles, to select those derived from incomplete
genomes with a clockwise end between genes
41 and 44. These were then tested for the pres-

ence of the other am+ alleles. It can be seen
that the efficiency of rescue of genomes with
ends in this region is not uniform (Table 4);
between genes 41 and 42 it is similar to that
between rII and gene 41 (0.82 and 0.88, re-

spectively); between genes 42 and 43 it is

TABLE 4. Distribution of clockwise ends of incom-
plete genomes, between genes 41 and 44, rescued

by superinfecting phagea
Secondary infection Counter-clockwise ends

Mutation Gene Observed Expected Efficiency
(no exclusion) of rescue

amN81 41
2

8 66.9 0.82
amBI22 42

18 32.5 0.55
amN82 43

8 61.0 0.13

Total 81 160.4
a Incomplete genomes, from a density gradient sample

of E920g os2 with 0.5% contamination with whole genomes,
were rescued by superinfection with JC53, which carries
amN122 (gene 42) and amB22 (gene 43) in addition to the
markers carried by JC25 (see Table 3). Only incomplete
genomes with a clockwise end between amN81 and amN82
were analyzed. The expected number of ends and efficiency
of rescue were calculated as in Table 3.

slightly lower (0.55); and between genes 43 and
44 it is similar to the average on the rII distal
side of gene 44 (0.13 and 0.16, respectively).
This indicates that the exclusion region is
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probably between genes 42 and 43 or possibly
between genes 43 and 44.

In these experiments there was some un-
expected variability in the efficiency of recovery
of genomes with clockwise ends in the intervals
between rII and gene 42 and on the rII distal
side of gene 43. This was probably because
data from 38% of the gene sequences were not
used owing to failure to recover all markers;
loss of internal markers was apparent by inter-
rupted sequences of am+ markers (27% of the
sequences) and loss of terminal markers by
sequences corresponding to less than 60% of the
physical map of T4 (11% of the sequences). The
reason for not using these data was to permit
comparison of the remaining data with that ob-
tained in a previous study, in which the same
criteria were applied (5). In that study, as in
this one, loss of internal markers, particularly
adjacent markers, made it difficult or impossi-
ble to assign ends to these incomplete ge-
nomes. The length of 60% of the T4 genome was
chosen as an arbitrary figure, slightly shorter
than the length of DNA contained by the smal-
lest incomplete particles found in lysates of
E920g (17). Data from sequences shorter than
60% of the T4 genome were not included, as
the ends of these sequences would not corre-
spond with the actual ends of incomplete ge-
nomes. In experiments where both parents
were infected simultaneously, only 5 to 10% of
the data were not used for the same reasons
(4, 5). Loss of terminal markers in the remain-
ing 62% of the genomes does not appear to have
been serious, as most of the genomes with a
clockwise end between rI and amN82 (gene 44)
had a counterclockwise end between am C42
(gene 1) and amN130 (gene 46) (Table 3), as
found previously (5).

Isolation of exclusion mutant. To obtain an
exclusion mutant, JC25, which carries rb5O and
20 amber mutations (see Table 3), was treated
with hydroxylamine for 49 hr, using the method
of Tessman (19). The mutagen-treated stock
was crossed to rb5O amN122(42) amB22(43),
and am+rb5O recombinants were selected.
The parental amber mutations were chosen
so the recombinants would inherit most of the
gene 41-44 region, including all of the gene 42-
43 region from the mutagen-treated parent
and most of the remainder of the T4 genome
from the untreated parent. The rb5O muta-
tion was present in both parents because it
was required for subsequent exclusion experi-
ments.
Recombinants were tested for their ability to

exclude superinfecting amN52 in E. coli BC-
251-(Xh), which restricts both parents. In these

tests the efficiency of exclusion of superinfect-
ing phage by rb5O, the control, was 95%. Of 50
recombinants tested, five had efficiencies of
exclusion of 82 to 90%. The recombinant with
the least ability to exclude was chosen for map-
ping and numbered JC110.
Mapping the exclusion mutation. This was

mapped by the method used to map another
nonessential gene, exonuclease A (23). The ex-
clusion mutant JC110, which carries rb5O, was
crossed with amE51(56) amN81(41) amN122-
(42) amB22(43) amN82(44) amN130(46). The
genotypes of recombinants were tested by the
replica-plating method of Doermann and Boeh-
ner (6). Those resulting from a single crossover
between any pair of amber mutations were
tested for their ability to exclude superinfecting
amN52(37) in E. coli B.

In each pair of reciprocal recombinant
classes, except those resulting from a crossover
between amB22 and amN122 (crossover inter-
val 4) and two exceptions discussed below, the
exclusion mutation segregated with only one
class of recombinants (Table 5). In each case
the class carried amN122+ and amB22+. This
confirmed that the exclusion mutation mapped
between amN122(42) and amB22(43). Of the
19 recombinants resulting from a crossover
between amN122 and amB22, 10 had the exclu-
sion+ and 9 had the exclusion- phenotype.
Thus, the exclusion mutation is approximately
halfway between amN122 and amB22. Two
exceptional recombinants were phenotypically
exclusion- although five or six others within
the same class were exclusion+ (crossover in-
tervals 3 and 5, Table 5). These probably re-
sulted from double crossovers between amN122
and amB22.

Superinfection with ghosts of T4. Duck-
worth (8) has shown that, if ghosts of T4 are
added to E. coli prior to, or up to 2 min after
T4 infection, then infective center formation
is inhibited. After 2 min postinfection, a toler-
ance or immunity develops, and infective cen-
ter formation is not affected by subsequent
additions of ghosts. Vallee and Cornett (21)
have isolated a mutant designated immunity-
(imm-), which fails to protect against the
action of superinfecting ghosts as measured by
uiptake of 3H-leucine; ghosts added to cells la-
ter than 2 to 3 min after T4 infection inhibit the
uptake of 3H-leucine in imm--infected cells,
but not in imm+-infected cells. The imm-
mutation also fails to exclude superinfecting
phage and is located between genes 42 and
43 (21, 22; Cornett, personal communication).
The exclusion mutant JC110 has been tested
by Vallee (personal communication), and she

6 J. VIROL.
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TABLE 5. Mapping the exclusion mutationa

Recombinant Crossover Exclusion phenotype % Exclusion
genotypes interval No. screened Exc+ Exc- Exc+ Exc-

-_-______ 1 5 5 0 93.0
+ + + + + + + 1 NTb
-+- _ 2 5 5 0 92.4
+-+++++ 2 5 0 5 48.8
_++- - --3 6 5 1 88.9
+--++++ 3 5 0 5 51.0
_+++_ _ _ 4 9 4 5 86.3 61.9
+- - -+++ 4 10 6 4 88.0 58.9
_++++_ _ 5 5 0 5 49.0
+--- -++ 5 6 5 1 88.8
_+++++_ 6 6 0 6 73.1
+-----+ 6 5 5 0 89.6

aThe exclusion mutant JC110 (which carries rb5O) was crossed with strain JC108 carrying the six amber
mutations given below. The genotypes of recombinants and crossover intervals are given in the following order.

Mutation: rb5O - amE51(56) - amN81(41) - amN122(42) - amB22(43) - amN82(44) - amN130(46)
Crossover 1 2 3 4 5 6

interval
b NT, Not tested.

has shown that it also has the immunity-
phenotype. The two mutations are therefore
probably located in the same gene. The exclu-
sion mutation carried by JC110 has been num-

bered imml and that of VallWe and Cornett,
imm2.
An experiment was performed to determine

whether infective center formation by the two
mutants could be inhibited by superinfecting
ghosts. E. coli was infected with wild-type T4
or with either of the mutants and superinfected
at 5 or 10 min with ghosts. It can be seen (Table
6) that ghosts added at these times do not in-
hibit the formation of infective centers by wild-
type or either of the mutants by more than 20%.
Ghosts added 10 min before infection, however,
reduced the numbers of infective centers to 6%.
This is similar to the number of surviving bac-
teria when ghosts alone were added.

DISCUSSION
The results show that incomplete genomes

can exclude superinfecting phage with the same
efficiency as whole genomes if they include the
gene 42-43 region of T4. If they do not include
this region, then they are unable to exclude
superinfecting phage. The isolation and
mapping of an exclusion mutation between
genes 42 and 43 confirmed that the incomplete
genomes which exclude, do so because they
carry an exclusion gene. The efficiency of ex-

clusion by the exclusion mutation in combina-
tion with rb5O and various amber mutations
was approximately 50 to 60%, except in com-

TABLE 6. Effect of ghosts on formation of
infective centersa

Infective % Infec-
Time of addition (min) centers x tive

107 per ml centers

0 5 10

WTI None Broth 4.7 100
WT Ghosts None 3.9 84
WT None Ghosts 4.3 92
Ghosts None WT 0.3 6

amE142 imm2 None Broth 8.5 100
amE142 imm2 Ghosts None 7.8 92
amE142 imm2 None Ghosts 10.6 125

imm2 None Broth 4.7 100
imm2 None Ghosts 4.1 87

amE51 imml None Broth 4.0 100
amE51 imml None Ghosts 4.7 86

E. coli CR63(Xh) None None 8.4' lood
E. coli CR63(Ah) None None 0. 3' 4d
and ghosts I
aGhosts and phage were added to E. coli CR63(Xh) at

8 x 107 cells per ml (MOI = 5). The percentage of infective
centers was calculated from the number of infective centers
formed with only phage added.

' WT, Wild type.
c Bacterial titer x 10' per ml
dPercentage bacterial titer.

bination with rb5O and amN130 when it was
73% (Table 5). As incomplete genomes with-
out the exclusion gene have no measurable
ability to exclude, it should be possible to iso-
late a deletion mutation also unable to exclude
superinfecting phage.
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The exclusion of superinfecting phage is
probably a result of a change in the phage re-
ceptor sites and possibly the cell membrane.
This is likely, because although adsorption of
the superinfecting phage is normal, only 50%
of the DNA of adsorbed superinfecting phage
is injected into the host cell (1, 12, 19). Also,
in endonuclease 1- cells, the DNA of the su-
perinfecting phage which is injected is trapped
between the cell wall and membrane (2). The
degradation of superinfecting DNA in endo-
nuclease I+ cells probably occurs while the
DNA is trapped between the cell wall and
membrane, which would account for its rapid
release into the growth medium.
A change in the receptor sites or membrane

would also explain the finding that the uptake
of 3H-leucine by cells infected with the exclu-
sion mutant JC110 is inhibited by superinfec-
tion with ghosts (Vallee, personal communica-
tion). A similar mutant, imm2, which also has
reduced ability to exclude superinfecting
phage, has been isolated (21, 22). It also maps
between gene 42 and 43 (Cornett, personal
communication), and therefore both mutations
are probably in the same gene, imm (for immu-
nity to superinfecting phage and ghosts). Un-
expectedly, the formation of infective centers
by imml, the exclusion mutation carried by
JC110, or imm2 was not inhibited by superin-
fection with ghosts of T4. Either the cells can
recover their ability to take up leucine or the
reduction is not sufficient to prevent the re-
lease of some phage particles by most of the in-
fected cells.
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